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Abstract

Silicon photomultipliers (SiPMs) are a novel type of semiconductor-based photodetectors suit-
able for a large variety of applications. In particular they are used for the readout of the
scintillator tiles of a highly granular hadronic calorimeter prototype developed in preparation
for the future International Linear Collider (ILC) experiment. Furthermore, SiPMs are a
promising device for the Positron Emission Tomography (PET) imaging technique.

A test stand has been developed to study the characteristic properties of SiPMs and compare
sensors from different manufacturers which is important in order to find the device best suited
for future prototypes and the final detector design. In the context of this thesis the test stand
was largely extended in order to allow a more complete characterization of the sensors. Besides
the measurement of the breakdown voltage, gain, photon detection efficiency and dark-rate, the
new setup allows to determine the cross-talk and after-pulse probability and the temperature
dependence of different properties. The results of the individual measurements can be combined
to determine the photon-counting resolution of the SiPM which is an important parameter for
the calorimeter application. In addition, the spatial uniformity of the response can be studied
by scanning the sensor with a small light spot. The measurement process and data analysis were
fully automized in order to achieve a simplified and faster characterization procedure which is
essential for the characterization of a large number of devices.

Zusammenfassung

Silizium Photomultiplier (SiPMs) sind neuartige halbleiterbasierte Photodetektoren die fiir
eine Vielzahl von Anwendungen geeignet sind. Insbesondere werden sie fiir die Auslese der
Szintillator-Kacheln eines hoch granularen hadronischen Kalorimeter-Prototyps verwendet das
im Rahmen der Vorbereitungen fiir den International Linear Collider (ILC) entwickelt wurde.
Des Weiteren sind SiPMs sind vielversprechende Sensoren fiir das bildgebende Verfahren der
Positronen Emissions Tomographie (PET).

Ein Testsystem wurde entwickelt um die charakteristischen Eigenschaften der SiPMs zu mes-
sen und Sensoren verschiedener Hersteller zu vergleichen. Dies ist wichtig um den am besten
geeignetsten Sensor fiir zukiinftige Prototypen und den endgiiltigen Detektorentwurf zu fin-
den. In dieser Arbeit wurde das Testsystem wesentlich erweitert um eine umfassendere Cha-
rakterisierung der Sensoren zu ermoglichen. Neben der “Breakdown”-Spannung, Verstédrkung,
Photon-Detektions-Effizienz und Dunkelrate ermdglicht der neue Aufbau die “Cross-talk” und
“After-pulse” Wahrscheinlichkeit und die Temperaturabhingigkeit verschiedener Parameter zu
messen. Mit den Ergebnisse der einzelnen Messungen kann das Auflésungsvermogen beziiglich
der Anzahl detektierter Photonen bestimmt werden was ein wichtiger Parameter der SiPMs fiir
die Anwendung in Kalorimetern ist. Der Teststand ermdglicht ebenfalls den Sensor mit einem
kleinen Lichtpunkt abzufahren und so die Stabilitdt des Ansprechverhaltens 6rtlich aufzuldsen.
Die Messungen und die Datenanalyse wurden vollsténdig automatisiert um eine einfachere und
schnellere Charakterisierung zu ermoglichen. Dies ist grundlegend fiir die Charakterisierung
einer groflen Anzahl von Sensoren.
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Chapter 1
Introduction

In the past decades experiments in the field of high energy physics offered new insights into
the fundamental structure of the universe. The experimental results gave rise to the Standard
Model (SM) of particle physics which describes the elementary particles and their fundamental
interactions. This theory has been verified by experiments at the Large FElectron-Positron
Collider (LEP) and other particle accelerators with great accuracy.

The SM is a quantized gauge theory with the symmetry group U(1) x SU(2) x SU(3). The
quanta of the gauge fields mediate the interaction between the particles and for this reason are
called force carriers or gauge bosons. There are twelve gauge bosons in the SM: the photon
and the massive Z°, WT and W~ boson which mediate the electromagnetic and weak force and
eight gluons which are the gauge bosons of the strong force.

Besides the gauge bosons which have an integer spin the SM includes 12 elementary particles
of spin-1/2 (fermions) and their corresponding antiparticles which are the constituents of all
matter known today. The quarks and leptons can be grouped into three particle generations
according to their mass and can also be classified according to their interaction (see figure 1.1).
There are six quarks (up, down, strange, charm, top, bottom) which can interact via the strong,
electromagnetic and weak force and six leptons (electron, muon, tau and their corresponding
neutrinos) which do not take part in the strong interaction. The neutrinos carry no electrical
charge and therefore can only interact via the weak force, whereas the three charged leptons
can also interact electromagnetically.

Gauge theories in general require massless gauge bosons which contradicts the experimental
observations since the Z° and W* are massive particles. This problem is solved by introducing
the Higgs mechanism into the SM which requires a Higgs field with a non-zero vacuum expect-
ation value. The interaction with this background field gives mass to the particles. The Higgs
field also leads to the existence of a massive neutral Higgs boson. Although there is strong
theoretical support for the Higgs mechanism, the Higgs boson was not observed yet. Previous
experiments at the Stanford Linear Collider (SLC), Tevatron and LEP give a lower limit for the
Higgs mass of 114 GeV/c? and an upper limit of 185 GeV /c? at 95% confidence level. Also the
range from 160 GeV/c? to 170 GeV /c? was recently excluded by experiments at the Tevatron
[1].

One of the main tasks of the Large Hadron Collider (LHC) at CERN! which successfully started
operation recently is to find the Higgs particle. It will collide protons with a center-of-mass
energy of up to 14 TeV which allows to produce particles in the energy range of the predicted
Higgs mass. Although the Standard Model describes the experimental data with great precision,
there are several phenomena that cannot be explained by this theory. Besides the search of the
Higgs particle, the major objective of the LHC therefore is to search for physics beyond the
Standard Model (e.g. supersymmetry).

1Conseil Européen pour la Recherche Nucléaire
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Figure 1.1: Standard Model of particle physics. The particles can be grouped into quarks, leptons and
force carriers. The Higgs particle is yet to be discovered [2].

For many measurements at the LHC the achievable precision is limited due to the high QCD?
background in the collisions of the strongly interacting protons. For precision measurements
of the physics discovered at the LHC a lepton collider like the proposed International Linear
Collider (ILC) is needed. The ILC is designed as a superconducting electron positron collider
with a center-of-mass energy from 500 GeV up to 1000 GeV. The final scale for the center-
of-mass energy will be set by the results and discoveries of the LHC. The physics which will
be investigated at the ILC places challenging demands on the detector performance, e.g. an
unprecedented jet energy resolution, tracker momentum resolution, and vertex impact para-
meter resolution has to be achieved [3]. The separation of W and Z bosons is crucial for many
interesting physics processes at the ILC which appear in multi-jet final states. This requires
a hadronic jet energy resolution of ~ 30%/./FEje which is about a factor of two better than
the resolution achieved at LEP. It appears to be possible to reach such jet energy resolutions
with a highly granular calorimeter in combination with an excellent tracking system utilizing
a new reconstruction method, the so-called Particle Flow Approach (PFA) [4]. In order to
use this concept new developments in the field of calorimetry are needed. Different concepts
for electromagnetic and hadronic calorimeters are developed and studied in the context of the
CALICE? collaboration. One of the proposed hadronic calorimeters is the Analog Hadronic
Calorimeter (AHCAL) which is a sampling sandwich calorimeter consisting of alternating lay-
ers of steel absorber and plastic scintillator with fine transverse and longitudinal segmentation.
A first prototype of this calorimeter has been built in order to study the applicability of this
concept [5]. The active scintillator layers are segmented into small 3 x 3 x 0.5cm? tiles which
are read out by Silicon Photomultipliers (SiPMs) directly attached to them. SiPMs are a novel
type of solid state photodetectors with exceptional properties like high gain, insensitivity to
magnetic fields and compactness. This makes the SiPM a promising device not only for the

2Quantum Chromodynamics
3Calorimeter for the Linear Collider [3]
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calorimeter read-out but for various fields of applications with the need of photosensors (e.g.
Positron Emission Tomography).

In the context of this thesis methods for the characterization of the different properties of
SiPMs have been developed. This is important for the comparison of sensors from different
manufacturers allowing to find the device best suited for a particular application. Another
important goal is to determine which parameters limit the photon-counting resolution and to
find the optimal operation conditions for a device.

1.1 The International Linear Collider

The International Linear Collider (ILC) [3] is a proposed particle accelerator which will be able
to make a more complete and precise experimental analysis of the Terascale physics compared to
the LHC. The center-of-mass energy at the ILC is planned to range from 200 GeV to 500 GeV,
upgradeable to 1 TeV. In addition, the operation at 91 GeV with reduced luminosity will be
possible for calibration purposes. Unlike the LHC, the ILC will collide electrons and positrons.
The main advantage of an eTe™ collider is that the interacting leptons are elementary particles
yielding a well defined initial state in contrast to compound particles like protons. The energy
of the interacting particles is therefore known precisely and also the polarization of the beam
can be prepared which allows for spin and parity measurements of the produced particles. The
limiting factor for the center-of-mass energy of a circular ete™ collider is the energy loss due to
synchrotron radiation which scales with oc E4/(myg - r?) where r is the radius of the accelerator
ring, F is the energy and mg is the mass of the particles. At the LHC this effect is negligible
due to the large mass of the proton. However, for an eTe™ collider with a center-of-mass energy
of 500 GeV synchrotron losses would be enormous and therefore a linear accelerator structure
is required. Figure 1.2 shows the schematic layout of the ILC for a center-of-mass energy of
500 GeV.

Positron source Detectors Electron source

Electrons

e

N

@‘-)-m—

Main Linac Damping Rings Main Linac

Figure 1.2: Schematic layout of the International Linear Collider. The total length is ~ 31 km [3].

The electrons are produced by a photocathode DC gun and injected into the damping ring
after being accelerated to 5GeV. The positrons are produced by a helical undulator driven
by the 150 GeV main electron beam. The electrons traversing the undulator generate high
energetic photons which convert to ete™ pairs. The positrons are separated from the electrons
and remaining photons and injected into the damping ring. In the damping rings the emittance
of the electron and positron bunches is reduced before they are accelerated in the main linear
accelerators (linac). The electrons and positrons are accelerated up to 250 GeV by 13 GHz
superconducting radio frequency cavities with a gradient of 31.5 MV /m (see table 1.1). Finally
a beam delivery system brings the two beams to collision with a crossing angle of 14 mrad. The
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Parameter Value Unit
Center-of-mass energy 500 GeV
Peak luminosity 2103 cm™2s7!
Availability 70 %
Repetition rate 5 Hz
Duty cycle 0.5 %
Main Linacs
Average accelerating gradient in cavity 31.5 MV/m
Length of each Main Linac 11 km
Beam pulse length 1 ms
Average beam current in pulse 9.0 mA
RMS horizontal beam size at interaction point 640 nm
RMS vertical beam size at interaction point 5.7 nm
Damping rings
Beam energy 5 GeV
Circumference 6.7 km
Length of Beam Delivery section (2 beams) 4.5 km
Total site length 31 km
Total site power consumption 230 MW
Total installed power ~ 300 MW

Table 1.1: Global Accelerator Parameters for a center-of-mass energy of 500 GeV [3].

interaction point is planned to be shared by two individual detectors operated by independent
collaborations.

The ILC is planned to be operated with a pulse rate of 5 Hz. A pulse consists of 2635 bunches
each containing 2 - 10'% particles. The bunches have a spacial separation of 110 m which corres-
ponds to a bunch interval of ~ 370 ns at the interaction point [3]. The moderate overall number
of bunch crossings due to the low pulse rate allows to read out all events without the need for
a trigger in contrast to the experiments at the LHC.

Detector Concepts

The detectors at the ILC will need to achieve unprecedented precision to reach the performance
required by the physics goals. At the moment three different concepts are studied utilizing
different detector technologies:

e The International Large Detector (ILD) [6]
e The Silicon Detector (SiD) [7]

e Fourth Concept (“4'™™") Detector [8]

where the ILD emerged from the prior LDC (Large Detector Concept) and GLD (Global Large
Detector) concepts. The basic concept of the three detectors is similar. All have an inner
vertex detector, a tracking system (Time Projection Chamber or silicon tracker), a calorimeter
for energy measurements and an outer muon detector. In the following the ILD which is shown
in figure 1.3 is discussed in detail.
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Figure 1.3: left: Schematics of the International Large Detector. right: Cut through the ILD; one
quarter of the detector is shown [6].

The ILD concept is designed as a multi-purpose detector providing excellent precision in spatial
and energy measurement. Combining the information of all subdetectors, particles can be
identified and distinguished with high accuracy. Neutrinos and several particles predicted in
supersymmetry theory cannot be measured directly in the detector due to their small interaction
cross section, but can only be identified by missing energy. In order to measure missing energy
with high precision the detectors at the ILC have to be as hermetic as possible. The tracking
system of the ILD consists of an inner pixel vertex detector and the main tracker which is a
combination of a Time Projection Chamber (TPC) and silicon trackers. The vertex detector
plays an important role in the track reconstruction, especially for low momentum particles which
don’t reach the main tracker. The TPC measures three dimensional tracks of the traversing
charged particles. The tracks are bend due to the magnetic field of ~ 4T generated by a
superconducting coil which allows to determine the momentum of the particles. The tracking
system is surrounded by the electromagnetic calorimeter (ECAL), which is optimized to measure
the energy of electrons, positrons and photons, and the hadronic calorimeter (HCAL). Both are
highly granular sampling calorimeters with tungsten as absorber material for the ECAL and
steel for the HCAL. The small radiation length of tungsten (Xy = 3.5 mm) allows for a compact
design with a depth of roughly 24 Xy within 20cm. Hadronic showers are not contained in
the ECAL due to their much longer shower profile. Therefore the HCAL, which has a depth
of 5.5 hadronic interaction lengths, is located right behind the ECAL. Both calorimeters are
located inside the magnet coil in order to avoid dead material in front. The individual layers
of scintillating material are segmented into small tiles with a size of ~ 3 x 3cm? which are
individually read out with silicon photomultipliers. A small-sized photosensor like the SiPM is
crucial for the calorimeter design in order to achieve the high granularity needed for the particle
flow approach (see below). The outermost part of the detector is an instrumented iron return
yoke which also serves as a muon detector. In addition to its muon tagging ability the system
can be used as a tail catcher for hadronic showers leaking out of the calorimeter.
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1.1.1 Calorimetry at the ILC

The ILC is designed to investigate the Higgs mechanism in detail and to search and study new
physics at energies up to 1TeV. This places challenging demands on the detectors in terms of
energy and tracking resolution. One of the most important parameters of the ILC detectors
is the jet-energy resolution since many of the interesting physics channels appear in multi-jet
final states. Hence, it is essential to separate hadronically decaying W and Z bosons which can
be achieved with a jet-energy resolution of og,,, /Ejet = 30%/+/Ejer [3]. This is more than two
times better compared to the best jet-energy resolution achieved at LEP. Figure 1.4 shows the

separation of the W* and Z° energy spectra for 0p;., = 60%\/Ejer and op;,, = 30%+/Ejet.

AE,.=.0.60 2 190l AE = 0.30 VE,,.

Figure 1.4: Separation of hadronically decaying WW /ZZ pairs for og,,, = 60%+/Eje: (left) and o g,

j jet —

30%+/Eje: (right). The masses of the dijet pairs (in GeV) are denoted on the x and y axes. [9)].

It can be seen that an energy resolution of 30%./FEje allows to clearly distinguish W and Z
bosons. This excellent jet-energy resolution could be reached with the so-called particle flow
concept which requires a highly granular calorimeter with very fine transverse and longitudinal
segmentation and an excellent tracking system.

Particle Flow Concept

Considering an average jet, 65% of the jet-energy comes from charged particles, 26% from
photons and about 9% from neutrons and neutral hadrons. The momentum measurement of
the charged particles with the tracking system is usually much more precise than the energy
measurement. Only for very high energies calorimeters yield a better resolution than particle
trackers. The Particle Flow Approach (PFA) is to reconstruct charged particles in the tracker
while the calorimetric system is dedicated to measure only neutral particles. The energy of the
charged particles can be determined from the momentum measurement in combination with
the particle ID. The PFA requires to disentangle the contribution from neutral and charged
particles in the calorimeter to avoid double counting. Hence, the particles in a jet have to
be reconstructed individually, i.e. the energy deposition of the individual particles has to be
resolved. This can be challenging if the particle showers are too close to each other since parts
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of a shower can be allocated to the wrong particle degrading the energy resolution. To minimize
this confusion a highly granular calorimeter (“imaging calorimeter”) and very efficient clustering
algorithms are required. In this case the particle flow concept can significantly improve the jet-
energy resolution. Figure 1.5 shows the particle reconstruction in a simulated jet using a particle
flow algorithm. Individual tracks are visible in the calorimeter and hence can be assigned to
charged particles in the shower.

FANAL product Henri Videau (LLR)

Figure 1.5: Simulated jet in an imaging calorimeter. The particles are reconstructed using a particle
flow algorithm [10].

The Calorimeter Prototype

The CALICE (Calorimeter for the Linear Collider) collaboration studies several different calori-
meter designs and technologies. Two different concepts for a hadronic calorimeter are proposed:
a digital (DHCAL) and an analog calorimeter (AHCAL). The DHCAL is segmented into small
cells with a size of 1 x 1 cm? which provide only digital information, i.e. if a particle traversed
a cell or not. The energy is reconstructed from information provided by the particle shower
such as cell multiplicity and shower width. The AHCAL is a more classical approach with a
bigger cell size compared to the DHCAL and information about the energy deposited in the
calorimeter cell. In both cases the high granularity allows for particle flow analysis which is the
key to achieve the desired jet-energy resolution.

