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Abstract

An electrical model for a Silicon-Photomultiplier (SiPM) is adapted and investigated in this

thesis. The model parameters (quenching resistance, diode capacitance, quenching capaci-

tance and grid capacitance) have been determined using detailed impedance measurements

for different SiPMs produced by Hamamatsu and Ketek. Using these parameters, Spice sim-

ulations have been performed and measured and simulated pulses were compared. Verifica-

tions of single pulses and complete pulse trains showed that the model is able to describe and

simulate SiPMs appropriately. The adapted model can now be used for detector simulations

and electronics development.

Zusammenfassung

In dieser Arbeit wird ein elektrisches Modell eines Silizium-Photomultiliers (SiPM) verwen-

det und untersucht. Die Parameter (Quenching-Widerstand, Dioden-Kapazität, Quenching-

Kapazität und Grid-Kapazität) dieses Modells wurden mit Hilfe von detaillierten Impedanzmes-

sungen für verschiedene SiPMs der Firmen Hamamatsu und Ketek bestimmt. Mit Hilfe dieser

Werte wurden Spice Simulationen durchgeführt und gemessene mit simulierten Signalen

verglichen. Untersuchungen von Einzelpixel-Pulsen und ganzen Signalspuren ergaben, dass

sich der SiPM durch das verwendete Modell adäquat beschreiben und simulieren lässt. Das

Modell kann nun für Detektorsimulationen und Elektronikentwicklung verwendet werden.
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1 Introduction

Silicon-Photomultipliers (SiPM, see figure 1.1) have become important devices for light de-

tection in different areas of physics.

Particle physics, for instance, uses this device for the detection of light induced by elementary

particles in different collider experiments such as CMS at the LHC [11]. Here the SiPMs cur-

rently replace the previously used photomultiplier tubes (PMT) that have been established

for many decades for light detection in particle physics, but show weaknesses due to their

dependency on magnetic fields and the need for high bias voltages (∼ 1000 V [12]).

Figure 1.1: Hamamatsu SiPM with 3·3 mm2 size, 100 µm cell pitch [1]

The Auger collaboration currently develops a SiPM based fluorescence light detector named

FAMOUS which detects atmospheric air showers and measures the longitudinal shower shape.

By this they can make conclusions about the initial cosmic particles that induced the mea-

sured air shower. Currently, these measurements are taken with a telescope that uses PMTs

1



Introduction

to detect the light [13]. The new approach using SiPMs allows smaller setup dimensions and

will increase financial efficiency in the future.

The FACT experiment is a Cherenkov telescope that uses Geiger-mode avalanche photo diodes

(G-APDs) which are also used in SiPMs (see section 2) for Cherenkov light detection in air

showers. A prototype has already been tested using 144 G-APDs. The final version is planned

to use 1440 G-APDs [14].

Another field of application is medical physics that uses SiPMs e.g. for positron emission

tomography (PET) where a good time resolution is crucial to obtain a sufficient picture reso-

lution [15]. Since new SiPMs have a time resolution ∼ 100 ps [16], they are the perfect devices

for PET. The small dimensions of SiPMs allow them to be used in compact devices that are

suitable for hospitals.

However, the use of SiPMs also leads to major challenges. The noise rate at room temperature

is significantly higher than for PMTs. Furthermore, the measured pulses have to be corrected

for after-pulsing and optical crosstalk. In addition, the SiPMs dark noise and signal is strongly

temperature dependent [17].

All different applications use different types of readout electronics that decouples, amplifies

and evaluates the SiPM signals. These devices have to be highly adapted to the used SiPMs.

Therefore, a detailed knowledge about the SiPMs is needed, in particular the electrical prop-

erties of this photon detector. In this thesis these properties are investigated and an equiv-

alent circuit and simulations of the electrical parameters are provided. This knowledge can

help to design new readout electronics that operates SiPMs at their optimal conditions.
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2 Silicon Photomultipliers (SiPMs)

2.1 p-n-Junction

A semiconductor is a material with a small (∼ eV [2, p. 14]) band-gap between the conduc-

tion and the valence band. In a pure semiconductor almost all electrons are located in the

valence band at low temperature. If the temperature rises, some electrons move to the con-

duction band and contribute to the charge carriage due to thermal excitation. The carrier

concentration goes with

n =
∫ ∞

EC

N (E) F (E)dE (2.1)

with

N (E) ∝ (E −EC )1/2 (2.2)

and

F (E) = 1

1+exp( E−EF
kT )

(2.3)

the Fermi-Dirac distribution [2, p. 17] with n the number of charge carriers per volume, EF

the Fermi energy, N (E) the total number of states, EC the lowest energy level of the con-

duction band, k the Boltzman constant, T the temperature. For a schematic view of these

quantities see figure 2.1

Thus the number of electrons in the conduction band increases with the temperature accord-

ing to Fermi-Dirac statistics and the conductivity of the semiconductor also rises [18, p. 1].

Doping is a method to add impurities to the semiconductor. During this process the pure

semiconductor (e.g. Silicon (Si)) is irradiated with an ion-beam (e.g. Phosphorus (P)) so that

some of the Si-atoms in the lattice of the wafer are replaced by P-atoms [19]. Normally the

dopant is a material with one valence electron more or less than the doped material. In the

given example Silicon has four and Phosphorus has five valence electrons. This type of dop-

ing is called n-doping (n = negative) since the dopant introduces an additional valence elec-

tron. In this case the dopant is called donator. The other type of doping is called p-doping

(p = positive) because the dopant introduces a hole in the lattice compared to the doped ma-

3



Silicon Photomultipliers (SiPMs) 2.1 p-n-Junction

Figure 2.1: Schematic band diagram, density of states, Fermi-Dirac distribution, and carrier
concentrations for (a) intrinsic, (b) n-type, (c) p-type semiconductors at thermal
equilibrium with ni the intrinsic carrier density, NA the acceptor impurity con-
centration, ND the donator impurity concentration [2, p. 24]
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Silicon Photomultipliers (SiPMs) 2.1 p-n-Junction

terial. This dopant is called acceptor.

The Fermi energy is the maximum energy of electrons at zero temperature [20]. Below this

level all states are filled and no state above that level is occupied. Since the p-doped semi-

conductor has a lack of valence electrons, the Fermi level is lower than in the corresponding

pure or n-doped semiconductor and vice versa [2, p. 27].

By attaching an n-doped and a p-doped semiconductor to each other a concentration gra-

dient of valence electrons occurs. This gradient gets balanced by diffusion of electrons from

the n- to the p-doped material (see figure 2.2). By this diffusion process the Fermi levels in

both materials align. Since the Fermi level in the semiconductors is directly related to the

level of the valence- and conduction-band, the level of these bands now differ between the

p- and the n-doped material. This causes a gradient in the electrical potential, the so-called

built-in-voltage (Vbi). The n-doped border region is now positively charged (anode) and vice

versa (cathode). The whole intrinsically charged area is called depletion zone.

The width of the depletion zone given by

WD =
√

2εSi ε0

qN

(
Vbi −

2kT

q

)
(2.4)

where ε0 is the dielectric constant, εSi(∼ 12) is the dielectric constant of silicon, k the Boltz-

mann constant, T the temperature of the junction, q the charge of a single charge carrier and

N the doping concentration with N ≈ ND if ND ¿ NA (ND donator-, NA acceptor concen-

tration) and vice versa, is depending on the doping concentration and the built-in-voltage of

the p-n-junction. This formula can be derived using the Poisson equation and assuming to

have a boxed depletion profile and a single sided abrupt junction [2, p. 80 ff.].

If an external voltage is applied to this p-n-junction in such a way that the n-doped semi-

conductor is connected to the negative voltage and the p-doped area to the positive volt-

age (so-called forward bias voltage, Vapp > 0), the width of the depletion zone decreases.

If the external voltage exceeds the built-in-voltage, the depletion zone vanishes and the p-

n-junction becomes conductive. If the voltage is applied in the opposite way (reverse bias

voltage, Vapp < 0) the depletion zone increases with increasing voltage. So the p-n-junction

behaves as a diode.

For this case the formula for the depletion depth has an additional term

WD =
√

2εSi ε0

qN

(
Vbi −Vapp − 2kT

q

)
(2.5)

5



Silicon Photomultipliers (SiPMs) 2.2 Geiger-Avalanche-Photodiode (G-APD)

Figure 2.2: P-n-junction in thermal equilibrium without bias voltage [3]

with the external applied voltage (Vapp) [2, p. 85].

2.2 Geiger-Avalanche-Photodiode (G-APD)

One field of application for the diode is the photodiode (PD). If a photon hits the depleted

zone and creates an electron-hole-pair, the electron and the hole are accelerated in opposite

directions due to the intrinsic electric field within the depleted region. These moved charges

can be measured as a current between anode and cathode. These currents are in the order of

magnitude of 10−18 A for fluxes of a few photons per second.