A prototype of the analog hadronic calorimeter has been built at DESY to study the concept
and physics performance of such a calorimeter. It consists of 38 alternating layers of steel
absorber plates with a thickness of 1.6 cm and scintillator tiles with a thickness of 0.5 cm. This
corresponds to a nuclear interaction length of 4.5 \iy¢. The size of the tiles range from 3 x 3 cm?
in the center to 12 x 12cm? at the outer part. This allows to study the performance of the PFA
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Scintillating Tile

Figure 1.6: left: One layer of scintillating tiles of the analog HCAL prototype. The size of the tiles
varies from 3 x 3cm? in the center to 12 x 12cm? at the border. right: Scintillating tile (3 x 3 cm?)
with wavelength-shifting fibre and attached SiPM for the light readout [11].

depending on the tile size. Figure 1.6 (left) shows a photograph of one layer of scintillating
tiles. A particle traversing a scintillator tile produces a certain amount of blue scintillation
light depending on the energy loss in the tile. The sides of each tile are matted in order to
provide diffuse reflection and suppress optical cross-talk between neighboring tiles. The top
and bottom sides are covered with a highly reflective foil to minimize the loss of scintillation
light. A wavelength-shifting fibre (WLSF) with a diameter of 1 mm is inserted into a 2 mm
deep groove on the tile in order to collect the scintillation light. It converts the blue scintillation
light into green light and guides it to a silicon photomultiplier coupled to one end of the fibre.
The other end of the fibre is covered with a mirror to increase the light yield. The WLSF is
necessary since the used SiPM is not sensitive to the blue scintillation light. It also improves
the spatial homogeneity in the response of the tile since the amount of light guided to the SiPM
by the WLSF has only a small dependence on the position of the particle passage.

Silicon photomultipliers are well suited for the tile readout due to the high gain, good photon
detection efficiency and insensitivity to magnetic fields. The latter is especially important for
the final design since the calorimeter will be located inside the strong magnetic field of the coil.
Furthermore SiPMs are very small in size allowing to attach them directly to the tiles which
is essential in order to achieve a high granularity. Also the low operation voltage (< 100V)
and the small power consumption (= 50 W) are important features for the design of a system
with a large number of SiPMs. The SiPMs used in the AHCAL prototype are developed by
the Moscow Engineering Physics Institute (MEPI). Nowadays there are several manufacturers
producing similar sensors. One device tested as a possible candidate for future prototypes is the
so-called Multi-Pizel Photon Counter (MPPC) from the company HAMAMATSU. This device
shows a better optical sensitivity in the blue spectral region, making it possible to read out the
scintillation light without a WLSF [12]. This would reduce the production costs and simplify
the SiPM positioning since the sensor would not have to be carefully coupled to the fibre.

The growing variety of available sensors requires the possibility to characterize the devices in
order to find the sensor best suited for the calorimeter readout. For this reason a test stand
has been developed [13]. Besides a high dynamic range, the calorimetric application requires a
good photon-counting resolution which is influenced by the photon detection efficiency and other
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effects introducing noise. In this thesis the test stand has been advanced in order to determine
the different contributions limiting the photon-counting resolution. The data acquisition and
analysis has been fully automized in order to enable the characterization of a large number of
sensors in a short time.

1.2 Positron Emission Tomography

The applications for silicon photomultipliers are not limited to the field of high energy phys-
ics. The SiPM is also a promising device for Positron Emission Tomography (PET) detectors.
Positron emission tomography is a nuclear medicine imaging technique which is used for the
monitoring of active regions in organisms. It produces a three-dimensional image of the patient
indicating regions of high metabolism which makes PET a powerful tool in modern clinical
diagnostics. The working principle is as follows: A positron-emitting radionuclide (radiotracer)
incorporated in a biologically active molecule (e.g. glucose or another substance involved in the
metabolism) is injected into the patient. In the case of glucose the radiotracer will concentrate
in regions with increased metabolic activity (e.g. cancer cells). The emitted positrons annihilate
with electrons of the surrounding tissue generating two 511keV back to back photons. These
photons are detected by photodetectors coupled to scintillating crystals arranged in a ring-like
geometry (see figure 1.7). The scintillating crystals convert the gamma rays into visible light
which can be detected by photodetectors like Photomultiplier Tubes (PMTs) or Avalanche Pho-
todiodes (APDs). If two 511 keV photons are detected within a coincidence window of typically
~ 2mns, it can be assumed that their source is located along the line joining the two detector
elements which is referred to as Line of Response (LOR). A reconstruction algorithm uses the
information provided by the LORs to produce an image of the radiotracer concentration.

Detector Element

\L

A
A

° Annihilation Point

<«—— Line of Response

Figure 1.7: Schematics of a PET detector. The region where many lines of response cross indicates a
region of increased metabolism [13].

The spatial resolution of a PET detector (typically 4 — 6 mm) is intrinsically limited by the
positron range and the momentum of the annihilating electron and positron which causes a
non-collinearity of the annihilation photons. Another limiting factor is the performance of
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the gamma detectors. Besides a high granularity, a good energy and timing resolution is
required in order to reduce background events. An annihilation photon can be diverted from
its original track due to Compton scattering losing a fraction of its initial energy. In this case
the LOR does not indicate the origin of the annihilation. However, this ”scattered coincidences”
can be discriminated by measuring the energy and only selecting the 511 keV photons. This
requires good energy resolution in order to separate the Compton events from the photopeak.
Another source of background noise are random coincidences which can occur if one of the two
annihilation photons is absorbed in the patient’s tissue. In this case only single photons will
be detected which therefore are referred to as ”singles”. The random coincidence rate R for a
given LOR joining the detector elements 7 and j is described by:

R = QTRZ‘RJ'

where 7 is the coincidence time interval and R; ; is the single rate for the detector element 4
and j respectively. The random coincidences can be reduced with a smaller coincidence window
which requires a good time resolution. An excellent time resolution is also required for the so-
called Time-of-Flight (TOF) PET. Unlike in conventional PET, in time-of-flight PET the time
interval between the two annihilation photons is measured which allows the determination of the
position of the annihilation along the LOR (see figure 1.8). With a typical timing resolution of
500 ps a spatial resolution of ~ 7 cm can be achieved. This is no match to the spatial resolution
of ~ 5mm which can be achieved with conventional methods. However, the TOF information
can be used to reduce the noise [14] and therefore improve the sensitivity of the detector. This
allows to minimize the radiotracer concentration without degrading image quality.

Conventional Time-of-Flight

Detector Detector
Module Module
|| Detector Detector
Module Module

Figure 1.8: Time-of-Flight Reconstruction. With conventional reconstruction, every point on the LOR
is incremented by the same probability. With time-of-flight reconstruction, each point is incremen-
ted by the probability that the source is located at that position, as determined by the time-off-light
measurement [14].

Most of today’s PET detectors use PMTs for the detection of the scintillation light. A drawback
of PMTs is the bulky shape which limits the granularity and thus the spatial resolution of
the detector. Furthermore PMTs cannot be operated in magnetic fields which prohibits a
combination with Magnetic Resonance Imaging (MRI) tomography. There are also concepts to
use APDs for the scintillator readout since they are compact devices and insensitive to magnetic
fields. However, this requires sophisticated readout electronics due to the relatively small gain
of the APD. The silicon photomultiplier is a promising device for future PET systems since it
provides a high gain and sensitivity comparable to a PMT, and is compact and insensitive to
magnetic fields like an APD. In addition TOF PET benefits from the good timing resolution
of the SiPM.

10
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A PET prototype was built in the KIP* workshop to study the performance of a PET detector
using SiPM readout with the goal to reach a timing resolution of less than 300 ps. The prototype
consists of two detector arms each with a matrix of 4 x 4 SiPMs attached to 3 x 3 x 15 mm? LSO
crystals (see figure 1.9). The angle between the two arms is adjustable in the range from 70°
to -70°. The distance of the matrices to the center can be adjusted for each arm individually.
A motor is used to rotate the prototype in order to simulate a full 360° detector. The charac-
terization and study of the SiPMs is an important step to achieve the desired performance of
the prototype.

| %

Figure 1.9: Left: Picture of the PET prototype. A positron emitting source can be placed in the
center of the detector. The angle between the detector arms can be adjusted and the whole device can
be rotated in order to simulate a full 360° detector. Right: Picture of the mounting for the scintillating
crystals and SiPM matrices each mounting consists of 4 x 4 cells. One 2 x 2 channel SiPM array is
shown.

4Kirchhoff-Institute for Physics
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Chapter 2

Silicon Photomultipliers

There are many different types of radiation detectors due to the special requirements that arise
with a certain field of application. A novel type of solid state photodetector is the Silicon Pho-
tomultiplier (SIPM)! or Multi Pizel Geiger Mode Avalanche Photodiode (MPGAPD) which is
a promising device for a large variety of applications. The following chapter gives an overview
of the basic concepts of solid state photodetectors. In the first section the fundamentals of
semiconductors and their application to basic photodetectors like the Photodiode and the Ava-
lanche Photodiode (APD) are presented and in section 2.2 the concept of the SiPM is discussed
in detail.

2.1 Solid State Photodetectors

Solid state photodetectors are based on semiconducting materials. Compared to isolators,
semiconductors have only a small energy gap between the conduction band and the valence
band of typically 1 — 2eV (e.g. 0.66eV for germanium and 1.22eV for silicon). For very low
temperatures there are no free charge carriers since the electrons are in the ground state and
bound in the valence band. For higher temperatures the thermal energy exceeds the band gap
energy and electrons can be excited into the conduction band. This results in an unoccupied
state in the valence band referred to as “hole”, which, like the electron in the conduction band,
is a free charge carrier. The occupation probability of the energy states is described by the

Fermi-Dirac distribution [15]:
1

e:vp(E;fF) +1

where Fr is the Fermi energy, k is Boltzmann’s constant and 7' is the absolute temperature.
The density of states is given by:

F(E) =

where m is the effective mass and h is Plank’s constant. The density of free electrons can
be calculated by a convolution integral of the occupation probability and the density of states
above the lower edge of the conduction band:

Ec-Ep

n = / F(E) N(E) dE = N¢ e~ *T

Econd. band

!There are many different names for similar devices, e.g. Multi Pixel Photon Counter (MPPC) from HAMA-
MATSU, Silicon Photomultiplier (SPM) from SensL, Multi-pixel Avalanche Photodiode (MAPD) from Vox-
tel, Solid State Photomultiplier (SSPM) from Photonique. In this thesis the abbreviation SiPM is used as a
general name whenever the producing company is not emphasized explicitly.
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Chapter 2 Silicon Photomultipliers

where F¢ is the lowest energy of the conduction band. The density of holes in the valence band
can be determined similarly:
Ep—Ey
p= Ny e~ /T
where Ey is the upper energy of the valence band. No and Ny represent effective densities of
states for the conduction and valence band respectively and depend on the effective mass end
temperature.

Intrinsic Semiconductors

Semiconductors with high purity are called “intrinsic”. For intrinsic material, free charge
carriers can be created by thermal or optical excitation, or ionization by charged particles. A
photon with sufficient energy can excite an electron from the valence band via photoelectric
absorption or Compton scattering and lift it into the conduction band. Since for every excited
electron a hole remains in the valence band the number density of electrons in the conduction
band n; and holes in the valence band p; is the same. If the photon energy is larger than the gap
energy, the excited electron will subsequently lose energy by non-radiative lattice interactions
(intraband transitions) until it reaches the lower edge of the conduction band. After a finite time
the electron recombines under emission of photons. The recombination process and therefore
the lifetime of the excited electron depends on the specific type (see figure 2.1) and size of the

energy gap.
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Figure 2.1: Energy bands of a semiconductor with an indirect (left) and direct (right) band gap. The
x-axis represents the momentum in a direction of the crystal described by the Miller indices [15].

In some materials recombination can occur without changing the momentum of the electron
(direct band gap). In other materials (e.g. silicon) the holes in the valence band have a different
momentum than the electrons in the conduction band (indirect band gap). In this case the
recombination must also involve the emission or absorption of a phonon in order to fulfill
momentum conservation. The involvement of the phonon makes this process much less likely
to occur than the direct transition in the case of a direct band gap. In indirect band gap
materials recombination is favored to happen at impurities in the silicon crystal which introduce
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2.1 Solid State Photodetectors

intermediate energy states between the valence and conduction band. This intermediate states
can also be occupied by electrons with an energy lower than the band gap.

Doped Semiconductors

In the production of the semiconductor crystal a small level of impurities is unavoidable. Impur-
ities can also be implanted on purpose in a process called “doping” in order to achieve certain
properties of the semiconducting material. When an atom with five possible covalent bonds
(e.g. arsenic) is added to a lattice of atoms with four bonds (e.g. silicon), the fifth electron is
only weakly bound and can easily be excited into the conduction band. In other words, this so-
called “donator” atoms introduce an energy state close to the conduction band (see figure 2.2).
Such a material is referred to as n-doped. Substituting a silicon atom by a trivalent atom (e.g.
boron) energy states close to the valence band are produced. One of the four covalent bonds
is only occupied by one electron instead of two. This “acceptor” states can trap an electron
which generates a free hole. This is called p-type doping.

Conduction Band Conduction Band

Donator
States F

E comememeemeemenmennenee, Acceptor
F States

Valence Band Valence Band

Figure 2.2: Schematic view of the energy bands of doped semiconductors. In n-doped material the
energy gap between the donator states and the conduction band is small (= 0.05eV). At room temper-
ature the thermal energy of the electrons exceeds this gap energy and the donator states will therefore
be completely depopulated yielding free electrons in the conduction band. In p-doped material electrons
from the valence band can easily be excited to the acceptor states leaving free holes in the valence band.

If the density of electrons in the conduction band is increased by n-doping, the hole density in
the valence band is significantly reduced due to recombination. The conductivity of a doped
semiconductor is therefore determined by the carriers introduced by the doping.

2.1.1 Photodiodes

The photodiode is the most basic solid state photodetector. It is based on a junction of p-
doped and n-doped material. At the boundary there is a strong gradient of the charge carrier
concentration which causes the electrons to diffuse to the p-side and holes to the n-side where
they recombine. As a consequence, a layer with almost no free charge carriers called “depletion
region” is formed at the interface (see figure 2.3a). The remaining space charge from the doped
atoms generates an electric field which forces a current opposite to the diffusion current. An
equilibrium is reached when the two currents compensate.

If an electron-hole pair is produced by photon absorption in the depletion region the electric field
from the space charge causes the electron and the hole to rapidly drift towards the cathode and
anode, respectively (see figure 2.3b). As a consequence, a current proportional to the photon
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Figure 2.3: a) Schematic view of a p-n-junction. Electrons (red) near the interface can diffuse from
the n region to the p region and recombine with holes (blue) and vice versa. This process generates a
depletion region around the interface with no free charge carriers. The remaining space charge generates
an electric field which opposes the diffusion process. b) Band structure of the p-n-junction. Electron-
hole pairs can be produced by photon absorption. Charge carriers produced in the depletion region will
drift to the n- and p-side respectively. Considering an incident photon flux this process will generate an
photocurrent.

flux is generated. In addition to this photocurrent a small dark current is generated by diffusion
processes.

Electron-hole pairs which are generated outside the depletion region are much more likely to
recombine before one constituent can reach the high field region which reduces the efficiency to
detect them. The depletion width can be increased by applying a reverse bias voltage Vy;qs < 0
to the p-n diode which is described by the following equation [15]:

d— QEEO(NA—FND)
QeNAND

(%z - V;)ias)

where ¢, is the elementary charge and € and ¢y are the permittivity and vacuum permittivity.
The electric field caused by the different doping concentrations N4 and Np in the p- and n-layer
generates the so-called “built in voltage” Vj;. A large depletion width not only increases the
photon detection efficiency but also reduces the capacitance of the sensor:

Cp = eepA 2.1)

d

A small capacitance results in a fast response of the sensor. The response speed is determined by
the cutoff frequency which is defined as the frequency at which the output for a sine-modulated
light signal decreases by 3dB compared to the output at 100kHz [16, 17]. It can be described
according to the following equation:

1

fc:27T'CD-RL

(2.2)
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2.1 Solid State Photodetectors

where Ry is the load resistance. However, if the depletion width gets too large, the signal speed
is limited by the transit time of the charge carriers in the depletion region.

The depletion region can increase until it reaches the back of the semiconductor material which
is the case at the so-called “reach-through” voltage. The width of the depletion region also
determines the spectral sensitivity of a photodiode since the absorption depth of photons depend
on their wavelength. The probability that the fraction dn of n photons of wavelength A are
absorbed after traveling a distance dx in the material can be assumed constant throughout the
material. Therefore the number of photons at a depth z is described by the following equation:

n(z) =ng- (1 — R)-e *N® (2.3)

where ny is the initial number of photons and p(\) is the absorption coefficient and R describes
the reflection probability on the surface. In order to reduce reflection loss most photo-sensors
are coated with an isolator with a refractive index smaller than the refractive index of the
semiconductor material. This intermediate layer increases the transmission probability of the
incident light. The isolator also protects the photodiode from diffusion of impurities into the
depletion layer which would increase the dark current of the sensor.

Absorption Coefficient of Semiconductor Materials
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Figure 2.4: Optical absorption coefficients u for different semiconductor materials as a function of the
wavelength [18].

Figure 2.4 shows the absorption coefficient for different semiconductors as a function of the
wavelength. The absorption length for silicon varies from 10 nm for ultraviolet light to 0.1 mm
for infrared light. In order to achieve a good detection efficiency for blue and ultraviolet light
the photons should not have to travel more than one absorption length before reaching the
depletion layer. For the detection of short wavelength photons the covering layers therefore
have to be very thin. On the other hand a high efficiency in the infrared spectral region
requires the depletion width to be at least of the order of one absorption length.
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Chapter 2 Silicon Photomultipliers

PIN-Photodiodes

By adding an intrinsic layer between the p- and n-layer the detection efficiency can be increased
especially for longer wavelengths. Such a device is called PIN-Photodiode. Often the intrinsic
layer is produced by bringing a p-type semiconductor in contact with a lithium bath. The
lithium ions diffuse into the semiconductor and by applying an external electric field the ions
can drift far into the crystal and compensate the acceptor ions locally. With this method a
layer of several millimeters with intrinsic conductivity can be produced.

If a moderate reverse bias voltage is applied to the sensor the depletion region extends over
the complete intrinsic layer. Besides the higher efficiency also the diode capacitance is reduced
which results in a higher signal speed (see equation 2.2). Since the width of the depletion
layer is basically determined by the width of the intrinsic layer the detection efficiency is stable
under fluctuations of the bias voltage once the intrinsic layer is depleted completely. Since
PIN- and pn-photodiodes have no intrinsic charge amplification the response of these detectors
is also stable under temperature fluctuations. For this reasons they are excellent devices for
monitoring and calibration purposes. However, photodiodes cannot be used to detect single
photons due to the missing gain.