For small photon fluxes the current is too low for measurements. A better way to measure sin-

gle photons is the Avalanche-Photodiode (APD). The APD is operated at reverse bias voltage.

If the reverse bias is high enough (above the so-called breakdown-voltage) a single electron-

hole-pair can trigger an avalanche of electrons and holes. The accelerated electrons and holes

can excite new electron-hole-pairs by themselves due to the gain of kinetic energy that oc-

curs because of the high electric field induced by the reverse bias voltage. A self-sustaining

avalanche occurs. If the measured amount of charge is the same for different photon ener-
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Silicon Photomultipliers (SiPMs) 2.2 Geiger-Avalanche-Photodiode (G-APD)

gies and variable numbers of incident photons, the APD is operated in the Geiger regime as a

so-called Geiger-Avalanche-Photodiode (G-APD).

The avalanche must be stopped to prevent the G-APD from driving an excessive current due

to the self-preserving avalanche which would destroy the device. A simple method to stop

an occurring avalanche is to add an ohmic resistance in line with the G-APD. The resistance

of the G-APD drops when an avalanche is triggered. The bias voltage now falls off at the

ohmic resistance. The G-APD is not operated above the breakdown-voltage anymore and the

avalanche stops [21].

Figure 2.3: Sketch of the longitudinal structure of a G-APD [4]

Due to the production steps and the designated uniformity of the electrical field the structure

of a G-APD differs slightly from a simple p-n junction as shown in figure 2.3. The structure is

explained for a p-on-n structure, but is invertible depending on which wavelength the G-APD

should be sensitive to (p-on-n for short wavelengths and vice versa [22]).

The G-APD is based on an n-doped substrate with ∼ 300 µm thickness. On top of this sub-

strate an epitaxial n-doped layer (2−4µm) is grown with low doping concentration for pro-

duction reasons with no eminent function. The highly doped p-n structure is placed on top

of this layer. This structure has the function of charge multiplication as previously explained

7
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in this section. At the surface of the G-APD an even higher doped p-region is added to achieve

a good uniformity of the electrical field in the p-n layer [22].

For production reasons the quenching resistor that is often made of polysilicon or SiC is usu-

ally placed on the surface of the G-APD [23, 24]. This makes it easy to handle the resistor but

limits the active area of the pixel since the resistor is not transparent and absorbs incoming

photons instead of detecting them.

2.3 Silicon-Photomultiplier (SiPM)

On the one hand, the high reverse bias voltage of G-APDs results in a high photon detection

efficiency (PDE) compared to common APDs. On the other hand, a single G-APD is not able

to distinguish between different numbers of incident photons. To solve this problem large

arrays of parallel connected G-APDs called Silicon-Photomultiplier (SiPM) are introduced.

The amplitude of the output signal is then proportional to the number of fired G-APDs and

thus in a first approximation proportional to the number of incident photons as long as the

number of incident photons is significantly smaller than the number of G-APDs on the SiPM.

Like photomultiplier tubes (PMTs) the SiPM can detect and process a variable amount of light

and give a corresponding output signal. Furthermore, the SiPM needs a significantly smaller

bias voltage (∼ 30-70 V [25]) than the PMT (∼ 2 kV). Other differences of SiPMs compared to

PMTs are their insensitivity to magnetic fields [26] and their small dimensions. On the other

hand, the SiPM’s behavior is extremely temperature dependent and the noise rate at room

temperature is higher than the noise rate of PMTs.

Due to the electronics (especially quenching resistors and connection wires) on top of the

SiPM (see also figure 2.4) the active area is limited. The relative area of the SiPM that is still

sensitive to light and not covered is called fill factor. The fill factor for common SiPMs usually

varies between 30-80 % depending on the pixel size (cf. e.g. [16]).

In this thesis different terms and definitions relating to SiPM dimensions are used. The de-

tector size is the size of the entire light sensitive area of the SiPM. The pixel pitch is the length

of the edge of a single pixel on the SiPM. The definitions are also explained in figure 2.4.

Noise with respect to SiPMs are signals that are not distinguishable from those that are in-

duced by a detected photon but have a different reason. Three phenomena contribute to this

noise:

1) An electron-hole-pair can also be induced by thermal excitation within a pixel. If such a

pair is excited and the avalanche is triggered, a signal is measurable at the SiPM that is indis-

8
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Figure 2.4: Close up view on three types of Hamamatsu SiPMs with 100, 50 and 25 µm pixel
pitch [5, modified]

tinguishable from the signal induced by one photon. This is called thermal noise.

2) Another phenomenon is optical crosstalk. A pixel emits photons due to the the charge

carrier multiplication during an avalanche breakdown. This light can enter other pixels and

trigger an avalanche in these pixels [27]. For direct optical crosstalk the emitted photon hits

another pixel directly. This type of crosstalk can be reduced e.g. by optical trenches between

the pixels that absorb the photons [28]. For indirect optical crosstalk the photon is absorbed

in the epitaxial layer or below and then re-emitted. This re-emitted photon hits another pixel

and creates the crosstalk event. It is possible that one avalanche breakdown triggers various

pixels. A schematic view of the optical crosstalk is shown in figure 2.5.

3) The third mechanism is afterpulsing. During an avalanche breakdown an electron or hole

can get stuck in a metastable state on an upper energy level due to defects in the silicon lat-

tice. If the charge carrier leaves this state after the original avalanche has been stopped, this

charge carrier can induce a second avalanche breakdown in the pixel. The metastable states

usually have a lifetime of τ∼ 100 ns.

The voltage that is applied to the SiPM is called bias voltage (Vapp). The bias voltage is higher
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Figure 2.5: Schematic view on direct and indirect crosstalk events [6, modified], red: incident
photon, blue: secondary photons

than the breakdown voltage of the device (Vbd) that defines the voltage when the self-preserving

avalanches begin to occur. The difference of these voltages

VOV =Vapp −Vbd (2.6)

is called over voltage (VOV).

2.4 Electrical Model of SiPMs according to F. Corsi et al.

The SiPM is a complex device based on a silicon wafer. This complex configuration can be

divided into different fundamental electrical devices to develop an electrical model [29].

Since the SiPM consists of many G-APDs, the model for the G-APD corresponding to [29] is

discussed.

The G-APD’s depletion zone can be considered as a parallel-plate capacitor with the capaci-

tance

CD = ε0 εSi A

Wd
(2.7)

where ε0 is the dielectric constant, εSi(∼ 12) is the dielectric constant of silicon, A is the pixel

size and Wd is the depth of the depleted region [2, p. 85, eq. 24],[18, p. 63, eq. 2.4]. A

high ohmic resistance in parallel to the capacitor (diode resistance, RD) is neglected since

the impedance of this resistor is expected to be much larger (∼ 100 GΩ [30]) compared to the
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diode capacitance even for low frequencies and thus has no impact in a parallel circuit.

Using eq. 2.7 and 2.5 the diode capacitance can be rewritten, now depending on the applied

bias voltage Vapp

CD = A

√
N qε0εSi

2

(
Vbi −Vapp − 2kT

q

)− 1
2

·
(2.8)

Squaring and inverting yields

1

C 2
D

= 2

qε0εSiN A2

(
Vbi −Vapp − 2kT

q

)
(2.9)

that leads to the first derivative

d(1/C 2
D)

dVapp
=− 2

qε0εSiN A2 (2.10)

that can be used to determine the doping concentration N of the lower doped side of the p-n

junction. For the discussed devices it is the n-side of the junction.

Every depleted region and thus every diode capacitor has a quenching resistor in line to limit

the breakdown (cf. section 2.2). This resistor is called RQ in the model. The quenching re-

sistor is not ideal and has a parasitic capacitance (CQ) in parallel as every real ohmic resistor.

Hence the G-APD has a quenching resistor and a quenching capacitance in parallel and a

diode capacitance in line to this.

An SiPM consists of many G-APDs in parallel. So for the electrical model, n G-APDs are con-

nected in parallel (with n the number of pixels).

The SiPM has macroscopic connection pins and connections on the wafer. These connec-

tions and wafer effects are summarized in a so-called "grid capacitance" (CG) that is placed

in parallel to the pixels. The resulting electrical model of the SiPM is shown in figure 2.6.

The total impedance between the connections A and B (cf. figure 2.6) for this model can be

simply calculated by using Kirchhoff’s circuit laws [31] and calculating the absolute value of

this impedance. Deriving this function leads to

|Z | =
∣∣∣∣n ((

RQ
−1 + iωCQ

)−1 − i

ωCD

)−1

+ iωCG

∣∣∣∣−1

(2.11)

with the quenching resistance RQ, the quenching capacitance CQ, the diode capacitance CD,

the grid capacitance CG and the number of pixels n. The fully derived absolute value is shown
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Figure 2.6: Equivalent circuit of the SiPM model

in the appendix in equation A.1. By measuring the impedance for various test frequencies

and bias voltages the introduced electrical parameters can be obtained.

If the SiPM is attached to a forward bias voltage with low frequency, the model changes (see

figure 2.7). The diode capacitance vanishes due to the resolving of the depletion zone. Only

a small diode resistance remains that can be neglected compared to the quenching resis-

tance. The quenching capacitance (CQ) has a very high impedance at low frequencies. For a

quenching capacitance of 10−13 F at 20 Hz the impedance is

ZQ =
∣∣∣∣ 1

iωC

∣∣∣∣≈ 7.96·1010Ω (2.12)

which is much larger than the expected quenching resistance (∼ 100 kΩ [30, p. 11]). So due

to

Zsum =
(

1

ZR
+ 1

ZC

)−1

≈ ZR (2.13)
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Figure 2.7: Equivalent circuit of the SiPM model with applied forward bias voltage at low test
frequency ( f < 10 kHz)

for ZR ¿ ZC the quenching capacitance can be neglected for low frequencies.

For the same reason the grid capacitance can be likewise neglected. Thus the electrical model

for an SiPM at forward bias with low frequency is reduced to n parallel quenching resistors.

By measuring the total impedance under these conditions the quenching capacitance can be

determined with

RQ = |Ztotal| ·n · (2.14)
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3 Measurements

3.1 Measurement device

All impedance measurements were taken with the Agilent 4980E LCR meter (see figure 3.1)

with a high voltage option for 40 V DC. The LCR meter outputs a sine signal and analyses

the input signal to obtain the phase angle and the attenuation between output and input.

These values can be displayed directly or as capacitance/inductance and resistance values

presuming a serial or parallel circuit.

Figure 3.1: Agilent 4980E LCR-Meter [7]

The test frequency of this device can be varied automatically from 20 Hz up to 2 MHz in up

to 201 steps, the data is stored as .xls file on an USB memory device.

Three types of measurement durations (Long, Middle, Short) are available. For purposes of

this thesis only the measurement method “Middle” was used because it was a reliable com-

promise between accuracy and duration. The duration and accuracy for an impedance mea-

surement from 20 Hz up to 2 MHz in 201 steps is shown in table 3.1.

To obtain a good accuracy this device takes the data using the auto-balancing bridge method

(see figure 3.2). This method uses an I-V converter to measure the current through the resistor
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Measurements 3.1 Measurement device

Measurement method Overall measurement accuracy / % Time for sweep / s

Short 0.63 36
Middle 0.28 61

Long 0.28 109

Table 3.1: Measurement methods and accuracy of the E4980A LCR-Meter, the measurement
method “Long” provides a more accurate test signal voltage, that has no effect on
the measurement accuracy [10], the “Time for a sweep” is the time for an impe-
dance measurement with 201 data points in the frequency range from 20 Hz to
2 MHz

Rr that balances with the current through the device under test (DUT). Thus the impedance

can be calculated by measuring the voltage Vx and Vr . LCR-Meters with a measurement range

at low frequencies use a simple operational amplifier as I-V converter. Due to their limited

bandwidth a more sophisticated I-V converter has to be used for LCR meters with high mea-

surement frequencies [8].

Figure 3.2: Circuit diagram of the auto-balancing bridge method [8, p. 2-3]

All measurements were taken with an input signal amplitude of (50.00±0.13) mV and have an

accuracy of 0.28 % on the impedance values. This uncertainty results from the linear sum of

the relative uncertainty on the measurement (0.25 %) and the calibration uncertainty (0.03 %)
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Measurements 3.2 Measured SiPMs

Manufacturer SiPM size / mm2 Pixel side length / µm Serial No. Temperature / ◦C

Hamamatsu 1x1 100 1549 21.8
Hamamatsu 3x3 100 516 21.8
Hamamatsu 3x3 100 551 21.9
Hamamatsu 1x1 50 1927 22.0
Hamamatsu 3x3 50 2889 22.0
Hamamatsu 1x1 25 1067 22.0
Hamamatsu 1x1 25 1068 22.2
Hamamatsu 3x3 25 150 22.2

Ketek 3x3 50 N/A 21.8

Table 3.2: Measured SiPMs and measuring temperature

that remains, if the device is open- and short-corrected [10].

For the open-correction no device is attached to the LCR meter so that the capacitance of

the connections can be corrected. During the short-correction the two connectors are short-

circuited so that the resistance and the inductance of the connectors can be corrected.

3.2 Measured SiPMs

The different types of measured SiPMs are shown in table 3.2. Since the operating temper-

ature is crucial for the SiPM’s behavior, all measurements were carried out in a room with

controlled temperature. Therefore, the temperature only varied from 21.8 ◦C − 22.2 ◦C be-

tween the measurements. The temperatures at each measurement are also displayed in table

3.2.

For every SiPM the impedance was measured with a forward bias voltage of 2 V in the fre-

quency range from 20 Hz - 2 MHz to determine the quenching resistance (see section 4.1).

To determine the other electrical parameters the impedance was measured with applied re-

verse bias voltage. The voltage was increased by 2 V for every measurement beginning with

0 V. The maximum measured voltage was 34 V - 40 V for the SiPMs. This is due to the fact that

some measurements at voltages between 34 V and 40 V were not saved correctly on the USB

data storage by the LCR meter. For the Hamamatsu SiPM with serial number 1549 and the

Ketek SiPM data was taken at 1 V steps, also beginning at 0 V.

The dimensions will be displayed as <Detector Size>, <Pixel side length> in the following (e.g.

1x1, 100 for an SiPM with 1·1 mm2 detector size and 100 µm pixel side length).
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3.3 Raw data

In this section the raw data is discussed. For the analysis of the data and values of the electri-

cal properties see section 4.

3.3.1 Measurements under Forward Bias

A measurement of the impedance in the range between 20 Hz and 2 MHz of the Hamamatsu

SiPM No. 1549 is shown in figure 3.3.

Figure 3.3: Impedance measurement with applied 2 V forward bias of the Hamamatsu SiPM
No. 1549 (1·1 mm2 area, 100 µm pixel pitch)

The impedance varies about 3% over the whole frequency range. The decreasing impedance

from 20 Hz to about 750 kHz indicates an unconsidered capacitance in the SiPM’s equiva-

lent circuit. The increase of the impedance from about 750 kHz to 2 MHz could be due to an

inductance in line to the hitherto existing equivalent circuit. Since the variation of the total

impedance is relatively small for all SiPMs, the circuit model is not adjusted, particularly be-

cause the analysis of the raw data with the explained model works fine (see section 4). The
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SN. SiPM type Min. impedance /Ω Max. impedance /Ω Relative difference

1549 1x1, 100 1.156·103 1.181·103 2.1 %
516 3x3, 100 1.324·102 1.366·102 3.1 %
551 3x3, 100 1.288·102 1.330·102 3.2 %

1927 1x1, 50 3.144·102 3.217·102 2.3 %
2889 3x3, 50 4.059·101 4.201·101 3.4 %
1067 1x1, 25 1.670·102 1.722·102 3.0 %
1068 1x1, 25 1.664·102 1.718·102 3.1 %
150 3x3, 25 2.263·101 2.341·101 3.3 %

Ketek 3x3, 50 1.015·102 1.042·102 2.6 %

Table 3.3: Impedance variation of all measured SiPMs at 2 V forward bias in the frequency
range from 20 Hz - 2 MHz

impedance variation in the forward bias measurement for all SiPMs is shown in table 3.3.

The data points at very low frequencies show that the impedance converges towards a con-

stant value for very low frequencies corresponding to the explanation in section 2.4. Thus the

impedance value at the lowest available frequency (20 Hz) is used for the determination of

the quenching resistor (RQ) as it is explained in section 4.1.

3.3.2 Measurements under Reverse Bias

A typical impedance measurement of a Hamamatsu SiPM is shown in figure 3.4. A variation

of the impedance values with changing bias voltage is apparent. The impedance values vary

from 20 Hz to 2 MHz by two orders of magnitude. The decreasing impedance with increasing

frequency is expected because of the capacitances in the SiPM’s equivalent circuit and their

impedance behavior (ZC = 1
iωC ). The variation of the impedance by the applied bias voltage

is driven by the diode capacitance and its dependence on the width of the depletion zone.

Corresponding to formula 2.7 the capacitance decreases with increasing reverse bias voltage

because the depletion depth and accordingly the distance of the capacitor plates in the paral-

lel plate capacitor approximation is increased. Thus the increase of the impedance for higher

bias voltages is expected as well.