2.1.2 Avalanche Photodiodes

Avalanche Photodiodes (APDs) have a similar structure to photodiodes since they basically
consist of a p-n-junction (see figure 2.5). Besides the slightly different doping profile, the main

Guard ring
Insulator +
N A =
n [ AR 1]

Figure 2.5: Schematic view of an avalanche photodiode with an n-on-p doping structure. The distri-
bution of the space charge density p and the resulting electrical field £ are shown on the right.

difference compared to photodiodes is that the APD is operated at a high reverse bias voltage
of typically 10V to 103 V. This results in a large depletion region and a high electric field
at the n*-p junction (n™ refers to highly n-doped material). In this so-called “multiplication
region” electrons and holes can produce secondary electron-hole pairs by a process called impact
ionization. Due to the high electric field the charge carriers can gain enough energy between
two collisions to create an electron-hole pair which results in an avalanche process also referred
to as “avalanche breakdown”. In order to avoid local avalanche breakdown the electric field
in the multiplication region has to be homogeneous and in particular the leakage field at the
nt-p~ junction (p~ refers to slightly p-doped material) should be as small as possible. This is
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Figure 2.6: Impact ionization coefficient a for electrons and holes for different semiconductors as a
function of the electrical field [19]

achieved with a n-doped guard-ring around the n™ layer which reduces the doping gradient at
the edges.

The impact ionization coefficient o which is given in units of inverse length describes the number
of secondary charge carriers produced by a electron or hole while traveling one unit length.
Figure 2.6 shows the impact ionization coefficient for several semiconductors as a function of
the electric field. This parameter is in general different for electrons and holes resulting in two
different operation modes depending on the applied reverse bias voltage which determines the
electrical field in the multiplication region.

Linear Mode

In case of silicon, electrons dominate the charge multiplication process for moderate bias
voltages due to the larger impact ionization coefficient. If an electron-hole pair is produced
in the p-doped region the electron drifts towards the cathode (positive polarity). In the high
field region around the n™-p junction the electron gains enough energy to create secondary
electron-hole pairs and thus trigger an electron avalanche. In this way a charge multiplication
factor of 102 - 103 can be reached. The produced holes drift to the anode (negative polarity)
without causing further ionization in the multiplication region because of the small impact ion-
ization coefficient. The avalanche consequently propagates only in the direction of the electrons
and the charge amplification ends once all electrons have left the multiplication region. The
avalanche multiplication process is illustrated in figure 2.7. This mode of operation is called
”linear mode” since the measured current is proportional to the number of incident photons:

Iapp =G -1,

where I, is the incident photon current and G is the gain of the device.
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Figure 2.7: Avalanche multiplication process for the linear operation mode illustrated in a space time
diagram. A primary electron (black) can create secondary electron-hole pairs in the multiplication layer.
For moderate bias voltages the ionization coefficient for holes (red) is to low to produce further electron-
hole pairs. Hence, the avalanche only propagates in one direction and is limited by the length of the
high field region [20].
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Figure 2.8: Avalanche process for Geiger mode operation. If the bias voltage exceeds the breakdown
voltage both electrons and holes contribute to the avalanche process. In this case the avalanche extends

to the whole high field region, leading to an exponentially growing current which has to be quenched
[20].
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If an electron-hole pair is created in the n™-layer only a small avalanche can develop due to the
low impact ionization of the holes. The APD type shown in figure 2.5 (n-on-p doping structure)
therefore is most sensitive to photons which have a large enough absorption length to reach
the p-layer (red and green light). If the doping profile is inverted (p-on-n doping structure) the
APD is mainly sensitive to blue light.

Geiger Mode

The second possible operation mode is realized if the bias voltages exceeds the so-called “break-
down voltage” Vpreqr- In this case the electric field is high enough that also holes contribute
to the charge multiplication. If an avalanche is triggered it propagates in both directions and
extends to the whole high field region since also holes can create secondary electron-hole pairs.
This so-called “Geiger breakdown” of the APD is illustrated in figure 2.8. In this mode of
operation the avalanche breakdown yields a growing current I through the device which will
cause a voltage drop at the p-n-junction due to the internal resistance R;,; of the sensor which
is caused by the resistance of the metal-silicon contacts and metal leads:

‘/junction = %ias - Rint I

where Vi, is the applied reverse bias voltage. The decreasing voltage Vjunction has a negative
feedback on the breakdown current. This feedback mechanism compensates fluctuations in the
breakdown current and results in a finite steady state. During the avalanche breakdown the
APD is not sensitive to subsequent photons. Therefore a mechanism has to be implemented
to stop the avalanche process which is referred to as “quenching”. There are two common
quenching techniques. In the case of “active quenching” an analog circuit is used to actively
shut down the bias voltage if an avalanche breakdown is detected by measuring a rising current.
Another convenient way to quench the breakdown is to connect a sufficiently large quenching
resistor R, ~ 10° —107 2 > R;y; in series with the p-n-junction (see figure 2.9) which is referred
to as “passive quenching”. If no photon is detected there is no current flowing and the full bias

av.
{ > R

: : q
V i s V
bi APD
ias VAPD

=V R I

bias q av

Figure 2.9: Passive quenching circuit diagram. In case of an avalanche breakdown the generated current
flowing through the quenching resistance causes the voltage at the APD to drop below the breakdown
voltage.

voltage (Vhias > Virear) is applied to the APD. During an avalanche breakdown the APD
capacitance Cp discharges and the current I, flowing through the quenching resistor causes
the voltage at the APD to drop below the breakdown voltage which stops the avalanche process.
After the discharge the diode is slowly recharged with the time scale R;Cp. This recovery time
limits the dynamic range of a Geiger-mode APD since photons reaching the sensor during this
time will not be detected. The operation of the device above the breakdown voltage is referred
to as “Geiger mode” since a single photon can cause an avalanche breakdown. The Geiger
discharge yields a high gain of typically 10° to 10°.
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Chapter 2 Silicon Photomultipliers

2.2 The Silicon Photomultiplier

A recent development in the field of solid-state photodetectors is the Silicon Photomultiplier
(SiPM) [21] [22]. A SiPM basically consists of an array of APDs joint together on a common
silicon substrate. Figure 2.10 shows a picture of a SiPM produced by MEPHI?-PULSAR? as it
is used in the analogue hadronic calorimeter prototype. It consists of 34 x 34 = 1156 APDs or
“pixels” on a surface area of 1 x 1 mm?. Each pixel is operated above breakdown voltage (Geiger

~ 20 um

Silicon Aluminum
Resistor Conductor

Figure 2.10: Left: Picture of a SiPM produced by MEPHI-PULSAR with an active surface of 1 x
1mm?. Right: Microscopic picture of single pixels also showing the silicon resistors and the aluminum
conductors which connect all the pixels [23].

mode) so each electron-hole pair generated by photon absorption or thermal excitation gives
rise to a Geiger discharge. A passive quenching mechanism is implemented to stop the discharge
by connecting each pixel to a silicon resistor (see figure 2.10 and 2.11). Each pixel operates as a
binary device since the output signal of a Geiger-mode APD (GAPD) does not depend on the
number of photons which triggered the avalanche breakdown. The dynamic range of a single
GAPD is limited due to the time which is needed to recharge the GAPD after an avalanche
breakdown (recovery time). By putting many GAPDs to a small surface the dynamic range is
increased. All SiPM pixels are connected to a common load, so the output signal is a sum of
the signals from all pixels. This allows to determine the intensity of the incident light which is
connected to the number of pixels fired.

Figure 2.11 shows a schematic view of the SiPM topology. The individual pixels have a typical
size between 20 x 20 ym? and 100 x 100 zm? depending on the particular device. The layout of
the individual pixels is similar to the layout of the APD discussed in section 2.1 (see figure 2.5).
A drift region is formed by an epitaxy layer with a width of a few micron on low resistive p
substrate. If an electron-hole pair is generated in this region the electron will drift into the
high-field (typically (3 —5) - 10° V/cm) region where it can trigger an avalanche breakdown.
A key feature of the SiPM is the high intrinsic gain of 10° to 10® which allows the detection of
single photons with a good signal to noise ratio. Depending on the pixel size a photon detection
efficiency (PDE) of up to 50% can be reached. The traditional Photomultiplier tube (PMT)
provides a gain and PDE of similar order. However, the SiPM has several advantages compared
to a PMT or APD:

2Moscow Engineering and Physics Institute
3Pulsar Enterprise, Moscow
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e SiPMs are robust and very small in size compared to the bulky and fragile PMTs.
e Unlike PMTs, SiPMs are insensitive to magnetic fields.

e The bias voltage applied to the SiPM is usually below 100V compared to the PMT
operation voltage of typically 2kV.

e The limited number of pixels limit the output power of a SiPM and thus protect the
sensor from excessive photocurrents at high light intensities.

e Very small nuclear counter effect (small sensitivity to charged particles traversing the
device) due to Geiger mode operation.

e Low excess noise (see below) which allows to clearly separate the single photon signal
from the noise.

e The production costs for SiPMs can be expected to be low for future mass production.

These features make the SiPM a promising device for many applications. However, there are
several drawbacks like the high dark-rate of typically 0.5 MHz, optical cross-talk and after-
pulses and a limited dynamic range. The different features of the SiPM are discussed in detail
in the following sections.
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Figure 2.11: Left: Schematic view of a SiPM pixel. Each pixel is an APD operated in Geiger mode.
Right: Profile of the electric field in a pixel [24].

Pulse Shape and Gain

The behavior of a SiPM pixel can be explained by a simple circuit model which is shown
in figure 2.12. Each pixel can be in two different states which have to be treated separately.
Figure 2.12 a) represents the situation when no electron-hole pair is generated. In this “detection
mode” the full bias voltage (Vhias > Vireak) is applied to the p-n-junction since no current is
flowing. Figure 2.12 b) shows the equivalent circuit in the case of an avalanche breakdown [20].
The pixel can be described by a voltage source in series with an resistor R;,; which corresponds
to the resistance of the aluminum lead and aluminum-silicon contact. Cj;ze represents the
capacitance of the p-n-junction (see equation 2.1). The quenching resistor R, causes a virtually
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a) Vbias

pixel

break

Figure 2.12: Passive quenching circuits. a) In detection mode the pixel is charged up to some bias
voltage Viias > Vireak- b) During an avalanche breakdown the pixel behaves according to a simple
circuit mode. The quenching resistor R, > R;,; functions as a virtual open circuit on the time scale of
the discharge 7 = RCp;ze; and then recharges the pixel with a slow time constant Trccovery = RqChizel
[20].

open circuit (Rq > Rin:) on the short time scale of the discharge. The charge ) flowing out of
the capacitor during discharge is described by the following formula:

—t

Q(t) = Cpixel : (‘/bias - Vbreak) : (1 - eRmtOp”el) (2.4)

Figure 2.13 shows a typical SiPM output signal for one firing pixel. The trailing edge of the
signal is associated with the current dQ(t)/dt. The width of the pulse therefore is determined
by the time constant R;,;Cpizer- The total integrated charge of a pulse corresponds to the gain
G of the pixel which is proportional to the over-voltage Vover = Viias — Vireak and the pixel
capacitance:

Q - Cpiwel . (‘/bias - ‘/break) =G- Ge (25)

where ¢, is the elementary charge.

Once the avalanche has been quenched with the help of the quenching resistor R, the pixel
is slowly recharged with time constant 7yccovery = RqCpizer Which corresponds to the recovery
time of the pixel. During recovery the gain of the pixel is lower due to the reduced over-voltage.
This is be described by the following equation [25]:

G(t) = Gy - (1 — e A Trecovery) (2.6)

where Gy is the gain of the fully recovered pixel and At is the time after the preceding pulse.
For high photon fluxes this effect limits the dynamic range of the sensor.

Dynamic Range

The SiPM is operated in Geiger mode which means that a pixel always produces the same
amount of charge no matter how many photons hit the pixel at the same time. In order to
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Figure 2.13: Typical SiPM signal with only one firing pixel (recorded with a HAMAMATSU S10362-
11-100C amplified by a factor 50). The trailing edge can be described by equation 2.4 (red curve)

detect several photons simultaneously the SiPM consists of an array of typically 100 to 1600
pixels per square millimeter. The pixels are connected to a common load so that the resulting
output signal Qg;igna is the sum of the individual pixel signals Qpizer:

QSignal = Nfire : Qpixel

where Ny, is the number of fired pixels.

For low photon fluxes the probability that a pixel is hit by more than one photon at the same
time is small. In this case the response of the sensor is in good approximation linear. If the
number of photons is of the order of the number of pixels, the response of the SiPM saturates
due to the recovery time of the pixels. The dynamic range of a SiPM hence is limited by the
number of pixels. Considering the probability for a fixed number of incident photons N, to hit
a certain number of pixels, the response Ny, (number of pixels fired) can be described by the

following formula [26]:
—PDE-N,

Nfire = Niotal - (1 —e Niotal ) (27)
where Nyotq is the total number of pixels and PDE denotes to the photon detection efficiency.
The relation is illustrated in figure 2.14.

Photon Detection Efficiency
The photon detection efficiency (PDE) is usually defined as the probability to detect a photon

hitting the sensor and is a measure of the sensitivity of the device. In the case of the SiPM it
depends on several parameters and can be expressed by the following equation:
PDE = QE . Egeo * €qualanche * (1 — R) (28)

A certain fraction of the incident photons are reflected at the surface of the sensor and hence
cannot be detected. The factor (1 — R) describes the probability for a photon to permeate the
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Figure 2.14: Simulated response of a SiPM with 1000 pixels and a PDE of 100% (blue) and as a
function of the number of incoming photons N,. For high photon fluxes there is a strong deviation from
linearity (grey) caused by saturation effects due to the limited number of pixels.

covering layer. The silicon resistors and aluminum conductors which connect all pixels are not
photon-sensitive and therefore reduce the active area of the sensor. This is taken into account
by the so-called “geometrical efficiency” €4, which is defined as the fraction of the active surface
to the total surface of the device €geo = Aqgctive/Atotar- This fraction depends primarily on the
pixel size. SiPMs with a large pixel size have a larger geometrical acceptance which results in
a larger PDE.

The quantum efficiency QF is defined as the percentage of photons hitting the active surface
that will produce an electron-hole pair. This value is closely related to the absorption coefficient
introduced in equation 2.3 and therefore strongly dependent on the wavelength of the photons.
The sensitivity for photons with short wavelength is limited by the thickness of the covering
layer due to their very short absorption length. For low energetic photons there is a cut-off in
the sensitivity at the point where the photon energy is smaller the energy of the band gap.
When an electron-hole pair is created the probability to trigger an avalanche breakdown is
given by the factor €,yqianche- This factor increases with the applied bias voltage and depends
on the position at which the charge carriers are produced since the probability to initiate a
Geiger discharge is smaller for an electron created close to the p-n-junction than for an electron
produced in the center of the p-layer.

Execess-Noise

The pixels of a SiPM underlie variations in the quenching resistance and the doping concentra-
tion due to the manufacturing process which lead to variations in the breakdown voltage and
pixel capacitance. As a consequence the charge generated in an avalanche breakdown varies for
every pixel which leads to fluctuations in the response of the sensor. This effect is known as
Ezcess Noise. In addition there is a contribution from the electronic noise which arises from
the readout electronics. The variation of the n-pixel signal can be described according to the
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following equation:

on =1/08 +n- (0% —03) (2.9)

where o is the electronic noise and o is the fluctuation in the single photon signal. In the
literature this effect is often characterized by the Fzcess Noise Factor (ENF):

2 2
_ o1 — 0p
ENF—1+7G2

where G is the gain of the device.

Dark Counts and After-pulses

Electron-hole pairs are not only created by photon absorption but they can also be produced
when no light hits the sensor. The signals from this “dark counts” cannot be distinguished
from real photon-induced events. Typically the dark count rate (dark-rate) for a SiPM is of
the order of 500 — 1000 ;> kHZ . Although the mean dark-rate can be determined and subtracted
from the measured 51gnal the variance of this value remains as a source of noise and degrades
the signal resolution. There are three main processes which contribute to the dark-rate.

Thermal Pulses

At room temperature the charge carriers in the semiconductor have a thermal energy of Fy, =
kT = 0.0259 eV. Electrons can be directly lifted into the conduction band if the thermal energy
is larger than the band gap energy of the material. In case of silicon (Eyq, ~ 1.14€V) direct
transitions are suppressed, however, thermal excitation can also occur by a two-step transition
involving intermediate states within the forbidden energy range. These intermediate states
are introduced by impurities and crystal defects. The thermal rate therefore depends on the
impurity density and the temperature.

Tunnel Excitation

Another process which contributes to the dark-rate is the so-called “tunnel excitation”. The pro-
cess is based on the quantum-mechanical phenomena that allows particles to “tunnel” through
a potential barrier with a certain probability. Figure 2.15 shows the energy bands as a function
of position in the presence of an electric field. The potential barrier between the p- and n-layer
is approximately triangular in shape. The height of the barrier is equivalent to the band gap
energy F¢ and the width is given by:

Eq

qe€

where ¢, is the electron charge and & is the electrical field. Electrons in the p-layer can tunnel
through the band gap into a state with the same energy in the conduction band of the n-
layer. This process leaves a hole in the valence band of the p-layer. The probability for an
electron to tunnel through a triangular shaped potential barrier can be calculated with the
Wentzel- Kramer-Brillowin approximation [15]:

/ —4v2mEY?
Piunner = exp ( / 2mE dl‘) = exp < \3/(]7725 > (210)
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Figure 2.15: Schematic view of tunnel excitation. Left: Energy bands in the presence of an electric
field. An electron can tunnel through the forbidden band from the p-layer to the n-layer resulting in a
free electron-hole pair. Right: The potential barrier between the valence band of the p-layer and the
conduction band of the n-layer can be approximated by a triangular shape.