The variation of impedance values at bias voltages larger than 22 V is small compared to the

variation below this voltage. This implies only a small decrease of the diode capacitance at

voltages higher than 22 V. This might be caused by the full depletion of the pixels so that the
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Figure 3.4: Impedance measurement with applied reverse bias voltage of the Hamamatsu
SiPM No. 516 (3·3 mm2 area, 100 µm pixel pitch)

depletion zone does not increase any further above 22 V. This voltage is ∼ 50 V lower than the

breakdown voltage (Vbd) of the Hamamatsu SiPMs. This high breakdown voltage leads to a

higher efficiency in detecting photons [17].

The measurement of the Ketek SiPM shows a similar behavior (see figure 3.5). But for this

SiPM a full depletion is never reached and due to its low breakdown voltage at 27.9 V the im-

pedance values above this reverse bias voltage do not correspond to the behavior of the whole

equivalent circuit anymore. At high voltages the impedance values are almost constant over

the whole frequency spectrum. The measurements were all conducted at full daylight due

to the measurement environment that does not allow to darken the SiPM so that the SiPM is

hit by photons continuously. Thus above the breakdown voltage diode breakdowns are con-

stantly triggered and the pixels are not able to recharge. This results in a constant current

through the SiPM that causes the constant impedance values.

However the impedance above the breakdown voltage slightly decreases for higher test fre-

quencies. This is because the sum of the impedance of the quenching resistor and its parallel
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Figure 3.5: Impedance measurement with applied reverse bias voltage of the Ketek SiPM
(3·3 mm2 area, 50 µm pixel pitch) - The voltages marked with “*” are above the
breakdown voltage of this device

quenching capacitance

ZQ =
(

1

RQ
+ iωCQ

)−1

(3.1)

decreases for higher frequencies ( f = ω
2π ).

It is also interesting to take note of the impedance-voltage characteristic for a fixed test fre-

quency (figure 3.6). The data points show three different regions. In the region from 0 V to

10 V the impedance increases with a lower slope than in the region from 10 V to 20 V. This

difference is caused by the structure of the SiPM. At low bias voltages only the p-n junction

is depleted. If the voltage is rising, the epitaxial layer (see section 2.2) is also depleted. Since

the doping concentration of this layer is lower than the doping concentration of the p-n junc-

tion, more material is depleted per bias voltage step. Thus the diode capacitance decreases

and the total impedance rises faster. At a reverse bias above 20 V the already discussed satu-

ration occurs.
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Figure 3.6: Impedance measurement with applied reverse bias voltage of the Hamamatsu
SiPM No. 516 (3·3 mm2 area, 100 µm pixel pitch) at 10 kHz test frequency

It is also possible to gain information from the comparison of the impedance values for the

different SiPMs at a given bias voltage (see figure 3.7).

At low frequencies the Hamamatsu SiPMs with 1 mm2 show the same order of magnitude

of impedance values. Similarly all Hamamatsu devices with 9 mm2 size also show a similar

behavior at low frequencies. If the frequency is increased, the impedance for the SiPMs with

different pixel size differs. SiPMs with a large pixel size have a relatively high impedance

compared to the lower pixel sizes. A low pixel size corresponds to a large number of pixels

and therefore to a low impedance since

Z ∝ 1

n
(3.2)

with the number of pixels n. Because of

ZD ∝ 1

ωCD
∝ 1

A
(3.3)

with the area A of the pixel (see also section 2.4), the impedance for large pixels and therefore
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Figure 3.7: Impedance measurement at 0 V reverse bias for all SiPMs

relatively large diode capacitances saturates at high frequencies.

The Ketek SiPM shows different impedance values, but yields the same structure of the im-

pedance frequency dependency. The higher impedance compared to the Hamamatsu SiPM

with 9 mm2 detector area and 50 µm pixel size (SN: 2889) points to a higher quenching resis-

tance.

At a higher reverse bias voltage the impedance values for the 1 mm2 and the 9 mm2 Hama-

matsu SiPMs each become even more similar (see figure 3.8). The diode capacitance de-

creases for higher reverse bias voltages. So the product ωCD at e.g. 20 V reverse bias is

smaller at a certain frequency compared to the product at no bias voltage. Thus the diode’s

impedance is larger at higher reverse bias voltages (see also equation 3.3) and therefore more

dominant in the sum of the diode’s and the quenching resistance’s impedance. So the split-

ting of the impedance values between SiPMs of the same detector size but with different pixel

sizes starts at higher frequencies for a high reverse bias voltage.

The impedance values of the Ketek SiPM are below the values for the 9 mm2 Hamamatsu
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Figure 3.8: Impedance measurement at 20 V reverse bias for all SiPMs

SiPMs for 20 V reverse bias voltage. Since the values are higher than the values of the Hama-

matsu SiPMs for no reverse bias voltage, this behavior points to a different diode doping in

Ketek and Hamamatsu SiPMs. Otherwise one would expect the same relative position of the

values for low reverse bias voltages.
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4 Data analysis

4.1 Determination of RQ

For the determination of the quenching resistance (RQ) only the value of the measurement

with applied forward bias voltage of 2 V at 20 Hz is used. This value is multiplied by the

number of pixels (see equation 2.14). The uncertainty on the gained value is the error on

the measurement of the total impedance multiplied by the number of pixels. A systematic

uncertainty caused by other components due to the non-zero frequency (ω 6= 0, cf. formula

2.11) is neglected because the impedance values move to a constant value for decreasing

frequencies as explained in section 3.3.1.

The values for the quenching resistance are fixed for the next steps of the analysis. The results

are shown in table 4.1 and figure 4.1.

SN. SiPM size Total Impedance /Ω No. of pixels RQ / kΩ

1549 1x1, 100 (1.181±0.003) ·103 100 118.1±0.3
516 3x3, 100 (1.366±0.004) ·102 900 122.9±0.3
551 3x3, 100 (1.330±0.004) ·102 900 119.7±0.3

1927 1x1, 50 (3.217±0.009) ·102 400 128.7±0.4
2889 3x3, 50 (4.201± .0011) ·101 3600 151.2±0.4
1067 1x1, 25 (1.722±0.005) ·102 1600 275.5±0.8
1068 1x1, 25 (1.718±0.005) ·102 1600 274.9±0.8
150 3x3, 25 (2.341±0.007) ·101 14400 337.1±0.9

Ketek 3x3, 50 (1.042±0.003) ·102 3600 375.1±1.1

Table 4.1: Impedance variation of all measured SiPMs at 2 V forward bias at a frequency of
20 Hz.

All measured quenching resistances are in the range from 100 kΩ to 400 kΩ and thus in the

same order of magnitude that was measured by other groups [30, 9, 29], though they mea-

sured different SiPM types.

The Ketek SiPM shows a quenching resistance that is about 2.5 times higher than for the cor-

responding Hamamatsu SiPM. This may have an impact on the recovery time of the pixel
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that is higher for the Hamamatsu SiPM as well (see section 5.1 for the analysis of the recovery

time).

In general the quenching resistance seems to increase with decreasing pixel size and increas-

ing detector size. The difference between SiPMs of the same pixel size but different detector

size is larger for SiPMs with small pixels.

Figure 4.1: Measured RQ values, errors are too small to show up (Black square: Ketek SiPM,
Triangles: Hamamatsu SiPMs)

At low pixel sizes the geometrical size of the quenching resistor has to be reduced so that the

fill factor of the SiPM does not get too low. A reduced size of the resistor’s cross-sectional area

automatically leads to a higher resistivity due to

R = ρ l

A
(4.1)

with the resistance R, the resistivity ρ, depth l and the cross-sectional area A [31, p. 47].

Therefore, the quenching resistance has to be increased to have a remaining sensitive detec-
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tor area with small pixel sizes.

For large numbers of pixels the total resistivity of the SiPM drops because Ztotal ∝ n−1. If an

SiPM is fully illuminated, the current through the device is only limited by the quenching re-

sistances. An SiPM with a higher pixel number has a lower total impedance compared to an

SiPM with a lower pixel number but the same quenching resistance value due to the parallel

setup of the pixels. So the quenching resistance has to be increased for high numbers of pix-

els to prevent the SiPM from driving an excessive current at full light.

This argument can also explain the increase of the difference in the quenching resistances

between the 1 mm2 and the 9 mm2 SiPM with decreasing pixel size. For large pixel sizes the

absolute number of pixels on an SiPM is low enough to even handle a factor 9 greater SiPM

size without or with small quenching resistance adaption.

4.2 Extraction of model parameters

The other model parameters (CD, CQ, CG) are determined by fits to the data. In a first step

the formula for the impedance depending on the test frequency calculated from the SiPM’s

electrical model (see equation 2.11) is fitted to the measured data points at 0 V bias voltage.