The tunneling probability increases with the electrical field since the width of the potential
barrier decreases. For this reason, tunneling processes play an important role for the dark-rate
due to the high electric field in the multiplication region of the SiPM. Unlike thermal pulses,
this effect cannot be reduced by cooling of the device.

After-pulses

Charge carriers produced in an avalanche breakdown can be captured by lattice defects in
the depletion layer (trapping centers) forming meta-stable states. After a certain time the
charge carrier is released and may initiate an additional avalanche breakdown. This results in
a fake photon signal (after-pulse) succeeding the initial pulse. If the trapped charge carrier is
released within the recovery time of the pixel, the signal of the associated after-pulse will be
reduced. This effect enlarges the fluctuations in the charge contributed by after-pulses. The
noise introduced by after-pulses can practically be reduced by increase the quenching resistance
in order to increase the recovery time of the pixels (see equation 2.6). However, a large recovery
time reduces the dynamic range of the sensor and limits the timing resolution.

Thermal Noise Time Distribution

Thermal pulses and after-pulses cannot be distinguished on a single event basis but it is possible
to separate them statistically by their different characteristic time constants. Considering only
the thermal rate, the observed number of pulses n within a given time interval At follows a
Poissonian distribution:

VAN L
Pyai(n) = QA" ,) e
n!
where AAt is the expectation value of the Poisson distribution and A is the thermal pulse rate.
The probability for a pulse to occur at a time t is given by the probability density function

Pep(t) which can be derived in the following way [26]:
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The probability to measure no pulse within At must be equal to the probability to detect the
pulse after At which leads to the following relation:

P)\At(()) = eiAAt =1- /A ptp(t)dt
t

From this equation the probability density can be derived as:

1 __t
pp(t) = —-e ™ (2.11)
Ttp

where 7, = % is the time constant for the thermal pulses.

The time distribution for the after-pulses can be derived in the same way. In practical devices
there can be several different kinds of trapping centers for electrons and holes with different
trapping times. Considering all after-pulse components and thermal pulses the time distribution
can be expressed by the sum of all contributions:

p(t) = Zl e (2.12)

Cross-talk

During an avalanche breakdown photons are produced due to recombination of charge carriers,
bremsstrahlung and intraband transitions. The generated photons can enter neighboring pixels
and trigger an additional avalanche if the photon energy is sufficiently high. This process is
called “optical cross-talk”. The statistical fluctuations in number of cross-talk events degrade
the resolution of the SiPM signal.

Photon signals faked by cross-talk occur simultaneously to the original signal which allows
to distinguish them from after-pulse events. The probability per charge carrier to generate a
photon with an energy larger than the energy of the band gap is of the order of 1072 [27]. For
a typical gain of G = 10° this results in approximately 10 photons per avalanche. However, the
probability for a photon to reach a neighboring pixels is low due to the short absorption length
of a few micrometers compared to the typical distance between pixels of ~ 15 um. This results
in a typical cross-talk probability of Por in the order of 10%. The cross-talk probability can
be reduced by isolating the individual pixels with trenches which serve as optical boundaries
(see figure 2.16).
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Figure 2.16: A schematic of optical cross-talk between two neighboring pixels. Photons generated in
an avalanche breakdown can travel to nearby pixels and trigger an additional avalanche (top). This
process can be prevented by trenches between the individual pixels (bottom) [28].
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Chapter 3
The SiPM Test Stand

There are several types of SiPMs from different manufacturers on the market, all with different
characteristics. A test stand has been developed [13] to compare and characterize the different
sensors in order to find the device best suited for a particular application like calorimetry in high
energy physics or positron emission tomography in medical imaging. This test stand allows to
determine the gain, dark-rate and relative spectral sensitivity as a function of the over-voltage.
In the context of this thesis, the test stand was largely enhanced in order to measure the cross-
talk and after-pulse probability and the PDE (without the effects of dark-rate, cross-talk and
after-pulses). Furthermore, the new setup allows to determine the temperature dependence
of different parameters and provides a setup allowing to study the spatial uniformity in the
response of the sensor. Besides this new features of the test stand, a central task of this thesis
was to automate the different measurements and data analysis in order to achieve a simpler
and faster characterization procedure.

]

Figure 3.1: Picture of the SiPM test stand. The setup for the gain, dark-rate, cross-talk and after-pulse
measurement is contained in a temperature chamber (setup 1). The setups for the PDE measurement
and the sensor scans are located in a large lightproof box (setups 2&3).
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3.1 Overview

Figure 3.1 shows a picture of the SiPM test stand which consists of three major experimental
setups. Before discussing the different setups in detail a brief overview of the measurements is
presented.

Setup 1

In this setup the SiPM is located in a small lightproof metal box which is placed inside a
temperature chamber. A laser diode is placed in a separate lightproof box which is connected
to the SiPM box with an optical fiber bundle to guide the light from the laser diode to the
sensor. The following measurements can be done with this setup:

e Gain Measurement: The sensor is illuminated with a pulsed laser diode and the charge
spectrum is measured using a Charge-to-Digital Converter (QDC). The integrated charge
of the signal corresponding to one detected photon is associated with the gain of the
SiPM. The break-down voltage of the sensor can be determined from the over-voltage
dependence of the gain.

e Dark-Rate and Cross-talk Measurement: If the sensor is not illuminated, there
still are signal pulses due to the dark-rate which can be measured by counting the pulses
with a scaler module. The input signals for the scaler are produced by a discriminator
which only generates an output pulse if the SiPM signal exceeds a certain discrimination
threshold. With this setup the dark-rate can be measured as a function of the discrimin-
ation threshold and the bias voltage. This measurement also provides information about
the cross-talk. Since the two pixel signals are predominantly caused by cross-talk events,
the cross-talk probability can be determined by comparing the rates of events with one
and two pixels fired.

e After-pulse Measurement: A Time to Digital Converter (TDC) is used to meas-
ure the time intervals between dark-rate pulses. The resulting time distribution allows
to determine the time constants for thermal pulses and after-pulses and the after-pulse
probability.

e Temperature Measurement: The temperature chamber can be used to execute the
measurements listed above at different temperatures. In this way the temperature de-
pendency of the gain, dark-rate, cross-talk and after-pulse probability can be determined.

Setup 2: Photon Detection Efficiency

The setup for the PDE measurement is placed in a big lightproof box on an optical table
since it is too large to fit in the temperature chamber. The key component of the setup is an
integrating sphere which is used to uniformly distribute the incident light to the SiPM and a
calibrated sensor referencing the light intensity. The sensitivity of the sensor can be measured
over a wide spectral range from 300 nm to 1000 nm using a Xenon lamp in combination with a
monochromator, which selects a small wavelength interval from the spectrum of the lamp. The
measured sensitivity is influenced by dark-rate, cross-talk and after-pulses since the continuous
light source requires the SiPM to be read out with an amperemeter. If a pulsed laser diode is
used as a light source the SiPM can be read out with a QDC. Applying a statistical analysis
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3.2 Charge Spectrum

on the measured charge spectrum the PDE can be determined without the effects of cross-talk
and after-pulses. Although this measurement is confined to the fixed wavelength of the laser
diode, the PDE can be determined for the spectral range from 300 nm to 1000 nm by combining
the two methods.

Setup 3: Sensor Scans

The second setup in the big lightproof box allows to study the response of single pixels of a
sensor. For this purpose the SiPM is mounted on a micrometer positioning stage and scanned
with a focused light spot with a few micrometer in diameter which is produced by a pulsed
laser diode. In this way the response of single pixels can be studied which allows to determine
the spatial uniformity in the sensitivity, gain and cross-talk of the sensor.

3.2 Charge Spectrum

The measured charge spectrum of the SiPM provides a large variety of information, e.g. the
gain and the number of detected photons. In addition one can observe the effects of dark-
rate, cross-talk and after-pulses. This makes the charge spectrum a powerful indicator for the
characterization of SiPMs. Figure 3.2 shows the setup used to measure the charge spectrum.

Start / Stop
* Gate |
Pulse Generator » Gate Generator [ 11
QDC » PC
Signal
VT
Preamplifier
\
%
[P A
SiPM Vbi
1 Fiber Bundle o °2\/oltage Source
‘ . VAVAS =
VAVAY = L~
- " Electronic
Laser Diode / LED Lightproof Box Operation
Circuit

Temperature Chamber

Figure 3.2: Schematic view of the setup used to measure the charge spectrum. The integrated charge
of the output signal of the SiPM is measured using a QDC.

The basic principle of the measurement is to illuminate the SiPM with a pulsed light source and
measure the integrated charge of the output signal using a 10-bit Charge-to-Digital Converter
(QDC). Before the charge integration the signal from the SiPM is amplified by a factor 50
using a fast preamplifier?. The integration time of ~ 100ns (depending on the pulse shape of

LeCroy Model 2249A, 12-Channel Charge Integrating ADC
Phillips Scientific Model 774, Bandwidth: 100kHz-1,5 GHz (3dB)
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SiPM gk Fiber Bundle

Figure 3.3: Left: Lightproof box containing the SiPM, the biasing circuit and two LEMO connectors
for the output signal and the bias voltage. The fibre bundle is coupled to the surface of the SiPM using
a plastic fixture (not shown in the picture). Right: Inside view of the lightproof box containing the
LED / laser diode. The light is guided to the SiPM via an optical fibre bundle.

the sensor) is set by a gate generator® which is triggered independently from the SiPM signal
by a pulse generator* used to drive the light source.

The SiPM is placed in a lightproof 11 x 6 x 3 cm?® metal box (see figure 3.3) in order to shield the
sensor from ambient light and electronic noise. Two LEMO connectors for the output signal
and the bias voltage were mounted on the box. The SiPM is operated utilizing the electrical
circuit shown in figure 3.4 [29]. The box is placed in a temperature chamber® (see section 3.4)
which is essential in order to ensure stabile and reproducable measurement conditions. All the
following measurements were done at a constant temperature of 25.0 + 0.1 °C.

The SiPM is illuminated using different LEDs and laser diodes which are driven by a pulse
generator. In this way light pulses with a length of a few nanoseconds and a period of 40 us
are produced. The utilized LED or laser diode is placed in a separate lightproof metal box (see
figure 3.3) outside the temperature chamber to avoid pick-up noise on the SiPM readout circuit.
An optical fiber bundle connecting the two boxes is used to guide the light to the SiPM.

The data acquisition is based on the CAMAC standard and controlled by a Wiener CC-USB
CAMAC crate controller which is connected to the lab computer. The measurement speed was
significantly increased with respect to the original setup by utilizing the internal data stack of
the CC-USB CAMAC controller. This stack provides a 4096 words buffer where QDC values
can be stored and which can be read out at once, instead of transferring every data point
individually to the computer. This increases the measurement speed by a factor ~ 100. Since
the measurement of the charge spectrum is a basic component of many other measurement
setups, this is an important step for characterizing and comparing many sensors in a short
time.

A LabVIEWS program was designed to automatically record charge spectra in a predefined
range for the bias voltage and calculate the gain and the number of detected photons for each

3CAEN Dual Timer Mod. N93B

4Hewlett-Packard P 8130A 300MHz Pulse Generator
*Binder MK 53

SNational Instruments LabVIEW 8
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Figure 3.4: Basic connection diagram for the SiPM [13].

spectrum. The break-down voltage and pixel capacitance can be extracted from the measured
bias voltage dependence of the gain (see equation 2.5). The analysis of the charge spectra will
be discussed in detail in chapter 4.1.

3.3 Dark Count Measurements

Besides photon absorption, a SiPM pulse can also be triggered by tunneling and thermal ex-
citation of electrons in the sensitive layer of the SiPM (see chapter 2.2). These dark counts
degrade the resolution of the SiPM signal and therefore are an important characteristic of a
sensor. In the following the setup used to measure the rate and time distribution of the dark
counts is presented. A schematic view of the setups is shown in figure 3.5.

A
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CAMAC Trigger Gate Generator

Figure 3.5: Setup for the dark-rate measurement. A Scaler (yellow) is used to count the SiPM pulses
in order to measure the dark-rate at the given discriminator threshold. A TDC (red) is used to measure
the time distribution of the dark-rate pulses.

Temperature Chamber
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Rate Measurement

The basic concept of the measurement is to count all dark-rate pulses within a certain time
interval. For this purpose a discriminator’ generates a logical output pulse if the amplitude
of the SiPM signal exceeds a certain threshold which can be adjusted by the lab computer.
The output pulses of the discriminator are counted by a scaler module® as long as no signal is
present on the inhibit input. The inhibit signal is set by a gate generator? and is interrupted
for a time interval of t = 1s if the gate generator receives a trigger signal from the CAMAC
crate controller. The counted number of pulses therefore reflects the dark-rate (corresponding
to the applied discriminator threshold) in Hz.

The measurement was automated by means of a LabVIEW program which records the dark-
rate in a certain range for the discrimination threshold with a typical step size of a few mV.
This measurement is done for a sequence of the bias voltages. The acquired data can be
automatically analyzed with a ROOT!? program which determines the dark-rate as a function
of the bias voltage. Besides the dark-rate also the crosstalk probability is determined from the
ratio of the rates of events with one and two pixels fired. This analysis will be discussed in
chapter 4.3 in detail.

Time Distribution of Dark-Rate Pulses

The measurement of the time spectrum of dark-rate events is a completely new feature of the
test stand which allows to determine the after-pulse probability and corresponding trapping
time constants.

If the SiPM is read out with an integrating amplifier collecting the charge on a capacitor as
implemented in the CALICE HCAL prototype, after-pulses which occur during the integration
time will degrade the resolution of the output signal by faking a photon signals. This effect is
even worse considering after-pulses from pixels which are not fully recovered. These after-pulses
only contribute a reduced amount of charge which results in a broadening of the measured charge
spectrum. Another problem are late after-pulses which occur after the primary integration
window and thus can fake signals in subsequent bunch crossings. These effects complicate the
calibration of the calorimeter cells and are a limiting factor for the energy resolution. For this
reasons a sensor with a low after-pulse probability is desired.

The total dark-rate consists of the thermal pulse rate and the after-pulse rate. A thermally gen-
erated pulse cannot be separated from an after-pulse by its pulse shape, however, it is possible
to separate them statistically by their characteristic time constants 7,, and 74, since the pulses
are generated by different mechanisms. For the measurement of the time distribution the setup
for the rate measurement described above is slightly modified by replacing the scaler module
with a Time-to-Digital Converter'' (TDC). The time intervals At between the discriminator
pulses are measured by the TDC with a precision of 25 ps by generating a random start signal
and measuring the time stamp for every output signal from the discriminator (see figure 3.6)
which generates a logical output pulse if the input signal amplitude exceeds a certain threshold.
The after-pulse probability, thermal- and after-pulse rate can be determined from the result-
ing histogram of the measured time intervals which corresponds to the time distribution of

"LeCroy 4416
8LeCroy 2550B, 100MHz Scaler
9CAEN Model V93B

10www.root.cern.ch

HCAEN V1290A
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Figure 3.6: Measurement of the dark-rate timing distribution. A discriminator generates an output
pulse if a dark-rate pulse exceeds a certain discrimination threshold. The time intervals between the
discriminator pulses are measured with a TDC.

consecutive dark-rate pulses (see chapter 4.4).

The time spectra are automatically recorded within a certain range of the bias voltage specified
in the LabVIEW program which controls the measurement. The measurement time for a
spectrum with 107 samples is in the order of 10s. The analysis of the recorded time spectra is
done by a ROOT program which determines the after-pulse probability and the time constants
for the thermal- and after-pulses as a function of the bias voltage.

3.4 Temperature Measurements

In the setups described in the previous sections the temperature chamber was used to assure a
constant measuement temperature which is essential for the comparability of results. However,
the temperature chamber can also be used to determine the temperature dependence of the
SiPM properties measured with the different setups (i.e. gain, break-down voltage, dark-rate,
crosstalk- and after-pulse probability). It can be operated from —40°C up to 180°C with a
precision of ~ 0.1°C and a stability of < 0.1°C.

Figure 3.7 shows the schematic of the setup and a picture of the temperature chamber used for
the measurements. The LabVIEW programs controlling the different measurements discussed
in the previous sections were modified in order to automatically perform the measurements
within a certain range for the temperature. The measurements presented in chapter 4.5 were
done in a temperature range from —10°C to 30°C with 4°C steps. For every measurement
temperature a waiting period of ~ 30 minutes is necessary in order to reach a stable temperature
with a precision of ~ 0.1°C. This results in a typical measurement time of =~ 5hours for the
specified temperature range.

The break-down voltage of a SiPM is temperature dependent which implies the need for an
adjustment of the bias voltage for every temperature step in order to measure the different
characterizing parameters at the same over-voltage. Executing the gain measurement described
in section 3.2 for different temperatures, the temperature dependence of the break-down voltage
can be determined. This can be used to adjust the bias-voltage so that the rate and timing
measurements described in section 3.3 are executed at a fixed over-voltage for the different
temperatures.
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Figure 3.7: Left: Schematic view of the temperature measurement setup. The measurements were
done for a temperature range from —10°C to 30°C with 4 °C steps. Right: Picture of the temperature

chamber containing the lightproof box with the SiPM. The box containing the LED / laser diode is
placed on top of the chamber.
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3.5 Photo Detection Efficiency

3.5 Photo Detection Efficiency

The photon detection efficiency (PDE) is a central property of a photodetector and for this
reason crucial for a complete characterization of a SiPM. The original setup for the PDE
measurement [13] was upgraded in order to allow a more accurate study of the PDE. The new
setup is based on a different measurement concept which allows to determine the PDE without
the effects of cross-talk and after-pulses. The basic principle of the measurement is to determine
the response of the SiPM to a well known amount of light. The measurement cannot be done
inside the temperature chamber due to the dimensions of the setup and hence is located inside
a big lightproof box on an optical table. Figure 3.8 shows the schematics of the experimental
setup.

Calibrated Sensor

Monochromator Port1 - PC
Xe-Lam Integrating i
P Sphere

: : Aperture = — l—V Picoamperemeter —
\j  J 7>}_/0

Laser Diode / LED

Figure 3.8: Schematic view of the setup for the measurement of the photon detection efficiency. The
Xenon lamp is used as a light source for the measurement of the relative spectral sensitivity (yellow
modules). For this measurement the SiPM is read out with a picoamperemeter. For the measurement
of the PDE (red modules) without the effects of dark-rate, cross-talk and after-pulses a laser diode (or
LED) driven by a pulse generator serves as a light source allowing to read out the sensor with a QDC.