The value for the quenching resistor is fixed to the measured values for this fit (see section

4.1). This fit yields the three missing parameters. The parameters CQ and CG (for results see

sections 4.7 and 4.8) are also fixed after this fit since it is expected that these parameters are

not frequency dependent and do not depend on the applied bias voltage.

In a second step the fit is then repeated for the measurements with applied reverse bias volt-

age with the one free parameter CD. So the diode capacitance can be determined frequency

dependently.

A typical fit is shown in figure 4.2.

The residua are shown in figure 4.3. The fit shows good agreement between measurement

and electrical model. At low frequencies the impedance deviates from the expected values.

However, this deviation is relatively small compared to the absolute value. For 20 Hz the devi-

ation is ∼−0.4%. For higher frequencies the relative deviation increases slightly and reaches

∼ 2% at 2 MHz in the shown example. This effect can be due to unknown parasitic induc-

tances and capacitances that are not considered in the electrical model and are more relevant

at very low and high frequencies, respectively, due to

|ZL| =ωL (4.2)
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Data analysis 4.2 Extraction of model parameters

Figure 4.2: Impedance measurement with applied fit of the impedance formula at zero bias
voltage (SiPM SN: 516, 3·3 mm2, 100 µm Hamamatsu)

Figure 4.3: Residuas of the fit of the impedance formula (SiPM SN: 516, 3·3 mm2, 100 µm
Hamamatsu)

27



Data analysis 4.3 Results for CD

with the inductance L and

|ZC| = 1

ωC
(4.3)

with the capacitance C.

4.3 Results for CD

The diode capacitance is now measured at different reverse bias voltages. The measurement

results are shown in figure 4.4. The capacitance drops with higher reverse bias voltage as it is

expected since the depletion zone and thus the size of the assumed parallel plate capacitor

expands with higher applied voltages. For voltages above 20 V the diode capacitance is almost

constant. This indicates a full depletion of the SiPM which means that the whole G-APD

including the epitaxial layer is depleted except for the substrate. This can be derived because

the substrate is doped relatively highly and thus the depletion depth of this layer increases

much slower for increasing applied reverse bias voltage compared to a layer with a lower

doping density.

Figure 4.4: CD at different reverse bias voltages for all SiPMs
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Data analysis 4.3 Results for CD

The Ketek SiPM shows a different behavior. The diode capacitance can only be measured up

to the breakdown voltage. So the capacitance is measured from 0 V - 26 V. The Ketek SiPM

seems not to get into full depletion before breakdown. The capacitance is higher than for

the Hamamatsu SiPMs with 50 µm pixel size and 9 mm2 detector size and thus it is expected

that the Ketek SiPM has a higher recovery time. To determine the diode capacitance at the

operating voltage for the Hamamatsu SiPMs a curve

f (V ) = a + bp
c +V

(4.4)

with V the applied voltage (corresponding to formula 2.5) is fitted to the data points at 30 V

- 40 V and then extrapolated to a typical bias voltage of 72.5 V (cf. section 2.3). A systematic

uncertainty is estimated by the variation of the capacitance between 70 V - 75 V and calculat-

ing

σsys =
∣∣∣∣CD(75 V)−CD(70 V)

2

∣∣∣∣
·

(4.5)

The statistical uncertainty is the uncertainty on the value at 72.5 V that is gained from the fit

with formula 4.4. This variation by 5 V covers the typical operating voltage range of Hama-

matsu SiPMs. The Ketek SiPM’s capacitance at breakdown is the value extrapolated to 28 V.

All data is shown in table 4.2.

SN. SiPM Size Capacitance at breakdown / F

1549 1x1, 100 (3.180±0.028(stat.)±0.005(sys.)) ·10−13

516 3x3, 100 (3.554±0.030±0.006) ·10−13

551 3x3, 100 (3.529±0.035±0.005) ·10−13

1927 1x1, 50 (5.323±0.043±0.010) ·10−14

2889 3x3, 50 (8.329±0.101± .0011) ·10−14

1067 1x1, 25 (1.314±0.021±0.002) ·10−14

1068 1x1, 25 (1.357±0.018±0.003) ·10−14

150 3x3, 25 (1.842±0.011±0.002) ·10−14

Ketek 3x3, 50 (1.880±0.021±0.008) ·10−13

Table 4.2: Extrapolated diode capacitance at operating voltage (72.5 V for Hamamatsu SiPMs,
28 V for the Ketek SiPM)

One would expect that the pixels with the same size have the same diode capacitance. But the

SiPMs with the same pixel size have a larger diode capacitance for larger detector areas. Thus

29



Data analysis 4.3 Results for CD

the full depletion depth is larger for smaller detector areas. The full depletion depth is mainly

driven by the thickness of the epitaxial layer. Due to that SiPMs with a smaller detector area

seem to have a larger epitaxial layer that might be caused by production factors.

4.3.1 Depletion depth

An estimator for the depletion depth can be easily calculated by assuming the pixel size to be

the area A of the parallel plate capacitor with

CD = ε0εSi
A

d
⇒ d = ε0εSi

A

CD ·
(4.6)

The illustration of this calculation indicates that the SiPM is fully depleted at ∼ 20 V (see

figure 4.5). As stated before, the SiPM is operated at a higher voltage than the voltage of full

depletion to gain a higher photon detection efficiency.

Figure 4.5: Depletion depth at different reverse bias voltages

The depletion of the Hamamatsu SiPMs can be divided into three regimes. The first regime

(regime A, (0 −1.2) µm) can be associated with the first highly doped layer directly at the p-

n-junction. In the second regime (regime B, (1.5 −2.5) µm), that has a doping concentration
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Data analysis 4.3 Results for CD

approximately 3 to 24 times lower than the first regime, the d-V-curve shows a higher slope

and can be related to the epitaxial layer since it is expected to have a lower doping density.

The third regime (C) starts at about 3 µm or 4.5 µm, respectively, which corresponds to the

substrate of the SiPM. The depletion almost comes to a stop with increasing reverse bias volt-

age.

As explained in the previous section the full depletion depth for 1 mm2 SiPMs is larger (∼ 4.5 µm)

than for 9 mm2 SiPMs (∼ 3 µm). The epitaxial layer is not explicitly important for the SiPM’s

behavior and might thus underly large variations in the production. However, the larger epi-

taxial layer for smaller detector sizes might be helpful to gain a stable electric field in the

SiPMs since the relative number of pixels at the SiPM’s boundaries is higher for small detec-

tors. And thus relatively more pixels are not surrounded uniformly by other pixels which can

lead to a non-uniform electrical field in these boundary pixels that possibly could be fixed by

a larger epitaxial layer.

The Ketek SiPM has a significantly smaller depletion depth at breakdown (∼ 1.3 µm). This

corresponds to the relatively high diode capacitance for the 50 µm pixel size SiPMs and the

occurring breakdown before full depletion. The depletion depth of the Ketek SiPM does not

show a certain structure. This points to a different doping structure compared to Hamamatsu

SiPMs.

4.3.2 Doping

The doping concentration of the SiPM can be determined for the lower doped side of the

p-n-junction with

N =−
(

d(1/C 2
D)

dV

)−1
2

qε0εSi A2 (4.7)

with q = 1.602·10−19 C (cf. equation 2.10). Please note that V < 0 for reverse bias voltage. The

1/C 2
D-V curve shows the three located regimes even more clearly. By determination of the

slope in these three regimes the doping concentration for n-doped layers can be found (see

figure 4.6).

The measured doping concentrations for all SiPMs is shown in table 4.3.

The doping concentration in the first regime varies by 18% between the different Hamamatsu

SiPM types. This regime is crucial for the p-n-junction and the gain of the SiPM. To achieve

comparable results for the amplification it is important that the doping in this regime is the

same for the different SiPM types. Note that the errors are statistical errors for the fit and do
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Data analysis 4.3 Results for CD

Figure 4.6: 1/C 2
D-V curve and fits for the Hamamatsu SiPM 516; the three regimes are marked,

the transition regions between these regimes are clearly visible

Serial No. Type Doping concentration / cm3

Regime A Regime B Regime C
n+-region epitaxial layer wafer

1549 1x1,100 (8.837±0.031) ·1015 (1.458±0.016) ·1015 (38.879±0.016) ·1015

516 3x3, 100 (6.899±0.032) ·1015 (2.239±0.043) ·1015 (52.278±0.042) ·1015

551 3x3, 100 (6.824±0.031) ·1015 (2.139±0.021) ·1015 (50.273±0.021) ·1015

1927 1x1, 50 (7.572±0.035) ·1015 (0.689±0.008) ·1015 (13.222±0.008) ·1015

2889 3x3, 50 (7.120±0.033) ·1015 (1.571±0.017) ·1015 (54.094±0.017) ·1015

1067 1x1, 25 (8.343±0.038) ·1015 (0.355±0.009) ·1015 (14.677±0.009) ·1015

1068 1x1, 25 (8.366±0.038) ·1015 (0.353±0.006) ·1015 (13.729±0.006) ·1015

150 3x3, 25 (6.943±0.032) ·1015 (0.715±0.018) ·1015 (50.509±0.018) ·1015

Table 4.3: Doping concentration in three different regimes
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Data analysis 4.4 Results for CQ

not include the systematics of this measurement method that assumes an abrupt junction.

To gain information about the systematic uncertainties it is helpful to use the values for the

SiPMs with the serial numbers 1067 and 1068. These SiPMs with adjacent serial numbers

were very likely produced on the same wafer. Therefore, it is expected that these SiPMs have

almost the same values for the doping concentration in the three regions. For the regimes A

and B the systematic uncertainties are smaller than the statistical ones and thus neglected.

The doping of the epitaxial layer (Regime B) shows a systematic behavior. SiPMs with a

smaller pixel size have a smaller doping in this region. But SiPMs with larger detector area

have a higher doping in the epitaxial layer. Though the epitaxial layer has no direct influence

on the G-APD’s function, it might be used to create a more homogeneous electric field within

the p-n-junction. So for smaller pixel sizes it might be feasible to gain a larger depletion depth

since the influence of the boundary effects are increasing and a larger depletion depth can

help to stabilize the electric field.

The regime C represents the wafer. The doping of the wafer is not important for the SiPM

itself. It is only important to have the same doping type as the epitaxial layer to avoid an-

other p-n-junction. The doping concentration is high compared to the other layers, but still

small compared to other usual doping concentrations in semi-conductor devices which can

be ∼ 10−19 1
cm3 . A systematic uncertainty can be estimated with 0.5·1015 1

cm3 by comparing

SiPMs 1067 and 1068 and calculating

σsys = N1067 −N1068

2
(4.8)

with N the doping concentration. The systematic uncertainty is not negligible in this regime

anymore because the approximation of a single-sided abrupt junction is getting worse with

varying doping profiles. Because of the unimportance of the doping concentration of the

wafer, the different measurement values can be explained with different wafers used for the

SiPM production.

4.4 Results for CQ

The quenching capacitance was fixed after the first fit to the impedance curve. So the value

of the quenching capacitance is assumed to be independent of the reverse bias voltage. The

measured values for all SiPMs are shown in table 4.4 and figure 4.7.

All values for the quenching capacitance are of the same order of magnitude (∼ 100 nF). Since
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Data analysis 4.4 Results for CQ

Figure 4.7: Measured CQ values, (Black square: Ketek SiPM, Triangles: Hamamatsu SiPMs)

the quenching capacitance is a parasitic effect, it is expected that the manufacturers try to

reduce this value and thus do not try to get well defined non-zero quenching capacitances.

So variations in the quenching capacitance are mainly due to the production process and

pixel to pixel variations.

The measured values are comparable with the measurements of other groups though they

tested SiPMs from different manufacturers (21.2 fF, 12.2 fF in [29]). Since the values are all

in the same order of magnitude for many different manufacturers, these quenching capaci-

tances currently seem to be the best achievable result for the quenching capacitance using a

quenching resistor on top of the G-APD surface.

The data shows no systematic behavior regarding the pixel and detector size. The Ketek SiPM

has a slightly higher quenching capacitance but the value is comparable with the Hamamatsu

SiPMs within uncertainties.

The relatively high uncertainty on the measured values (10% - 15%) can be a hint that the

variation of the quenching capacitance has a less significant impact on the impedance values
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SN. SiPM size Quenching Capacitance / fF Number of pixels

1549 1x1,100 71.8±12.5 100
516 3x3,100 64.4±11.4 900
551 3x3,100 94.6±12.7 900

1927 1x1,50 122.2±17.5 400
2889 3x3,50 100.1±9.0 3600
1067 1x1,25 87.9±17.5 1600
1068 1x1,25 82.6±10.4 1600
150 3x3,100 108.4±14.6 14400

Ketek 3x3,50 139.9±16.6 3600

Table 4.4: Results for the quenching capacitance for all SiPMs, the uncertainties are also
gained from the fit of the impedance formula to the data (cf. section 4.2)

compared to the quenching resistor. A comparison of the quenching resistor’s impedance

ZRQ = RQ = (118.1±0.3) kΩ (4.9)

with the quenching capacitance’s impedance at 2 MHz

ZCQ = 1

2π f CQ
= (1109.1±192.9) kΩ (4.10)

for the Hamamatsu SiPM 1549 shows that the quenching resistance has a ten times greater

impact on the impedance of the parallel circuit of quenching resistor and capacitance. For

lower frequencies this factor increases ∝ CQ. Thus only impedance values at high frequen-

cies carry information about the quenching capacitance. This causes the relatively large error

on the capacitance values compared to the diode capacitance and the quenching resistance.

Consequently, measurements with a higher frequency are needed to determine the quench-

ing capacitance more accurately. At a frequency of about 20 MHz the impedance of the

quenching capacitance and the quenching resistor are in the same order of magnitude. At

this frequency a precise measurement of the quenching capacitance is expected to be possi-

ble. Measurements at higher frequencies than 2 MHz were not taken because the used mea-

surement device is not capable of using these test frequencies.
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Data analysis 4.5 Results for CG

4.5 Results for CG

The measured grid capacitance is shown in table 4.5 and figure 4.8.

Figure 4.8: Measured grid capacitances CG, (Black square: Ketek SiPM, Triangles: Hama-
matsu SiPMs)

This parameter absorbs all other parasitic effects of the SiPM. This includes the connection

pins and wafer effects. A systematic pattern is not obvious in the data. The Ketek SiPM has no

grid capacitance within uncertainties. Since the macroscopic connection pins should have

a similar capacitive behavior for all tested SiPM types, it is likely that the grid capacitance is

unaffected by the pins but rather driven by the connection between the pins and the wafer

and the wafer itself.

All values for the grid capacitance of the Hamamatsu SiPMs are in the same order of magni-

tude. For identical SiPM types the values match within the uncertainties.

The grid capacitance itself will not have a deep impact on the pulse shape because it is par-
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SN. SiPM size Grid Capacitance / pF Number of pixels

1549 1x1,100 6.81±0.99 100
516 3x3,100 11.98±1.07 900
551 3x3,100 13.78±1.09 900

1927 1x1,50 15.00±0.77 400
2889 3x3,50 9.31±1.70 3600
1067 1x1,25 10.85±0.98 1600
1068 1x1,25 9.89±0.69 1600
150 3x3,25 8.03±1.00 14400

Ketek 1x1,50 0.00+0.82
−0.00 3600

Table 4.5: Results for the grid capacitance for all SiPMs, the uncertainties are gained from the
fit of the impedance formula to the data (cf. section 4.2)

allel to the whole SiPM and likewise parallel to the connected voltage source. Thus the grid

capacitance behaves like an additional capacitance of the voltage source and readout elec-

tronics (see section 6.7).
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5 Recovery Time

5.1 Determination of the recovery time from electrical parameters

The decay constant of the falling tail of an SiPM single pixel pulse is called recovery time (τrec,

see also figure 5.1).

The recovery time of an SiPM is directly related to its electrical properties. In a first approx-

imation the diode acts as charged capacitor. If a breakdown occurs, the diode is discharged

via the quenching resistor. So the recovery time is in the same order of the RC time constant

[25]

τ= RQ ·CD · (5.1)

The recovery time τ for the recharge of the diode capacitance

UC(t ) =UC0

(
1−exp

(
− t

RQ ·CD

))
(5.2)

serves as a good crosscheck to see if the values for RQ and CD are within a reliable range.

The values of RQ and CD have been measured (see sections 4.1 and 4.3). The resulting time

constants are shown in table 5.1. For the diode capacitances the values at breakdown are

used. Though SiPMs are operated a few volts above the breakdown voltage, this is a sufficient

approximation due to the small diode capacitance variation at high reverse bias voltages (see

section 4.2).

As expected, the recovery time decreases with decreasing pixel size. The Ketek SiPM has a

significantly higher recovery time. This result coincides with the measurements reported in

[9].