In the following, the different components of the setup are discussed in detail.

Integrating Sphere

The central component of the setup is an integrating sphere'? which is an optical device con-
sisting of a hollow spherical cavity with one entrance and two exit ports. The interior of the
cavity is coated with a highly reflective material so that the incident light is homogeneously
distributed over the sphere due to multiple scattering. In this way, the output characteristics
(light power and angular distribution) of the sphere do not depend critically on the direction
of the incoming beam of light. The integrating sphere can be operated for wavelength from
300 nm to 1000 nm which is important in order to determine the PDE in a wide spectral range.
The advantage of the integrating sphere with respect to the original setup is that the sensors

12Newport Integrating Sphere
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can be attached directly to the sphere and no additional optical instruments are necessary to
focus the light onto the sensor.

Figure 3.9 shows a picture of the integrating sphere. A NIST!3 certified calibrated photodiode is
mounted on the upper exit port providing a reference measurement for the light intensity. The
SiPM is placed at the second exit port behind a brass aperture with a diameter of either 0.6 mm
or 0.8mm to make sure that only the active area of the sensor is illuminated. The aperture
is attached to a custom built fixture mounted on the front port of the integrating sphere (see
figure 3.9). The geometry and dimensions of the inner part of the fixture are designed in such a
way that also the calibrated photodiode can be mounted on the front port which is important
for calibration purposes. The amount of light reaching the SiPM behind the aperture is much
smaller than the amount of light reaching the calibrated sensor. For this reason the power
ratio between the two ports was measured as a function of the wavelength by covering both
ports with a calibrated sensor. Considering this ratio, the number of photons hitting the SiPM
behind the aperture can be determined from the light power measured at the upper port with
the calibrated photodiode.

Sensor Positioning

The SiPM is placed in a 11 x 6 x 3 cm?® metal box (see figure 3.10), similar to the one described
in section 3.2. It has a 6mm and a 8 mm hole on the top where two sensors with different
packages can be placed. The distance from the the sensor to the surface of the top cover can
be adjusted with four screws which allow to move the circuit board the sensor is mounted on
(see right side of figure 3.10). In this way the SiPM can be moved just above the surface of the
top cover. The box is mounted on a positioning stage which is used to align the sensor in front
of the aperture. It can be moved in z-direction along an optical bench until the SiPM touches
the aperture. The positioning stage now can be used to align the SiPM in front of the aperture
in the x-y-plane. The positioning procedure is described in detail in chapter 4.6.

Sensitivity Measurement

A Xenon lamp which provides a highly stable irradiance in the wavelength region from 300 nm
up to 1400 nm is used as a light source to measure the spectral sensitivity of the SiPM in a wide
spectral range. A monochromator is used to select a small wavelength interval with a width of
~ 2nm out of the continuous spectrum of the Xenon lamp in order to measure the sensitivity
as a function of wavelength. The monochromator basically consists of a grating which spatially
separates the incident light according to its wavelength. The diffractive pattern is projected
onto an exit slit allowing only the first grating order m = 1 of a wavelength A; to exit. However,
the grating equation for constructive interference is also satisfied for wavelength ), in higher
grating order (A, = A1/m, m being integer). In order to eliminate the higher order wavelength,
additional optical filters with a cutoff wavelength of 305 nm, 400 nm, 530 nm, and 645 nm are
placed on a filter wheel behind the monochromator. The optical filters are connected to the
integrating sphere and the monochromator with two custom built adapters (see figure 3.9). The
inner diameter of 14 mm of the adapters matches the diameter of the optical filters.

A picoamperemeter!? is used to measure the photocurrent of the SiPM which is associated to
the number of detected photons. The ratio between the SiPM photocurrent and the optical

13National Institute of Standards and Technology
14Keithley Model 6487
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Figure 3.9: Left: Picture of the integrating sphere with the calibrated photodiode on the upper port.
Two custom built adapters connect the sphere to an optical filter wheel and a monochromator. The
SiPM is placed in front of the aperture attached to the front port of the sphere. Right: Custom built
adapter used to mount LEDs and laser diodes on the entrance port of the integrating sphere.
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Figure 3.10: Left: Picture of the metal box containing two operation circuits with different sensor
fixtures allowing to mount SiPM with different sensor packages. The box is mounted on a positioning
stage which can be used to align the SiPM in front of the aperture in the x-y plane. Right: Schematic
view of the metal box. The circuit board is mounted on four plastic screws allowing to adjust the sensor
position in z-direction. In this way the sensor can be moved directly to the surface of the aperture.
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power measured with the calibrated sensor on the other port is therefore associated with the
sensitivity of the sensor. However, the photocurrent contains contributions from dark-rate,
cross-talk and after-pulse events, and hence the number of fired pixels which is associated
with the relative sensitivity of the sensor is larger than the actual number of detected photons
associated with the PDE.

PDE Measurement

The measurement of the PDE without the effects of dark-rate, cross-talk and after-pulses is a
new feature of the test stand. For this measurement the Xenon lamp and the monochromator
are replaced by a laser diode which is driven by a pulse generator (see figure 3.8). The laser
diode is attached directly to the entrance port of the integrating sphere with a custom built
adapter shown in figure 3.9. The pulsed illumination allows readout the SiPM with a QDC as
discussed in chapter 3.2. The resulting charge spectrum provides information about the number
of detected photons without cross-talk and after-pulses and can also be corrected for dark-rate
events. This analysis is discussed in detail in chapter 4.1. Unlike the measurement with the
Xenon lamp which can be done over a wide spectral range, the pulsed measurement can only
be executed for the wavelengths of the available laser diodes. However, the two methods can
be combined by normalizing the values for the spectral sensitivity to the PDE values at the
corresponding wavelength. In this way the PDE can be determined for the whole spectral range
from 300 nm to 1000 nm.

3.6 Sensor Scans

The setup presented in this section can be used to determine the response of individual pixels
of a sensor. This allows to study the uniformity of the device in terms of spatial variations of
the sensitivity, gain and cross-talk which contribute to the excess noise of a sensor. Figures 3.11
and 3.12 show a picture and a schematic view of the experimental setup which allows to measure
the sensitivity, gain and cross-talk probability of the individual pixels. The principle of this
measurement is to scan the sensor with a small light spot. For this purpose a metal box
containing the SiPM and the circuit board is mounted on a micrometer positioning stage. The
SiPM is located directly behind a 2mm opening in the front side of the box. A laser diode
driven by a pulse generator is used to generate light pulses with a length of a few nanoseconds.
A beam splitter equally distributes the light to a photodiode used to monitor the light intensity
and a spatial filter. The spatial filter is a combination of two microscope objectives and a @5um
pinhole which produces a light spot with a Gaussian intensity profile. The light spot is focused
on the sensor with a third microscope objective. The positioning stage is controlled with the
computer allowing to automatically scan the sensor in the x-y plane. The SiPM is read out
with a QDC (see chapter 3.2) allowing to determine the gain, cross-talk and the number of
detected photons for every position of the light spot. In this way, the response of the individual
pixels can be studied and compared.

The measurement is controlled by a LabVIEW program which automatically scans the sensor
in a predefined area with a certain step width (typically a few micron). A charge spectrum with
10* entries is recorded for every geometrical position in the x-y plane. The data is analyzed
with a ROOT program, which calculates the sensitivity, gain and cross-talk probability for every
position of the light spot and creates a 2D map of the properties by combining all measurement
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3.6 Sensor Scans

points. These maps can be used to characterize the uniformity of the device and to determine
the geometrical fill factor of the sensor.
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Figure 3.11: Schematic view of the experimental setup used for the uniformity measurements. The
SiPM is scanned with a small light spot.
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Chapter 3 The SiPM Test Stand

Figure 3.12: Picture of the sensor scan setup. The SiPM is placed inside a metal box behind a 2mm
opening.
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Chapter 4

SiPM Characterization

In this thesis several HAMAMATSU MPPCs and SensL. SiPMs have been characterized and
compared. Table 4.1 shows the basic parameters of the tested sensors. In the following sections
the results of the gain, dark-rate, cross-talk, after-pulse, PDE and uniformity measurements
are presented.

Parameter HAMAMATSU S10362-11 SensL. SPMMicro Unit
-25C | -50C | -100C 1020X13
Active area 1x1 mm?
Number of pixels 1600 400 100 848 -
Pixel size 25 x 25 50 x 50 | 100 x 100 ~ 30 x 30 pm?
Fill factor 30.8 61.5 78.5 33.9 %
Operating voltage Typ. 70 Typ. 30 A%
Spectral response range 320 to 900 400 to 1100 nm
Doping structure p-on-n n-on-p -

Table 4.1: Basic parameters of the tested sensors [29] [30].

4.1 Gain Measurements

Single Photoelectron Spectrum

Figure 4.1 shows a typical integrated charge spectrum measured with the setup described in
chapter 3.2. Each peak in the spectrum corresponds to a certain number of photoelectrons (p.e.).
The first peak (0p.e.) contains all the events where no photon was detected and is referred to
as “pedestal” peak. The second peak (1p.e.) corresponds to the signal of one detected photon,
and so forth. The clear separation of the individual peaks shows the excellent single photon
resolution which can be achieved due to a very low excess noise factor resulting from the Geiger
mode operation and a high uniformity in the response of the individual pixels. This is not
the case for a PMT or an APD where the linear amplification process leads to large statistical
fluctuations. The peaks are in good approximation Gaussian shaped. For a larger number of
firing pixels the peak width increases since the statistical fluctuations in the avalanche process
of the individual pixels add up (see equation 2.9). After-pulses which occur at the end of the
integration period are only partially integrated and therefore only a fraction of their charge is
measured. This effect is more important for sensors with a long signal decay time and results
in a small asymmetric tail of the Gaussian shape to the left side of the peak.
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Figure 4.1: Typical integrated charge spectrum for a fixed bias voltage recorded with a MPPC S10362-
11-050C. Every peak corresponds to a certain number of pixels fired; e.g. O p.e.: 0 pixels fired (pedestal),
1p.e.: 1 pixel fired, etc.

The distance between two neighboring peaks corresponds to the gain of the SiPM since it
indicates the amount of charge produced in an avalanche breakdown of one individual pixel.
The gain measurements are discussed in detail in the next section. For low photon fluxes the
number of photons arriving at the sensor is Poisson distributed. For this reason the number of
detected photons is expected also to be Poisson distributed. The probability to detect a certain
number of photons n therefore is given by:

A
oA
P(n,\) = e
with A being the mean value of the Poisson distribution. This probability can be determined
from the number of events in the n-th peak of the charge spectrum divided by the total number
of events. However, there are three effects which cause a deviation from the ideal Poisson
distribution:

e Cross-talk & after-pulses: If a pixel fires, there is a certain probability to have a second
pulse due to cross-talk or after-pulsing. For this reason one, detected photon can cause
two or even more pulses. This effect causes events which correspond to a certain number
of detected photons to occur in the next higher peak in the charge spectrum which causes
a deviation from the Poisson distribution. However, the number of events in the pedestal
is not influenced by this effect since there is no pixel which fired and consequently could
trigger a cross-talk or after-pulses event. It should be noted that cross-talk and after-pulse
events have the same effect on the charge spectrum and therefore cannot be distinguished
with this method.

e Thermal noise: Thermal pulses also contribute to the charge spectrum and cause a
deviation from the Poisson distribution. Considering a typical dark-rate of 500 kHz and a
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4.1 Gain Measurements

typical integration gate of 100 ns, the probability to record a dark-rate event is 500 kHz -
100ns = 5%. Like cross-talk and after-pulse events, a thermal pulse causes an event to
appear in the next higher peak in the charge spectrum with respect to the actual number
of detected photons. This effect also influences the number of events in the pedestal in
contrast to cross-talk and after-pulsing.

Number of Detected Photons

The parameter A of the Poisson distribution refers to the expectation value of the distribution
and hence corresponds to the mean number of detected photons (N, . ). The parameter A can
be determined by measuring the probability for detecting no photons:
0* A A
P(O,)\):ﬁw&’ =e

This probability P(0, A) is given by the number of events Nyj, .. contained in the pedestal peak
divided by the total number of recorded events N. The mean number of detected photons
therefore is given by:

Only the number of pedestal events and the total number of events enter the calculation and
since both numbers are not influenced by cross-talk and after-pulses, A reflects the mean value
of detected photons without the effects of cross-talk and after-pulsing. However, thermal pulses
influence the number of events in the pedestal which hence has to be corrected for this effect.
This correction can be determined by recording a dark-rate charge spectrum which is shown in
figure 4.2.
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Figure 4.2: Typical dark-rate spectrum recorded with a MPPC S10362-11-050C. All peaks besides the
pedestal are caused by dark-rate events.

In a typical dark-rate charge spectrum the majority of events are contained in the pedestal peak
since the probability to detect a dark-rate event within the integration gate is small (=~ 5%).
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Chapter 4 SiPM Characterization

All events with a charge value above the pedestal value can be identified as dark-rate events.
A correction factor « is introduced to rescale the number of events in the pedestal N& . The

Op.e.*
corrected number of pedestal events Ng]’;_ e.c In the dark-rate spectrum equals the total number
of events N

d d | d Nd’]"

T _ T - T J—

a Nope =Nopec=N"=a= Na (4.1)
Op.e.

The factor a—1 corresponds to the probability for a dark-noise event to occur during the charge
integration. Applying the correction factor to the pedestal of the spectrum of the illuminated
measurement, the mean number of detected photons without cross-talk, after-pulse and dark-
rate effects can be determined:

(Npe) = Ae = — m%) (4.2)

The mean value of the charge spectrum Qpeqn is associated with the mean value of fired
pixels (IVpi,;) and contains cross-talk, after-pulse and dark-rate events. (NNp;,) is defined by the
following equation:

<sz:c> = (Qmean - Qpedestal)/G (43)

with G representing the gain and @pegestar the charge value of the pedestal.
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Figure 4.3: Number of detected photons with ((Npz),red) and without ((N, ..),blue) cross-talk & after-
pulses (MPPC10362-11-050C). In this figure (Np;,) is not corrected for the dark-noise to illustrate the
effect of cross-talk and after-pulses only.

Figure 4.3 shows the values (Np..) and (Np;;) for the MPPC S10362-11-050C at different bias
voltages. For low bias voltages, the effects of cross-talk, after-pulse and dark-rate are small and
therefore the values for (N,..) and (Npi;) are nearly identical. For higher bias voltages, the
number of cross-talk, after-pulse and dark-rate events is significantly larger. These effects are
discussed in detail in the following sections.
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4.1 Gain Measurements

Gain

The gain of a sensor corresponds to the charge difference between two neighboring peaks in the
charge spectrum. A convenient way to determine this difference is to calculate the frequency
spectrum of the charge spectrum (see figure 4.4) by applying a Fast Fourier Transformation
(FFT).
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Figure 4.4: Power spectral density of a typical charge spectrum obtained by applying a Fast Fourier
Transformation. A Gaussian function (red curve) is fitted to the first peak whose position is connected
to the gain.

The FFT is a discrete Fourier transformation which transforms a sequence of N (in general
complex) numbers zy, . .., zy_1 into a sequence of N complex numbers Xy, ..., Xn_1 according
to the following formula:

N-1
Xp= Y ape w0 k=0,..,N—1 (4.4)
n=0
If the FFT is applied to the charge spectrum, xg,...,xny_1 represent the bin values in the

spectrum and N = 1024 is the maximum QDC value. Evaluating the expression in 4.4 for all
integers k instead of just for kK = 0, ..., N — 1, this results in a infinite periodic sequence with
period N: Xy = Xy n. If the x are real numbers (which is the case for the charge spectrum)
this leads to: Xy_p = X_j = X}/. Consequently, for the real and imaginary part follows:

Re(Xk) = Re(XN,k) (45)
Im(Xp) = —Im(Xy—) (4.6)

The power spectral density (PSD) of a sequence of numbers is defined as PSD(k) = X}, - X}.
For a real sequence of numbers xj, the PSD shows a left/right symmetry (see figure 4.4) which
is explained by relation 4.5 and 4.6. Assuming a simplified charge spectrum with only two
nonzero entries x,, and x;, the PSD is given by:

PSD(k) = (xme*%km + mle*%kl) . (:cmel%izlkm + xlel%ilkl) (4.7)
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Chapter 4 SiPM Characterization

Simplifying this term, it can be shown that the PSD is given by:

21 - cos(%%rk) + 22, + a7 (4.8)
The period of this PSD is given by 1024/(z; — x,,) and therefore connected with the gain
G=x —xp.
Figure 4.4 shows the square root of the power spectral density of a recorded charge spectrum.
It shows the same periodicity as the PSD in equation 4.7. The amplitude of the peaks changes
due to the Gaussian shape of the peaks in the charge spectrum. However, this is not important
for the gain analysis and will therefore not be discussed in detail. According to equation 4.8 the
gain of the sensor is associated with the period of the PSD which is determined by the position
k1peak of the first peak:

GQDC—Channels = 1024/k1p6ak (49)

The gain value is converted from the “QDC-Channel” unit to the unit of elementary charge g,
by multiplication with the following conversion factor:

Go. _0.25-10712C
GQDCfChannels 50 - Qe

= 31211

The 0.25 pC is the resolution of the QDC (i.e. the charge per channel) and the factor 50 takes
into account the signal preamplification factor.

The setup described in chapter 3.2 was used to automatically record charge spectra with 10°
samples in a predefined range for the bias voltage at a temperature of 25+ 0.1°C. An analysis
program was designed in ROOT which applies a FFT to the spectra and fits the first peak of
the PSDs. From this peak position the gain is calculated according to equation 4.9 and plotted
as a function of the bias voltage. The breakdown voltage Upreqr and pixel capacitance Cpzer
are determined by fitting the data to the formula 2.5:

Cpixel
ge

G= : (Ubias - Ubreak)

The results are shown in table 4.2. Figure 4.5 shows the results of the gain measurement for the
different sensors as a function of the over-voltage. The results fit the expected linear dependence
on the bias voltage described in equation 2.5. SiPMs with a larger pixel size have a higher gain
which can be explained by the larger pixel capacitance. It can be seen that the variations in
the gain between sensors of the same type, only differing in the production number, are small.
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Figure 4.5: Gain of the different sensors as a function of the over-voltage. The number following the
sensor type in the caption corresponds to the sample number of the device.

Device Ubreak [V] Cpixel [fF]
HAMAMATSU S10362-11-025C

Sample 132 68.42 £ 0.19 22.202 £+ 0.002
HAMAMATSU S10362-11-050C

Sample 163 68.26 + 0.16  105.70 £+ 0.07
HAMAMATSU S10362-11-100C

Sample 180 68.50 £+ 0.13 360.8 £+ 0.1
Sample 181 69.06 + 0.13  423.6 £ 0.12
SensL. SPMMicro1020X13

Sample 3 27.70 & 0.05  58.15 4+ 0.02
Sample 4 27.85 + 0.07  58.86 = 0.05

Table 4.2: Breakdown voltage and pixel capacitance of the different detectors
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Chapter 4 SiPM Characterization

4.2 Dark-Rate Measurement

The setup described in chapter 3.3 was used to measure the dark-rate for a sequence of increasing
discrimination thresholds. Figure 4.6 shows a typical result of such a threshold scan for a fixed
bias voltage. The curve shows the characteristic of a step function which demonstrates the

e N 05p.6. threshold
5 f
.§105:—
Eo T 1.5p.e. threshold
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c T 2.5p.e. threshold
10° =
: oo by oy e by b by b Sy
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Threshold [mV]

Figure 4.6: Typical results of a dark-rate measurement for a fixed bias voltage. The dotted red lines
indicate the rates at 0.5p.e., 1.5 p.e. and 2.5 p.e. threshold level.

high pulse height uniformity of the device. This leads to the excellent single photon separation
which is also observed in the charge spectrum (see figure 4.1). For a threshold lower than the
peak amplitude of the 1 p.e. signal, the rate is nearly constant. When the threshold exceeds the
1p.e. level the rate drops significantly. Since the probability for two dark-rate pulses to occur
in coincidence (i.e. within the typical signal width of ~ 10ns) is negligible small (< 1%) almost
all 2p.e. events are caused by cross-talk. This allows to determine the cross-talk probability
which will be discussed in section 4.3.

In principle, the dark-rate can also be determined from the dark-rate charge spectrum (see
figure 4.1). However, it is not possible to determine the cross-talk probability from the charge
spectrum since cross-talk events cannot be distinguished from after-pulse events.

The dark-rate was measured as a function of the bias voltage. Figure 4.7 shows the results of
the measurement for the different sensors at a temperature of 25+0.1°C. The dark-rate shown
in the graph refers to the 0.5 p.e. threshold. The measured values are smaller than the actual
values for the dark-rate due to the dead time of the scaler module of 7., = 10ns since pulses
which occur within 7., after the preceding pulse are not detected. The measured rate can be
corrected according to the following formula:

R

Ry = —
rea 1 — R Tgead

where R is the measured dark-rate and R, represents the real (corrected) value. However,
this is a small correction (~ 0.5%) and can as well be neglected.
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Figure 4.7: Measured dark-rate of the different sensors as a function of the over-voltage.

The dark-rate is generated by thermal and tunneling excitation of electrons in the active layer of
the SiPM (see chapter 2.2). Figure 4.7 shows that the dark-rate increases with the over-voltage.
This is due to the fact, that the probability for an electron to tunnel into the conduction band
increases with the applied electrical field in the depletion region (see equation 2.10). Further-
more, the probability for a free charge carrier to trigger an avalanche breakdown increases with
the bias voltage. The measurements show that the dark-rate of the HAMAMATSU MPPCs
increases with the pixel size since the overall depletion region of the sensor increases. The
SensL. SiPMs have a much higher dark-rate than the MPPCs with respect to their pixel size.
This can be explained by the different doping profile of the devices. The SensL. SiPMs have
a n-on-p doping structure which means that the depletion region consists of a thin n-layer on
top of a thick p-layer. An avalanche breakdown can be triggered by an electron generated in
the p-layer or a hole generated in the n-layer. The probability for an electron to trigger an
avalanche breakdown is higher than for holes due to the larger impact ionization coefficient
(see figure 2.6). For this reason, sensors with a n-on-p doping profile have in general a higher
dark-rate compared to devices with p-on-n structure since latter have only a thin p-layer. The
dark-rates of the two SensL, SiPMs differ significantly, although the sensor are of the same type.
This behavior cannot be explained at the moment and needs further investigation.

4.3 Crosstalk Measurements

Optical cross-talk is another source of noise which affects the precision of the photon-counting
measurement. In section 4.1 a method is introduced to measure the number of photons without
the effects of cross-talk. However, this method is based on a statistical analysis and cannot
be applied to single measurements. Furthermore, the method can only be used for low photon
fluxes since it requires to determine the number of events in the pedestal. In this section two
methods are introduced to measure the cross-talk probability of a sensor.
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Chapter 4 SiPM Characterization

Cross-talk Measurement using Threshold Scans

Considering a typical dark-rate of 500 kHz, the probability for two pixels to fire coincidentally
(i.e. within the recovery time of typically 10ns) due to thermal excitation is negligible small
(500kHz - 10ns = 0.5%). The probability for an after-pulse to occur within the recovery time
of the pixel is also small (see section 4.4). Furthermore, these after-pulses have a very small
signal amplitude since the pixel is not fully recovered. For this reason, nearly all dark-rate
events where at least two pixels fired must be caused by cross-talk. The cross-talk probability
can therefore be defined as the ratio of the dark-rates corresponding to the 1.5p.e. and 0.5 p.e.
threshold:

T1.5p.e.

Por = —— (4.10)
T0.5p.e.
This ratio can be determined from the data of the dark-rate measurement described in chapter 4.2.
The cross-talk probability defined in equation 4.10 represents the probability for one firing pixel
to trigger at least one cross-talk event; i.e. it may even trigger two or more cross-talk events.
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Figure 4.8: Pulse height spectrum (absolute value of the derivative of the threshold scan recorded with
a 510362-11-050C) fitted with a function consisting out of three Gaussian functions (red curve).

A ROOT program was developed to automatically analyze the data from the threshold scans
and calculate the cross-talk probability. The rate rgsp.. is determined by the first plateau in
the threshold scan. The 1.5 p.e. threshold can be determined from the pulse height spectrum
of the sensor (see figure 4.8) which is equivalent to the absolute value of the derivative of the
threshold scan. The pulse height spectrum is calculated by deriving a spline function which is
fitted to the threshold scan.

The 1.5p.e. threshold can be defined in the middle of the 1p.e. and 2p.e. peak in the pulse
height spectrum. However, for some sensors the peaks show an asymmetric tail to the right
side. In this case this definition is not appropriate. For this reason, in this thesis the 1.5p.e.
threshold is defined at the minimum value between the 1 p.e. and 2 p.e. peak in the pulse height
spectrum. This threshold corresponds to the rate with minimum gradient within the second
plateau of the threshold scan. The next higher thresholds (2.5p.e.,3.5p.e.,...) are defined in

54



4.3 Crosstalk Measurements

= $10362-11-025C No132

2 50— I e  $10362-11-050C No163
g L 1
o $10362-11-100C No180
= L
= - $10362-11-100C No181
£ L
3 r S
8 - T 3 SPMMicro1020X13 No3
S —
G 30f

r a A SPMMicro1020X13 No4

L ¢

20 — $

B é |

- . A

L e 1 . |

- T[4 1

10 N ° T {f l { .

L ° 31 1 5 B . "

- ° {é 03l ] L] "

L o A A ‘m "

o 1 1 I. 1 1 1 1 I 1 1 1 1 - I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0.5 1 1.5 2 25 3 3.5

Over-voltage [V]

Figure 4.9: Measured cross-talk probability of the different sensor as a function of the over-voltage.
Considering a fixed over-voltage, SiPMs with higher gain show a higher cross-talk probability.
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Figure 4.10: Measured cross-talk probability of the different sensor as a function of the gain. Consid-
ering a fixed gain SiPMs with smaller pixel size have a higher cross-talk probability.
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the same way.

A method has been developed to automatically find the minima of the pulse height spectrum.
Two adjoining peaks are fitted with a function consisting of three Gaussian functions - one
for each peak and one for a possible asymmetric tail of the first peak. Figure 4.8 shows the
result of such a fit. The fit quality in the region between the peaks is limited due to the simple
fit function and therefore the minimum can only be determined with a limited precision. For
this reason, the uncertainty of the fitted minimum was defined such, that the whole plateau
region in the pulse height spectrum is covered. The minimum could be determined with higher
precision by introducing a more sophisticated fit function. However, this is not necessary since
the uncertainty in the position of the minimum only leads to a small uncertainty in the dark-
rate for the corresponding discrimination threshold due to the approximately flat plateaus in
the threshold scan. With the dark-rate corresponding to the 1.5 p.e. threshold obtained with
this method the cross-talk probability can be determined according to equation 4.10.

Figure 4.9 shows the results of the cross-talk measurement for the different sensors as a function
of the over-voltage at a temperature of 25 = 0.1°C. The gain of a sensor increases with the
over-voltage (see figure 4.5) which also causes the cross-talk probability to increase since there
are more electrons involved in the avalanche breakdown which can produce cross-talk photons.
For this reason, sensors with higher gain (i.e. larger pixel size) have a higher cross-talk probabil-
ity. Another effect which influences the cross-talk probability is the probability for a cross-talk
photon to trigger an avalanche breakdown which also increases with the over-voltage. Fig-
ure 4.10 shows the cross-talk probability as a function of the gain. Considering a fixed gain,
devices with smaller pixel size have a higher cross-talk probability since the mean distance from
the avalanche to the neighboring pixels is smaller and therefore the probability for a cross-talk
photon to reach an adjacent pixel is higher.

Cross-talk Measurement with a Focused Light Spot

The setup described in chapter 3.6 provides an alternative method to measure the cross-talk
probability. In this setup, a focused light spot is used to illuminate a single pixel and charge
spectra are recorded as a function of the bias voltage. The duration of the light pulses must be
shorter than the recovery time of the pixel which is typically in the order of a few nanoseconds,
in order to avoid that several photons are detected successively. For this purpose, a fast VSCL
laser diode with a rise time of ~ 1ns was driven by a pulse generator generating voltage pulses
with a width of ~ 2ns. With this setup only events with an integrated charge corresponding
to 1p.e. are expected since only one pixel is illuminated. All events with more then one pixel
firing must therefore have a contribution from dark counts, cross-talk or after-pulses. The gate
for the charge integration was set below the recovery time of a pixel. In this way the influence
of after-pulse events is minimized and only cross-talk and dark-rate contribute to pulses with
a charge value larger than the 1p.e. events.

Figure 4.11 shows a typical charge spectrum obtained by single pixel illumination. The cross-
talk probability is determined by the ratio of the number of events with a charge value larger
than the 1p.e. events and the total number of events with a charge larger than the pedestal
value. However, these numbers have to be corrected for the dark-rate events first which can
be done using a method similar to the one discussed in section 4.1. For this purpose, a dark-
rate spectrum has to be recorded from which the correction factor « (see equation 4.1) can be
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Figure 4.11: Charge spectrum recorded with a S10362-11-100C. Only a single pixel is illuminated. All
events with a charge value larger than the 1 p.e. events have a contribution from cross-talk or dark-rate.

determined:
Ndr

N
N, Ope

«

where oo — 1 represents the probability for a dark-rate event to occur within the integration time.
The number of events in the 1p.e. peak (Nyp..) and the number of events with more than one
pixel firing (Ns1p.¢.) can be corrected for the dark-rate events according to the following formula:

Nlp.e.,c = Q- Nlp.e.
N>1p.e.,c = N>1p.e. - (Nlp.e.,c - Nlp.e.)
= N>1p.e. - Nlp.e.<a - 1)

where Ni, . . represents the corrected number of 1p.e. pulses (including all dark-rate events)
and Nx1p.e. . represents the number of pulses with a charge larger than the 1p.e. value without
dark-rate events. The cross-talk probability therefore is defined as:

. N-y
Plpwcel _ >1p.e.,c 411
or Nlp.e.,c + N>1p.e.,c ( )

Figure 4.12 shows the results of this cross-talk measurement together with the results from the
threshold scan measurements described in the previous section. The light spot was focused on
the center of a pixel in the middle of the sensor.

The results of the two different methods agree quite well. However, there seem to be systematic
deviation due to the completely different measurement concepts. One major difference between
the two measurements is that the method described in this section is used to determine the
cross-talk probability of a single pixel whereas the threshold scans only allow to determine the
mean cross-talk probability considering all pixels. In section 4.7 it is shown that the cross-talk
probability of the individual pixels is not uniform but depends significantly on the location of
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Chapter 4 SiPM Characterization

the pixel. Another difference between the two methods is that in the measurement described
in this section the pixel is illuminated, in contrast to the threshold scans, which may cause a
deviation in the cross-talk probability. Despite this fundamental differences, the results of the
two methods are comparable which validates the measurement concepts.
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Figure 4.12: Cross-talk probability of a single pixel measured with a focused light spot. The cross-talk
probability determined from the threshold scan measurement is also shown in order to compare the two
methods.

4.4 After-pulse Measurement

The setup described in chapter 3.3 can be used to measure the time intervals between dark-rate
pulses. The resulting histogram of the time intervals represents the time spectrum of the dark-
rate which contains information about the after-pulse probability and the corresponding time
constants. Figure 4.13 shows a typical results of such a measurement. The probability density
p(At) for a pulse to occur at a time At after the preceding pulse is described by equation 2.12.
The time spectrum is equivalent to the probability density scaled with the total number of
dark-rate events occurred during the measurement time.

N(At) = N . p(At)

Assuming only one type of trapping centers, the time spectrum can be described by the sum
of two exponential functions (see chapter 2.2): one describing the contribution from thermal
pulses (tp) and one describing the after-pulse component (ap):

tot At

Nip(At) = =2 . ¢ 7t (4.12)
Ttp
tot A¢
Nop(At) = —4 . ¢ Tap; (4.13)
Tap;
N(At) = Nip(At) + Np(At) (4.14)

58



4.4 After-pulse Measurement

-
o
o

T T TTTIT]

-
o
S

T IllIIII

Events N(At)

-
o
©

T IllIIII

102

T IIIIIII

10
= Fit Range
1:
E IIII| 1 1 1 IlII| 1 1 IIIIII| 1 1 11 1
10 10? 10° 10*
At [ns]

Figure 4.13: Histogram of the measured time intervals between two dark-noise pulses representing the
time spectrum of dark-rate events. The spectrum was fitted using function 4.14 with two after-pulse
components (red curve). The contributions from after-pulses (green curve) and thermal pulses (blue
curve) can clearly be separated.

where Négft,p represents the total number of thermal- and after-pulse events and 7,44, the
corresponding time constants. The after-pulse probability can be defined as the ratio of the

number of after-pulse events and the total number of dark-rate events:
Ntot
ap

= __ 4.15
N9t + Not (4.15)

Pap

In general, there can be more than one after-pulse component corresponding to different types
of trapping centers each with a characteristic trapping time. In this case equation 4.13 has to
be replaced by the sum of all after-pulse components (see equation 2.12):

N(At) = Nip(At) + 3 Nop, (At) (4.16)

7

Time Spectrum Fit

The number of thermal- and after-pulse events Nég’ftp and the corresponding time constants
Taptp can be determined by fitting the recorded time spectrum with the function 4.14. In
figure 4.13 the result of such a fit and the individual contributions from thermal- and after-
pulses are shown. Figure 4.14 shows the residuals of the fit using a fitting function with one
and two after-pulse components, respectively. When applying a fit with only one after-pulse
component a significant systematic deviation from the measured spectrum is observed for time
intervals < 103ns. The fit quality improves significantly by introducing a second after-pulse
contribution, dividing the after-pulses in a slow and a fast component. This observation was

also made in [25]. For this reason, in the following analysis a fitting function containing two
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Figure 4.14: Residuals of the fit of the time spectrum 4.13 using a fitting function with one (red) and
two (blue) after-pulse components, respectively. The fit is significantly improved introducing a second
after-pulse component.

after-pulse components was used. The two different components could correspond to different
trapping centers for electrons and holes.

Figure 4.13 shows that for short time intervals (At < 50ns) the measured time spectrum is
not described by the function 4.14. One reason for this is the dead time of the discriminator
module and the TDC of 5ns which limits the minimum time interval measurable. Furthermore,
the minimum time between two detected pulses is limited by the width of the SiPM pulses.
This effect is illustrated in figure 4.15. After-pulses can only be detected if the amplitude of
the primary pulse has fallen below the discrimination threshold. In this case the leading edge
of the after-pulse can cross the discrimination threshold and trigger an output pulse at the
discriminator. If an after-pulse occurs before the amplitude of the primary pulse is below the

_\ /—\ /— SiPM Signal

Discrimination
Threshold

u u Discriminator

Output

....................................................................

_____________________

Figure 4.15: The minimum time interval measurable is determined by the time the SiPM pulse exceeds
the discrimination threshold. Fast after-pulses can only be detected by applying a high discrimination
threshold (dotted line).
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discrimination threshold it is not detected. The minimum time interval measurable is therefore
given by the time the SiPM pulse exceeds the threshold. Considering a typical pulse width of
several tens of nanoseconds this effect explains the developing of the time spectrum for short
time intervals. The minimum time interval measurable depends on the applied discrimination
threshold and on the pulse width which depends on the sensor type and applied bias voltage.
For this reason the fit range has to be adjusted for every recorded time spectrum in order
exclude the region in the spectrum where the measured time intervals are smaller than the
pulse width.

The after-pulse probability can be determined according to equation 4.15 with the values for the
total number of thermal- and after-pulses N/%, determined by the fit. In this definition of the
after-pulse probability the amount of charge contributed by the after-pulses is not considered.
However, fast after-pulses which occur within the recovery time of the pixel have a smaller
signal amplitude since the pixel is not fully recharged. In the following, an ”effective” after-
pulse probability is defined considering the amount of charge contributed by the after-pulse.
The integrated charge of the pulse which occurs at a time At after the preceding pulse is
described by the following formula [25] (see equation 2.6):

Q(At) = Qo - (1 — e~ At/ Trecovery) (4.17)

where ()g is the charge delivered by a fully recharged pixel and 7yccovery is the recovery time.
Table 4.3 shows the values for the recovery time of the HAMAMATSU MPPCs [31].