5.2 Determination of the recovery time from dark noise

To compare the derived recovery time, the recovery time is also measured from the signal

shape of the SiPM dark noise. Therefore, an SiPM dark noise signal trace is recorded and an
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Figure 5.1: Scheme of an SiPM pulse, dashed line: 1
e of the maximum signal height; green:

time constant of this pulse

SN. SiPM size RQ / kΩ CD / F Time Contant / ns

1549 1x1,100 118.1±0.3 (3.180±0.005) ·10−13 37.56±0.12
516 3x3,100 122.9±0.3 (3.554±0.006) ·10−13 43.68±0.13
551 3x3,100 119.7±0.3 (3.529±0.005) ·10−13 42.24±0.12

1927 1x1,50 128.7±0.4 (5.323±0.010) ·10−14 6.85±0.03
2889 3x3,50 151.2±0.4 (8.329± .0011) ·10−14 12.59±0.04
1067 1x1,25 275.5±0.8 (1.314±0.002) ·10−14 3.62±0.01
1068 1x1,25 274.9±0.8 (1.357±0.003) ·10−14 3.73±0.03
150 3x3,25 337.1±0.9 (1.842±0.002) ·10−14 6.21±0.02

Ketek 3x3,50 375.1±1.1 (1.880±0.008) ·10−13 70.05±0.36

Table 5.1: Resulting time constant τ= R ·C for all SiPMs
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Recovery Time 5.2 Determination of the recovery time from dark noise

Figure 5.2: Picture of parts of the setup for recovery time determination via oscilloscope

exponential function is fitted to every tail of an SiPM pulse. The time constant is extracted

from these fits.

5.2.1 Setup

The setup for direct recovery time estimation from the SiPM’s noise consists of two DC-power

supplies, a connection board for the SiPM, an amplifier board and an oscilloscope. The SiPM

bias voltage is directed to the connection board. The output signal is then amplified by the

wide-band amplifier that is connected to the second power supply. This amplified signal

is now transferred to the oscilloscope by a LEMO cable. The data can be recorded via an

USB data storage and brought to a PC where it is analyzed. The SiPM and the amplification

board are placed inside a metal dark box to avoid light-induced SiPM signals and insulate the

devices from external electromagnetic noise. For a picture of the connection board and the

amplifier see figure 5.2. For a schematic view of this setup see figure 5.3.
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Recovery Time 5.2 Determination of the recovery time from dark noise

5.2.1.1 SiPM power supply

The SiPM power supply is provided by the EA-PSI 6150-01 power supply. This device can

supply a bias voltage from 0 V - 150 V with a resolution of 10 mV. The accuracy is 0.05% at

25 ◦C operating temperature with a stability of < 5 mV over the whole voltage range and a

ripple of < 3 mV [32]. The supply voltage is always set to the recommended operating voltage

given by the SiPMs manufacturer at 25 ◦C.

Figure 5.3: Sketch of setup for recovery time determination via oscilloscope

5.2.1.2 Connection board

The connection board is a combination of a π-filter and readout electronics that is suggested

by Hamamatsu data sheets [16]. The π-filter consists of two resistors (100Ω, 220Ω) and three

100 nF capacitors, one in front of the first resistor, one in the middle between the first and

second resistor and one behind the second resistor. All capacitors are connected to ground

(see figure 5.4). This filter reduces possible noise from the SiPM bias voltage source.

The second part of the board is the readout electronics that is suggested by Hamamatsu in

their data sheets [16]. The electronics decouples the signal via an 100 nF capacitor and ter-
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Recovery Time 5.2 Determination of the recovery time from dark noise

Figure 5.4: Circuit of the connection board [9, Slightly modified]

minates the signal with 50 Ω. The 10 kΩ resistor was later bypassed with a wire because it

became obvious that this resistor changed the shape of the SiPM pulse considerably [33].

5.2.1.3 Amplifier

The amplifier is a Phillips scientific wide band amplifier (model 6954) with a voltage amplifi-

cation factor of 20. The amplifier has a nominal bandwidth from 100 kHz to 1.5 GHz [34]. A

measurement of the gain with a FSH4 - 100047/024 spectrum analyzer by Rhode & Schwarz

[35] is shown in figure 5.5. The gain is not flat above 500 MHz anymore but drops slightly

below the 3dB level that defines the bandwidth and rises above 750 MHz again.

The amplifier needs a nominal bias voltage between 10 V and 28 V. If it is operated above 24 V

a heat sink is recommended [34]. In this setup the amplifier is biased with 12 V since this

results in a slightly better performance than with 10 V bias (see figure 5.5) in the frequency

range between 1.0 GHz - 1.7 GHz.

5.2.1.4 Amplifier bias voltage source

The 12 V bias voltage for the amplifier operation is provided by an EA-PS 2000 voltage supply.

It has a stability of < 50 mV and a ripple of < 4 mV. It can output voltages between 0 V and

16 V [36]. So this device is feasible as amplifier bias because the amplifier works in the whole

range from 10 V to the maximum output of 16 V (see section 5.2.1.3).
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Figure 5.5: Amplification measurement of the Phillips scientific amplifier with a R & S FSH4
spectrum analyzer

5.2.1.5 Oscilloscope

The used oscilloscope is a 4-channel DPO 7104 by Tektronix [37]. It has a 1 GHz bandwidth

and can take 50,000,000 data points in 20 ms corresponding to a time step of 400 ps. It is

operated with an input impedance of (50.0±0.1)Ω and has a parallel capacitance of (13±2) pF.

The random noise of this device for the used voltage step of 2 mV is 0.135 mV and can be

assumed as error on the measured values.

All data is stored on a USB data storage in the .xls format and can be processed by a PC.
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5.2.2 Measurement and results

In a first step the whole recorded signal trace is flattened with a moving average

V (ti ) =
∑i+2

j=i−2 V (t j )

5
(5.3)

with ti the i-th time step in the signal. So the moving average is calculated over ∆t ·5 = 2 ns.

With this method the distortions by the oscilloscope are reduced. On the other hand, edges

shorter than 2 ns are stretched, which corresponds to a cutoff frequency of 500 MHz. This,

however, does not affect the measurement results since the amplifier has a homogeneous

amplification up to 500 MHz (see section 5.2.1.3).

After this step the first discrete derivative

dV (ti )

d t
= V (ti−1)−V (ti+1)

3
(5.4)

(for i = 2...n − 2) of the signal is calculated. This derivative is more sensitive to fast signal

variations because steep edges in the signal result in very high derivative values. By setting

a threshold on these derivative values the peaks can then be identified. Graphs of a part of a

signal trace before and after the described steps are shown in figure 5.6.

To find the peaks within the signal the signal trace is scanned from the beginning. If the

derivative exceeds a certain value, that is adjusted for every SiPM, the maximum of the fol-

lowing 5 ns is defined as the peak’s maximum. For a dead time of 10 ns no second peak is

recognized. To determine the recovery time clean single pulses are needed. To filter for these

pulses only peaks without another peak 200 ns before and afterwards are selected.

All peaks are then analyzed. The recovery time is determined as the exponential time con-

stant from an exponential fit to the tail of the SiPM pulse. This is closely connected to the

definition of the recovery time as τ= R ·C from the electrical parameters since the value τ is

the time constant of the exponential discharge of an RC-chain (see section 5.1).

The determined time constants are filled into a histogram. This histogram yields the mean

and the error on the mean for this time constant for a specific SiPM (see figure 5.7). The

results for this determination are shown in table 5.2.

All results of the recovery time determination are shown in figure 5.8. The measured results

from [9] are also included. This data was taken from SiPMs that were fully illuminated.

The data points are in good agreement with each other. The recovery time decreases with
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Figure 5.6: A) Part of an unprocessed voltage trace; B) Part of a flattened voltage trace (the re-
duction of the noise-level can be seen best in the baseline); C) Part of the deriva-
tive of a voltage trace (the peaks at the beginning of the pulses are clearly visible;
the negative peaks at the falling edge of the pulses are too small to be visible be-
cause the falling edge is less steep then the rising edge); for an illustration of the
data processing steps at one single pixel see figure A.5 in the appendix
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Figure 5.7: Histogram of measured recovery time constants (τ) for the Hamamatsu SiPM SN:
1549 (1x1,100)

decreasing pixel size. A larger detector size yields a slightly larger recovery time. Only the

recovery times for the Ketek SiPM vary by about 20% between the different measurement

methods. This can be caused by the signal shape of the SiPM at full illumination [9] that dif-

fers from the shape of the Hamamatsu SiPMs and does not allow a perfect exponential fit to

the tail of the signal.

All in all, the good agreement of the measurements of the recovery time indicate a good mea-

surement of the two most important parameters (RQ and CD).