S10362-11 Recovery Time [ns]

-025C ~4
-050C ~9
-100C ~ 33

Table 4.3: Recovery time of the HAMAMATSU MPPCs [31].

The total amount of charge from all thermal pulses and after-pulses, respectively, which are
recorded in the time spectrum can be calculated according to the following formula:

o0

-

Qlpiap = / Nip.ap(At) - Q(At) - dAL = QoNft,, - — 2L — (4.18)
, Tepap T Tr

The ”effective” after-pulse probability can be defined as the ratio of the total charge contributed

by after-pulses and the total charge from all dark-rate pulses:

tot

o e p— — 4.19
"y o)

Discrimination Threshold

The after-pulse measurements were done for a defined range of the bias voltage. Although the
signal amplitude changes with the over-voltage, the discrimination threshold was kept constant
for all measurements in order to reduce the complexity of the measurement. This is possible
since the measured time constants and after-pulse probability should in principle not depend
on the discrimination threshold. Only the minimum time measurable, which corresponds to
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the time the SiPM pulse exceeds the threshold, is affected (see figure 4.15). This was validated
experimentally by recording time spectra at different discrimination thresholds for a fixed bias
voltage in order to determine the time constants and after-pulse probability as a function of
the applied discrimination threshold. The results shown in figure 4.16 confirm the assumption;
i.e. the measured quantities are constant up to a threshold of ~ 30 mV. For thresholds near the
peak amplitude of the 1p.e. signal (= 35mV) the measured parameters change significantly.
This behavior could possibly be explained by a third very fast after-pulse component which
can only be accessed at thresholds near the peak amplitude of the 1 p.e. signal. This additional
component would cause an increase in the after-pulse probability and reduce the time constant
of the pulses. The slow component would not be affected by this effect. However, this hypothesis
was not further investigated. For a sequence of after-pulse measurements, the discrimination
threshold was consequently set to a value well below the peak amplitude of the 1p.e. signals
for all applied bias voltages.

Results of the After-pulse Measurement

The time spectra were automatically recorded for a certain range of the bias voltage specified
in the LabVIEW program which controls the measurements and analyzed by a ROOT program
which fits the spectra with the function 4.16 in order to determine the effective after-pulse prob-
ability according to equation 4.19 and the corresponding time constants. A fitting function with
two after-pulse components was used (see above). The results of the measurements are shown
in figure 4.17 and 4.18. The sensors show a strong increase in the after-pulse probability with
increasing bias voltage and pixel size (see figure 4.17). This can be explained by the increasing
gain and the increasing probability for a trapped charge carrier to trigger an avalanche break-
down. Since both effects depend approximately linearly on the over-voltage (see chapter 4.1
and 4.6) the after-pulse probability is expected to be proportional to V,2., [32]. This behavior
is confirmed by a quadratic fit to the data which is also shown in figure 4.17.

Figure 4.18 shows the characteristic trapping time of the two after-pulses components which
can be separated into a fast and slow component. The measured values for the time constants
increase with the applied bias voltage which was also observed in [26]. However, in [25] the
measured time constants seem to be independent of the bias voltage. This effect cannot be
explained at the moment and needs further investigation.

The characteristic trapping times of the S10362-11-025C is below 100 ns. Considering a bunch
crossing time at the ILC of =~ 300 ns, the probability for an after-pulse to occur in a subsequent
bunch crossing interval is small (= 5%). In this respect the MPPC (especially the S10362-11-
025C) is well suited for this application.

The time spectra measured for the SensL. SiPMs can be described by the thermal pulse only and
therefore no after-pulse probability could be determined. This is due to the fact that the signal
of these SiPMs has a very long decay time and hence the measurement cannot access short
time intervals where possible after-pulses could occur. The effective after-pulse probability of
these devices can be assumed to be negligible small due to the long recovery time of the sensors
which is connected to the signal decay time [31].
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Figure 4.18: Measured time constants of the fast and slow after-pulse component.
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4.5 Measurement of the Temperature Dependence

In most applications like particle detectors or PET, temperature fluctuation cannot be avoided.
For this reason the test stand was equipped with a temperature chamber which allows to study
the temperature dependence of the different parameters. The detailed setup is discussed in
chapter 3.4.

A fundamental measurement is the temperature dependence of the breakdown voltage and the
gain. The gain was measured with the setup described in chapter 3.2 in a temperature range
from —10°C to 30 °C with 4 °C step size and the breakdown voltage was extrapolated from the
gain-voltage curve. The measurement results shown in figure 4.19 show that the breakdown
voltage increases linearly with rising temperature as expected [33, 29]. The temperature de-
pendence of the breakdown voltage dVy,eqr/dT was extracted from a linear fit. The results are
shown in table 4.4. The measurement of this parameter is essential for the dark-rate, cross-talk
and after-pulse measurement since the bias voltage has to be adjusted due to the changing
temperature in order to keep the over-voltage constant.

Figure 4.20 shows the temperature dependence of the gain at a fixed bias voltage (69.00V).
The gain of a sensor with large pixel capacitance shows in general a stronger dependence on the
over-voltage (see equation 2.5) and therefore on the temperature. A linear fit was applied to the
measured curves in order to determine the temperature dependence of the gain dG/dT. The
values for the two sensors (see table 4.4) differ significantly due to the different pixel capacitance
of the devices. The gain of the MPPC with 1600 pixels can be assumed to have even a smaller
temperature dependence.

The measurements of the temperature dependency of the dark-rate, cross-talk and after-pulses
are similar to measurements described in chapter 4.2 to 4.4, however, the parameters are now
measured as a function of the temperature at a fixed over-voltage. The bias voltage has to be
adjusted for every measurement in order to keep the over-voltage constant since the break-down
voltage changes with temperature:

‘/bias (T) = %reak(T) + ‘/over (420)

This is automatically done by the LabVIEW program which controls the measurements after en-
tering Vireak (1) which has to be determined from the gain measurement. Figures 4.21 and 4.22
show the results of the dark-rate and cross-talk measurement for an over-voltage of 1 V. The
strong temperature dependence of the dark-rate can be explained by the thermal energy of the
electrons in the silicon. As shown in [34], the dark-rate decreases approximately exponentially
with the temperature. The temperature dependence 1/D -dD/dT (D represents the dark-rate)
was extracted from an exponential fit. The resulting values for the two sensors are shown in
table 4.4.

The cross-talk probability does not depend significantly on the temperature which is in agree-
ment with [29]. The after-pulse probability shown in figure 4.23 shows a slight decrease with
the temperature whereas the corresponding characteristic trapping times shown in figure 4.24
seem to be constant. However, temperature dependent trapping times are expected; i.e at low
temperatures the trapping times should be longer because of the increasing trapping center de-
excitation time [33, 35, 34]. For the tested devices, this temperature dependence can possibly
be observed at very low temperatures due to the expected exponential behavior [34]. This could
be tested by measurements at temperatures < —10°C.
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4.6 PDE Measurement

S10362-11 -050C Nol163 -100C Nol180

dVirear /AT 95.7 0.7 56.4 £ 0.5 mV /K
—dG/dT 36.5+£0.5 135.2+£1.1 103 /K
1/D-dD/dT 8.30£0.10 8.53 £0.07 %/K

Table 4.4: Measured temperature dependence of the breakdown voltage, gain and dark-rate.

4.6 PDE Measurement

The photon detection efficiency is one of the most important parameters of SiPMs since it is the
limiting factor for the photon-counting resolution (see section 4.8) and influences the sensitivity
to small photon fluxes. The PDE measurement consists of two parts: a measurement of the
relative spectral sensitivity in a wide spectral range from 350 nm to 1000 nm which, however,
is influenced by dark-rate, cross-talk and after-pulses, and a measurement with a pulsed light
source at a fixed wavelength which allows to determine the PDE without the effects of dark-
rate, cross-talk and after-pulses. The relative sensitivity can be scaled with the PDE at the
corresponding wavelength in order to determine the PDE in the whole spectral range of the
relative measurement. The setups used for the two measurements are discussed in detail in
chapter 3.5.

SiPM Positioning

The SiPM is located behind an aperture which is mounted on the front port of the integrating
sphere in order to only illuminate the active area of the sensor. For the pulsed measure-
ment an aperture with a diameter of @0.6 mm is used, whereas for the relative measurement a
0.8 mm aperture has to be used since the light intensity after the wavelength selection with the
monochromator is too low to be measured with the calibrated photodiode using the @0.6 mm
aperture. For the PDE measurement it is essential that the aperture is fully covered by the
sensor in order to only illuminate the active area of the SiPM. For this reason the SiPM is
mounted on a positioning stage (see figure 3.10) which is used to adjust the sensor position in
the x-y plane. The optimal position is found when the measured photocurrent of the SiPM
is maximal. Figure 4.25 shows the photocurrent as a function of the sensor position in the x
direction. In case of the @0.6 mm aperture a plateau in the photocurrent of &~ 0.35 mm can be
observed. In this region the light spot is fully covered by the SiPM. For the PDE measurement
the SiPM has to be located in this plateau region. Considering the dimensions of the active
area of the sensor (1 x 1 mm?) the light spot has consequently a diameter of ~ 0.65mm. This
is slightly larger than the diameter of the aperture due to a small opening angle of the light.
For the @0.8 mm aperture there is no clear plateau region in the photocurrent. For this reason
the light spot must have a diameter of &~ 1 mm or larger. There might consequently be a small
intensity loss since the light spot is larger than the active area of the SiPM. However, this is
not relevant since the @0.8 mm aperture is only used for the relative sensitivity measurement.

67



Chapter 4 SiPM Characterization

- F = 0.8mm
E - oy
—=140—
£ F - ™ * 20.6mm
g r - [
3 120— Measurement
k] - region .-
[e] = = B
i 100 __ b.-:_:._r.-‘_.*.-?’.*
C b.:o-. '_.-‘»--.
80— : .
B .
60:_ -l ,_.q’_._‘
B ron
40 __ ) o P._"_.-‘
: = = : : -l
20— -
L o -
Coo v by b by e b e by |
89 89.5 90 90.5 91 91.5

X position [mm]

Figure 4.25: Photocurrent measured as a function of the sensor position. For the @0.6 mm aperture
(red) the diameter of the light spot is smaller than the active area of the SiPM which results in a plateau
in the photocurrent. For the 0.8 mm aperture (blue) no clear plateau region is observed.

Power Ratio of the Two Ports

The basic principle of the PDE measurement is to determine the response of the sensor to a
referenced photon flux. The calibrated photodiode which is used to reference the light intensity
is mounted directly on the top port of the integrating sphere. The amount of light reaching the
photodiode is consequently much larger than the amount of light reaching the SiPM located
behind the aperture. For this reason the power ratio R = Pt/ Pyperture between the two ports
has to be measured in order to determine the number of photons reaching the SiPM from the
light power P,..; measured with the calibrated sensor. This ratio was measured by covering
both ports with a calibrated sensor.

For the ©0.8 mm aperture which is used for the measurement of the relative sensitivity this was
done for the whole spectral range from 350 nm to 1000 nm with a step size of 10 nm using the
Xenon lamp as a light source. The bandwidth of the light selected by the monochromator was
measured to be &~ 2nm. The measured power ratio Ryg which is shown in figure 4.26 depends
on the wavelength with a maximum deviation of &~ 10% from the mean value. This might be
explained by a wavelength dependent reflection and absorption inside the brass aperture. The
precision of the measurement is limited by the uncertainty of the calibrated PIN-diode (=~ 5%)
which was used to measure the light power behind the aperture.

The power ratio for the @0.6 mm aperture was determined for the laser diodes and LEDs used
for the PDE measurement. The measured ratio Rpg shown in table 4.5 is much larger than
the ratio shown in figure 4.26 due to the smaller diameter of the aperture. The emission
spectra of the laser diodes and LEDs were measured by placing the light sources in front of the
monochromator and measuring the output power as a function of the wavelength in order to
determine the center wavelength (see table 4.5). The FWHM of the emission spectra was found
to be less then 5nm for the laser diodes and 10 — 20 nm for the LEDs.
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Figure 4.26: Power ratio Ry g between the two ports of the integration sphere measured for the @0.8 mm
aperture.

Type Acenter [nm] Ros

LED 465 4200 £ 20
Laser Diode 633 3852 + 18
Laser Diode 775 4328 £ 7
LED 870 4625 + 55

Table 4.5: Power ration Ry g between the two ports of the integration sphere measured for the @0.6 mm.

Relative Spectral Sensitivity

The relative sensitivity was measured for a fixed bias voltage in a spectral range from 350 nm
to 1000 nm with a step size of 10 nm using a Xenon lamp as a light source. For this setup it
is not possible to read out the SiPM with a QDC which would require a pulsed light source
(see chapter 3.2). For this reason the SiPM is read out with a picoamperemeter measuring
the photocurrent. Figures 4.27 and 4.28 show the spectrum of the Xenon lamp measured with
the SiPM placed behind the aperture and the calibrated sensor mounted on the top port of
the integrating sphere. Considering the power ratio Rgg between the two ports the relative
sensitivity S can be determined from the measured photocurrent Ig;pps of the SIPM according
to the following formula:

S(\) = Isipn - Ros/(ge - G)

Pop/(h- )

where P, is the optical power measured with the calibrated sensor, h is the Planck constant
and G is the gain of the SiPM. Since the photocurrent is influenced by the effects of dark-rate,
cross-talk and after-pulses the values for the relative sensitivity S are larger than the actual
PDE. The measurement results are shown in on the right side of figures 4.29 to 4.31. (The

(4.21)
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curves are already scaled to the measured PDE at 633 nm (see below)).

PDE Measurement

In this section the measurement of the PDE without the effects of dark-rate cross-talk and
after-pulses is discussed. For this measurement different laser diodes and LEDs with center
wavelengths of 465 nm, 633nm, 775nm and 870nm can be used as light sources. The used
laser diode or LED is driven by a pulse generator in order to measure the charge spectrum of
the SiPM using a QDC (see chapter 3.2). This allows to determine the number of detected
photons (N,..) (see equation 4.2) without dark-noise, cross-talk and after-pulses by applying
the statistical analysis discussed in chapter 4.1. Considering the optical power F,,; measured
with the calibrated sensor, the power ratio Rgg and the period T = 30 us of the light pulses
the PDE can be calculated according to the following formula:

<Np-e-> ) RO-G/T
Popt/(h - %)

where h is the Planck constant, A is the center wavelength of the laser diode or LED and c is
the speed of light.

Figures 4.29 to4.31 (left) show the results of the PDE measurements for a certain range of
the bias voltage. The PDE increases with the over-voltage due to the increasing probability
€avalanche for a charge carrier to initiate an avalanche breakdown (see equation 2.8). The PDE
saturates if €gpaianche reaches its maximum. A similar behavior has been observed in [32].
Another important parameter influencing the PDE is the geometrical fill factor. It explains the
much larger PDE of the MPPC with 400 pixels (S10362-11-050C) compared to the 1600 pixel
device (S10362-11-025C). In the measured range for the over-voltage the PDE of the SensL
SiPM is lower than for the S10362-11-025C although the fill factor is larger.

The measurements were carried out at a temperature of 25.0 & 1.5° C. The temperature fluc-
tuations cause small shifts in the over-voltage between the measurement series at different
wavelengths. The minimum over-voltage which can be applied for the PDE measurement is
limited due to the fact that the statistical analysis (see chapter 4.1) which is used to determine
the PDE requires the photon peaks in the charge spectrum to be well separated. The max-
imum over-voltage is limited due to unstable operation of the device (e.g. pedestal shifts and
broadening of the single photon peaks due to increased noise) at high over-voltage.

The measurement technique used to determine the PDE can only be applied for the specific
wavelength of the available LEDs and laser diodes. However, the PDE can be determined for
the full spectral range from 350 nm to 1000 nm by scaling the curve for the relative sensitivity
so that it matches the values for the PDE at the corresponding wavelength. This is shown on
the right of figures 4.29 to 4.31. The relative spectral sensitivity was scaled to the PDE value at
633 nm at the maximum over-voltage measured. The PDE values measured at 465 nm, 775 nm
and 870nm at the same bias voltage are also shown in the graph in order to cross-check the
results. Within the uncertainty of the measurement the values are consistent with the PDE
curve which validates the measurement results.

The HAMAMATSU MPPCs show a high PDE in the blue spectral region peaking at ~ 450 nm.
This would allow to read out the blue scintillation light from the tiles of the CALICE HCAL
prototype without the need for wavelength shifting fibers. The reason for the high sensitivity
in the blue spectral range is the p-on-n doping profile of the devices. Blue light cannot penet-
rate deeply into the silicon due to its high optical absorption coefficient (see figure 2.4). As a

PDE = (4.22)
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Figure 4.29: Left: Photon detection efficiency of the HAMAMATSU S10362-11-050C Nol63 as a
function of the over-voltage for different wavelength. Right: PDE as a function of the wavelength at
an over-voltage of Vjye, = 2.15 £ 0.05 C at room temperature (25.0 + 1.5° C).
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Figure 4.30: Left: Photon detection efficiency of the HAMAMATSU S10362-11-025C Nol32 as a
function of the over-voltage for different wavelength. Right: PDE as a function of the wavelength at
an over-voltage of Vyye, = 4.30 £ 0.05 C at room temperature (25.0 + 1.5° C).
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Figure 4.31: Left: Photon detection efficiency of the Sensl. SPMMicro1020X13 No4 as a function of
the over-voltage for different wavelength. Right: PDE as a function of the wavelength at an over-voltage
of Vyyer = 2.50 4+ 0.05 C at room temperature (25.0 £ 1.5° C).
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consequence, the majority of electron-hole pairs are produced in the p-layer close to the surface
of the sensor. The probability for the electron in the p-layer to initiate an avalanche breakdown
is higher than for the holes in the n-layer due to the different impact ionization coefficients
(see figure 2.6). For this reason, the PDE decreases for photons with longer wavelength which
are mostly absorbed in the n-layer. Furthermore the probability for a hole to recombine be-
fore reaching the multiplication region is higher if the hole is produced in the drift region far
away from the multiplication region. The PDE curve of the SensL. SiPM is shifted to longer
wavelength with respect to the HAMAMATSU sensors because of the n-on-p doping profile.
For this device the peak sensitivity is in the green spectral region (= 520 nm) whereas the sens-
itivity in the blue region is significantly reduced due to the low impact ionization coefficient of
the holes in the n-layer close to the surface of the sensor.

4.7 Uniformity Measurements

A high uniformity in the response of the individual pixels is essential for a good separation
of the single photon signals. The setup discussed in chapter 3.6 can be used to scan a sensor
with a focused light spot in order to study the spatial uniformity in the sensitivity, gain and
cross-talk probability of the device. A charge spectrum with 10,000 events is acquired for every
position of the light spot using a QDC to read out the SiPM. The light spot used to scan the
SiPM has a diameter of a few micron which is significantly smaller than the typical size of a
pixel. For this reason the charge spectrum of an ideal sensor would only contain pedestal and
1 p.e. events since only one pixel is illuminated at a time. However, for a real sensor also events
where more than one pixel have fired can be observed due to the effects of dark-rate, cross-talk
and after-pulses.
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Figure 4.32: Single pixel charge spectrum. For an ideal sensor only 1 p.e. and 2 p.e. events are expected
(first two peaks). All events with a higher charge value are caused by dark-rate, cross-talk or after-pulses.
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Figure 4.32 shows a typical charge spectrum of a single pixel. Applying the statistical analysis
discussed in chapter 4.1, the number of detected photons without dark-rate, cross-talk and
after-pulses can be determined from the number of events in the pedestal peak according to
equation 4.2. The cross-talk probability can be determined from the number of events where two
or more pixel have fired (see equation 4.11). This analysis is discussed in detail in chapter 4.3.
Considering a step size of 5 um, a scan of the full sensitive area of a SiIPM consists out of ~ 50000
measurement points. Because of this large amount of data a ROOT program was designed to
automate the analysis of the recorded charge spectra. The sensitivity, gain and cross-talk
probability is determined for every position of the light spot and a 2D map of the particular
parameters is created by combining all measurement points. In the following sections the results
of the scan for the HAMAMATSU S10362-11-100C and S10362-11-050C are presented.

Results of the Uniformity Measurements

Figure 4.33 shows a map of the number of detected photons corrected for the effects of dark-
rate, cross-talk and after-pulses. The values are normalized to the maximum number of photons
observed and scaled to the light intensity measured with the monitoring photodiode in order
to correct for changes in the intensity of the laser diode. Both tested devices show a high
uniformity in the sensitivity with variations around the mean value of < 10%. The gain of the
two tested devices is shown in figure 4.34. In between two pixels the gain is not well defined since
the number of events generated by photon absorption is small compared to thermally generated
events. For this reason the gain is only calculated for measurement points with a sensitivity
higher than 50% of the maximum value. It can be seen that the gain is also quite uniform with
fluctuations of ~ 10%, however, there seem to be systematic variances. The gain for the 100
pixel device is slightly lower for the bottom pixels. This could be explained by the changing
temperature during the measurement time. At the beginning of the measurement (lower part of
the sensor) the temperature was ~ 0.7 °C higher than at the end of the measurement (upper part
of the sensor) which results in a lower gain for the pixels at the bottom. The 400 pixel device
shows a lower gain for the pixels at the edge of the sensor. These variations cannot be explained
by the temperature fluctuations during the measurement (=~ 0.2°C) since the temperature
dependence of the gain of this device is by a factor 4 smaller than for the 100 pixel sensor
(see table 4.4). The observed behavior could possibly be caused by a drop in the bias voltage
towards the border of the sensor due to the resistance of the electrical connections between
the pixels. However, further investigations are necessary to fully understand the observed gain
variations.

Figure 4.35 shows a map of the cross-talk probability of the tested devices which is determined
by the fraction of events where more than one pixel fired (see equation 4.11). In contrast to the
measurements discussed in chapter 4.3 the charge integration time for the sensor scans has to
be long enough to contain at least one full pulse in order to determine the gain. For this reason,
after-pulses cannot be excluded completely and only an effective probability containing both
cross-talk and after-pulses can be determined. However, the contribution from after-pulses can
be assumed to be small since the integration time was set to the minimum value such that it
still contains one full pulse. Similar to the gain, the cross-talk is not well defined in between
two pixels and therefore a cut on 50% sensitivity is applied. It can be seen that the cross-
talk probability in the center of the sensor is higher than at the borders. This phenomena is
expected since the pixels at the border of the device have less neighboring pixels than pixels
in the center. Photons that are generated in an avalanche breakdown in the outer region of
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Figure 4.33: Map of the relative sensitivity of the HAMAMATSU S10362-11-100C Nol81 (left) and
S10362-11-050C No163 (right).
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Figure 4.34: Gain map of the HAMAMATSU S10362-11-100C No181 (left) and S10362-11-050C Nol63
(right). The measurement points with a sensitivity smaller than 50% were set to zero.
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Figure 4.35: Cross-talk map of the HAMAMATSU S10362-11-100C Nol81 (left) and S10362-11-050C
No163 (right). The measurement points with a sensitivity smaller than 50% were set to zero.
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the sensor therefore have a reduced probability to be absorbed in a nearby pixel. It can be
observed (in particular for the 100 um device) that the cross-talk probability varies within a
single pixel, i.e. the cross-talk probability is increased if the incident photon is absorbed near
the border of a pixel. This could mean that the avalanche does not spread uniformly over the
hole device because otherwise a uniform cross-talk behavior would be expected. If the avalanche
is more pronounced at the position where the photon was absorbed the observed behavior can
be explained.

4.8 Photon-counting Resolution

The photon-counting resolution is one of the most important properties of a SiPM. If the SiPM
is used for the detection of scintillation light like in calorimetric applications or PET, it is one
of the limiting factors for the energy resolution of the detector. The photon-counting resolution
is determined by the photon detection efficiency and noise generated by cross-talk, after-pulses,
and dark-noise. In the following, the contributions of the different effects to the photon-counting
resolution will be determined for the linear range of the sensor (N < Npizeis)-

Assuming an ideal sensor with no cross-talk, after-pulses and dark-rate, the photon-counting
resolution is limited by the fluctuations in the number of detected photons. Considering a fixed
number of incident photons N, the probability to detect a certain number of photons Nppg
is described by a binomial distribution:

N
Bppe(NppE) = (NP;E) PDENPoE . (1 — PDE)N+—NrPoE (4.23)

The photon-counting resolution is then given by the standard deviation of the binomial distri-
bution:

ONeps = \/Ny - PDE(1 ~ PDE) (4.24)
The mean number of detected photons is given by:
(NppEe) = Ny - PDE

For a real sensor, another limiting factor for the resolution is the dark-rate. The probability to
have a certain number of dark-rate events Npg within a certain charge integration time At is
given by a Poisson distribution with the expectation value (Npgr) = DR - At where DR is the
dark-rate in Hz. The fluctuations in the number of dark-rate events is given by the standard

deviation:
ONpr = VDR - At

Furthermore, the fluctuations in the number of cross-talk and after-pulse events have to be
taken into account. Each detected photon or dark-rate event can trigger an additional avalanche
breakdown due to cross-talk or after-pulsing. In the following calculations it is assumed that one
firing pixel may only trigger one cross-talk or one after-pulse event. All higher order events are
neglected since P%T, Pj p>» Por - Pap are small. If (Nppg) + (Npr) pixels fired, the probability
for a certain number of cross-talk events Nor and after-pulse events N4p is again described by
a binomial distribution:

BCT(NCT) — <<NPDE]27:T<NDR>)PéngT . (1 _ PCT)<NPDE>+<NDR>*NCT (425)

(NppE) + (NDR)

Bap(Nap) = < Noup

)Pivﬁp - (1 — Pyp)NroE)t(NDR) =Nar (4.26)
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where Por and Pap represent the cross-talk and after-pulse probability. The fluctuations in
the number of cross-talk and after-pulse events is given by:

oNor = V((NppE) + (NpR)) - Por(1 — Por) (4.27)
onap =V ((NppE) + (NDR)) - Pap(1 — Pap) (4.28)

Considering all effects described above, the standard deviation of the measured SiPM signal is
given by:

X _ 2 2 2 2
O Signal = \/UNPDE + INer + INap + 9Npr (4'29)

The electronic and excess noise of the sensor also contribute to the standard deviation of the
signal. However, the excellent separation of the single photon peaks in the charge spectrum
shows that both effects are small compared to the signal of a firing pixel (gain) and can therefore
be neglected in the following calculations. Having individually determined the PDE, dark-rate,
cross-talk and after-pulse probability, the incident number of photons can be reconstructed from
the measured SiPM signal with the following formula:

_ Nsignat — (Not) — (Nap) — (NDr)

N, = 4.30
The standard deviation of the reconstructed number of photons is:
UNSignal
= 4.31
Ny = "PDE (4:31)
which leads to a relative photon-counting resolution of:
2 2 2 2
ON, _ ONsignar _ \/UNPDE + ONer + ONap + 9Npr (4 32)
N, N,-PDE N, -PDE '
A B
= — P — (4.33)

N, 7N,

where

A=+/DR-At(1+ Por(1 — Por) + Pap(1 — Pap))/PDE

describes the component resulting from dark-rate pulses and

B =+/(1—-PDE)+ Pcr(1 — Por) + Pap(1 — Pap)/VPDE

corresponds to the fluctuations originating from events triggered by photon absorption. Both
contributions are effected by after-pulses and cross-talk.

The photon-counting resolution can be determined using the results (i.e. PDE, dark-rate, cross-
talk and after-pulse probability) of the measurements described in the previous sections. In
the following monochromatic photons with a wavelength of 645nm and an integration time
of At = 300ns matching the approximate bunch crossing time at the ILC were assumed for
the calculations. In principle this requires the after-pulse probability to be calculated for this
specific time interval. However, the after-pulse probability for At > 300ns is negligible small
due to the characteristic trapping time of < 150ns (see figure 4.13). For this reason the after-
pulse probability for an infinite integration time (as calculated in section 4.4) was used. For
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the SensLi sensors the after-pulse probability was measured to be negligible small due to the
long signal decay time (see chapter 4.4) and hence was set to zero.

Figures 4.36 to 4.38 show the squared value of the relative photon-counting resolution of the
HAMAMATSU MPPCs with 400 and 1600 pixels and the SensL. SPM with 848 pixels for N, =1
and N, = 10. Besides the total resolution, the contributions oy, /(N - PDE) considering only
cross-talk, after-pulsing, dark-rate and PDE, respectively, are shown.

It can be seen that the limiting factors for the photon-counting resolution for single photon
detection (Ny = 1) is the PDE and the dark-rate. In case of the MPPCs, the resolution
improves with the over-voltage due to the increasing PDE. Although the dark-rate increases
exponentially with the over-voltage, its contribution to the resolution is approximately constant
since the fraction of dark-rate events to photon events decreases with the over-voltage due to
the rising PDE. For the SensL sensor the resolution for IV, = 1 is significantly limited by the
high dark-rate and the low PDE. The influences from cross-talk and after-pulses are small for
all tested SiPMs.

For ten incident photons (right side of figures 4.36 to 4.38) the resolution of the MPPCs is
dominated by the PDE. The contribution from the dark-rate can be neglected since the fraction
of dark-rate events to photon events is small. For the SensL. SPM the contribution from the
dark-rate is still large. However, for a larger number of incident photons the resolution of the
SPM will also be dominated by the PDE since the contribution from the dark-rate decreases
with o, o 1/N, whereas all other contributions drop with o 1/,/N, (see equation 4.33).
Figure 4.39 illustrates this dependence of the photon-counting resolution on the number of
incident photons N, for the S10362-11-050C at an over-voltage of 1.9V (highest over-voltage
the resolution was calculated for). For this device the contribution from dark-rate can be
neglected for NV, 2 10. The photon-counting resolution for moderate photon fluxes therefore
cannot be significantly improved by cooling the device which would reduce the dark-rate. The
AHCAL prototype is calibrated to detect ~ 15 photons for a minimal ionizing particle (MIP).
Considering a typical PDE of =~ 30% for the S10362-11-050C, this corresponds to & 50 incident
photons. At this photon flux the resolution is about +/0.08 ~ 30%.

It can be seen in figures 4.36 to 4.38 that the over-voltage corresponding to the best resolution
depends on the incident photon flux. Although the PDE increases with the bias voltage, a
moderate over-voltage is preferred in case of single photon detection due to the exponentially
increasing dark-rate. If the number of incident photons is large enough that the dark-rate can
be neglected, the best resolution is achieved when the SiPM is operated at high over-voltage.
If the over-voltage is too large the PDE saturates and the resolution will be limited by the
increasing cross-talk and after-pulse probability. However, this effect is not observed within
the range of the over-voltage for which the photon-counting resolution was determined. The
resolution of the tested SiPM for the highest over-voltage within the measured range is shown
in table 4.6.

The resolution of the MPPC with 1600 pixels is a factor ~ 1.3 worse than the resolution of the
400 pixel device. However, for calorimetric applications a large dynamic range is important.
The relative resolution described in equation 4.33 is only valid in the linear range of the SiPM.
If the SiPM response saturates for high photon fluxes this will degrade the resolution of the
sensor. For this reason, the MPPC with 1600 pixels is expected to have a better photon-
counting resolution for high photon fluxes compared to the 400 pixel device and therefore is
better suited for the HCAL application. The resolution of the Sensl. SPM is significantly
limited due to the high dark-rate and low PDE compared to the HAMAMATSU MPPCs. The
study of the photon-counting resolution could be complemented by a direct measurement of
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Figure 4.36: Squared relative photon-counting resolution of the HAMAMATSU S10362-11-050C No163
for one (left) and ten incident photons (right).
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Figure 4.37: Squared relative photon-counting resolution of the HAMAMATSU S10362-11-025C No132
for one (left) and ten incident photons (right).
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Figure 4.38: Squared relative photon-counting resolution of the SensL. SPMMicro1020X13 No4 for one
(left) and ten incident photons (right).
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the resolution in order to validate the results presented above and to determine the resolution
in the non-linear range.

Sensor on, /N, Over-voltage
S10362-11-050C Nol63 2.93/N, @ 1.90/\/]\7Y 1.9V
$10362-11-025C Nol32  3.79/N, & 2.50/ /N, 3.5V
SPMMicro1020X13 No4  18.03/N, @ 3.66/@ 2.5V

Table 4.6: Photon-counting resolution of the tested SiPMs.
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Figure 4.39: Squared relative photon-counting resolution of the HAMAMATSU S10362-11-050C No163
as a function of the number of incident photons for an over-voltage of 1.9 V. The contribution from the
dark-rate is proportional to o< 1/N, whereas the other contributions decrease with « 1/,/N,,.

80



Chapter 5
Summary and Outlook

This thesis is devoted to the characterization of Silicon Photomultipliers (SiPMs), a novel type
of solid state photodetectors suitable for low intensity light detection. The basic properties
of these devices are: high gain and sensitivity, small size, robustness, low operation voltage,
insensitivity to magnetic fields and low excess noise. These characteristics make the SiPM a
promising device for the application in high energy physics calorimetry or medical imaging.
The International Linear Collider (ILC) experiment demands the developement of a new gen-
eration of calorimeters with unprecidented jet-energy resolution to satisfy the requirements
set by the physics goal. Such an excellent resolution can be achieved with a highly granular
sampling calorimeter utilizing the Patricle Flow Approach. A prototype of such a calorimeter
using SiPMs for the readout of the scintillation light has been built at DESY in order to study
the concept and physics performance of such a calorimeter.

Another application of the SiPM is the medical imaging technique of Positron Emission Tomo-
graphy (PET). The small size of the SiPM allows for a design with a high granularity which
improves the spatial resolution of the PET detector. Since the SiPM is insensitive to magnetic
fields, a combination of a PET and Magnetic Resonance Imaging (MRI) is possible. Further-
more, the good timing resolution of the SiPM allows to improve the precision of Time-of-Flight
PET. For this reasons a PET prototype utilizing SiPMs was build in the workshop of the
institute in order to study the performance and demonstrate the applicability of this concept.
A test stand was developed to measure and compare the characteristic properties of different
SiPMs in order to find the device best suited for a specific application. In the context of
this thesis the test stand was largely extended in order to allow a faster and more complete
characterization of SiPMs. Besides the measurement of the gain, breakdown voltage, sensitivity
and dark-rate, the new setup now allows to determine the PDE (without the effects of dark-
rate, cross-talk and after-pulses) in a spectral range from 350 nm to 1000 nm, the cross-talk and
after-pulse probability and the temperature dependence of different parameters. In addition,
the pixel uniformity in terms of the spatial variations of sensitivity, gain and cross-talk can be
studied. The measurement process and data analysis were automized in order to allow the fast
characterization of a large number of sensors.

In this thesis several commercially available SiPM types (four HAMAMATSU MPPCs with 100,
400 and 1600 pixels and two SensL. SPMs with 848 pixels) were characterized and compared.
Depending on the sensor type and the applied bias voltage, a PDE of 7 to 30%, a gain of ~ 10°
and a typical dark-rate of 0.5 to 2 MHz was measured. The cross-talk and after-pulse probability
is in the range of 1 to 50%. The results of the PDE, dark-rate, cross-talk and after-pulse
measurement were combined to determine the photon-counting resolution for the linear range
of the sensors. For the MPPC with 400 pixels a resolution of on. /N, = 2.93/N, & 1.90//N,
was determined for an over-voltage of 1.9V. It was shown that the limiting factor for the
photon-counting resolution is the PDE.
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The measurement results presented in this thesis show that the test stand allows a precise and
complete analysis of the SiPM characteristics. In the future the characterization of a series of
devices identical in construction is planned in order to study the “device to device”-uniformity
(e.g. variations of the break-down voltage) which is important for the PET and ILC application
since a huge number of SiPMs are required. The next step concerning the HCAL application is
to study the response of the combined SiPM - tile system. Regarding the PET prototype, the
combined system of the SiPM attached to the scintillating crystal will be studied.
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