This setup also allows for the measurement of other parameters such as the crosstalk prob-

ability and the afterpulsing probability. However, this is not presented in this work because

these values are not related to the electrical properties of the SiPMs.
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SN. SiPM size Time Constant τtrace / ns Time Constant τel / ns

1549 1x1,100 38.91±2.73 37.56±0.12
516 3x3,100 43.34±3.10 43.68±0.13
551 3x3,100 43.91±2.49 42.24±0.12

1927 1x1,50 12.87±1.94 6.85±0.03
2889 3x3,50 16.72±2.00 12.59±0.04
1067 1x1,25 3.99±0.51 3.62±0.01
1068 1x1,25 5.71±0.43 3.73±0.03
150 3x3,25 8.53±0.57 6.21±0.02

Ketek 3x3,50 82.11±5.22 70.05±0.36

Table 5.2: Recovery time constant determined from the dark noise signal trace (τtrace) and
electrical parameters (τel, cf. table 5.1)

Figure 5.8: All measured and derived SiPM recovery time constants τ
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6 SiPM Simulation

6.1 Electrical Simulations with Spice

Spice (Simulation Program with Integrated Circuit Emphasis) is a computer program for sim-

ulation of analogue and digital circuits. Originally it was developed at the University of Cali-

fornia at the Institute for Electrical Engineering and Computer Sciences [38]. Many commer-

cial and non-commercial programs implement this software for own simulation purposes.

Spice uses a net list of simple electrical devices that represents the connection between them.

Using this list Spice computes an estimation for the behavior of the simulated circuit.

For purposes of this thesis the software LTSpice was used. LTSpice is developed by Linear

Technology and under proprietary license. It uses Spice for the circuit calculations and pro-

vides a graphical user interface to implement the electrical devices.

6.2 Simulations with the SiPM model

Two different types of simulations were conducted. First the simulation with the originally

discussed model and parameters (cf. 4) is shown. In a second step the model parameter (CG)

is varied due to deficits in the resulting pulse shape (see section 6.7).

6.2.1 Implementation of the initial model

To simulate the model discussed in section 2.4 a few variations have to be performed.

A voltage controlled resistance is placed in parallel to the diode capacitance. This device sim-

ulates the avalanche breakdown and thus has not been considered in the model yet because

the extraction of the electrical parameters of this model was conducted with data that was

taken at reverse bias voltages which did not allow an avalanche breakdown. This resistance

has a value of Roff = 385 GΩ if the pixel has currently no breakdown. This value is adapted

from [30] and simulates a small dark current in the pixel. Moreover, the resistance value can

not be set to infinity for simulation reasons. Variations of this value > 1 GΩ did have no

impact on the simulation results. In case of an avalanche breakdown this resistance value
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SiPM Simulation 6.2 Simulations with the SiPM model

Figure 6.1: Screen capture of a typical LTSpice input; the yellow boxes represent pixels of
the SiPM (cf. figure 6.2); pixels that do not fire a signal are grounded at the
“V_breakdown” port; the upper left pixel is fired via the “Avalanche breakdown
trigger source”

(Ron) is set to a certain value such that the diode capacitance is discharged during the time of

breakdown O(1 ps) for

tbreakdown ≈ 5·τ= 5·Ron ·CD ⇒ Ron ≈ tbreakdown

5·CD
(6.1)

A rough estimation for the breakdown duration is derived from the applied electric field

E = Uapplied

d
≈ 70 V

4 µm
≈ 17.5·104 V

cm
(6.2)

with d ≈ 4 µm the approximate thickness of the p-n-junction and the epitaxial layer, and the

resulting mobility [2, p. 317, fig. 13]

µ≈ 600
cm2

V·s
(6.3)

that results in a time for the drift through the depleted region of

tbreakdown = damp

v
= 1 µm

v
= E ·µ

d
≈ 1 ps (6.4)

49



SiPM Simulation 6.2 Simulations with the SiPM model

Figure 6.2: Screen capture of the LTSpice input for a single pixel

with the velocity v and damp ≈ 1 µm the thickness of the charge carrier amplification region.

Since it showed that the resulting pulse form is not affected by varying avalanche breakdown

durations t <∼ 100 ps, this estimation is sufficient for the breakdown simulation.

The resulting resistance value for the variable resistor during breakdown is then calculated

from the measured values of the diode capacitance using eq. 6.1. The values are shown in

table 6.1. Using these values a full discharge of the diode capacitance is assured while the

discharge of the grid capacitance via the quenching resistor is kept as small as possible. The

advantage of using a voltage controlled resistance is that the avalanche breakdown can be

triggered for every SiPM pixel discretely by applying an external voltage.

The second change in the model for simulations regards the signal readout. The SiPM is

grounded via a 50Ω resistor. The signal itself is decoupled with a 100 nF capacitor. These two

changes are due to the read out board that is used to record SiPM pulses (see section 5.2.1.5).

The decoupled signal is then read out at a 50 Ω resistor that has an 18pF capacitance in par-

allel. These values correspond to and simulate the signal readout at the oscilloscope and are

taken from the data sheet [37].

A screenshot of a typical LTSpice input is shown in figure 6.1. The input for the single pixel in
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SiPM Simulation 6.3 Results

SN. SiPM size CD / F Rdischarge /Ω

1549 1x1,100 (3.180±0.005) ·10−13 0.63
516 3x3,100 (3.554±0.006) ·10−13 0.57
551 3x3,100 (3.529±0.005) ·10−13 0.56

1927 1x1,50 (5.323±0.010) ·10−14 3.76
2889 3x3,50 (8.329± .0011) ·10−14 2.40
1067 1x1,25 (1.314±0.002) ·10−14 15.22
1068 1x1,25 (1.357±0.003) ·10−14 14.74
150 3x3,25 (1.842±0.002) ·10−14 10.86

Ketek 3x3,50 (1.880±0.008) ·10−13 1.06

Table 6.1: Resistance values used to discharge the diode capacitance in the simulations, the
values for the diode capacitance CD are taken from the extraction of the electrical
parameters (see section 4.3)

LTSpice is shown in figure 6.2.

6.3 Results

Simulations of single pixel breakdowns are carried out. These simulations are then compared

to a measured pulse. This measured pulse is the mean of ∼ few 100 pulses in order to sup-

press noise in the shape.

A comparison of the simulated and measured pulse of a Hamamatsu SiPM (1x1,100; SN: 1549)

is shown in figure 6.3. Since the signal height depends on the applied overvoltage, which

could not be exactly determined for the measurements, the simulated signal was rescaled

such that the amount of released charge is equal for measurement and simulation.

The simulated pulse deviates severely from the measured one. The simulated pulse exhibits

two components. The first component is a very fast peak component with a duration of τ ∼
ns and deviates from the measured pulse. The second component is much slower with τ ∼
40 ns and fits to the tail of the measured pulse. The second component shows a time constant

for the falling edge in the same order as it is expected using

τ= RQ ·CD (6.5)

as explained in section 5. Please note that the small peak component in the measured signal
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SiPM Simulation 6.3 Results

Figure 6.3: Simulation and measurement of a single photon SiPM pulse of a Hamamatsu
SiPM (3x3,100), SN: 516 with the original model, simulation signal is rescaled that
simulation and measurement release the same amount of charge

is not due to the signal itself. The peakfinder method aligns all pulses at their highest point to

calculate the mean of all pulses. It is likely that the highest point of the peak is located shortly

after the cell has fired and the noise of the oscilloscope adds a positive signal to the pulse. Af-

ter this maximum the noise level gets lower and thus reduces the signal. So the reduced noise

component after a maximum noise level is visible in the signal trace right after the maximum

of the pulse. This, however, has no further effect on the comparison of simulation and mea-

surement.

To understand the deviation between simulation and measurement, the influence of the dif-

ferent components in the circuit (RQ, CD, CQ and CG) is simulated and analyzed in section 6.5.
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SiPM Simulation 6.4 Test of measurement and analysis accuracy

6.4 Test of measurement and analysis accuracy

To show that the measurements of the electrical parameters itself are consistent, the impe-

dance of the SiPMs was simulated in the frequency range between 20 Hz and 2 MHz and com-

pared to the impedance measurements. The relative deviation between these data points is

shown exemplarily in figure 6.4 for the Hamamatsu SiPM SN: 516 (3x3, 100). The impedance

values for the simulation are slightly below the values for the measurement but within the

uncertainties. This small underflow can be due to rounding precision during the transfer of

the measured properties to the simulation input. All in all, the comparison of the impedance

data shows that the measurement and the simulation are consistent with respect to the im-

pedance.

Figure 6.4: Relative deviation of the impedance measurement to the simulation for the
Hamamatsu SiPM SN: 516 (3x3, 100)

The impedance values for an SiPM with 100 pixels with defined model parameters (RQ, CD,

CQ and CG) were simulated over 201 steps in the frequency range between 20 Hz - 2 MHz.

These are the same conditions as for the impedance measurements (see section 3).

These simulation results were then analyzed in the same way as the measured data to deter-

mine if the given uncertainties of the results (see section 4) are reliable. In the data analysis
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SiPM Simulation 6.5 Analysis of model parameters

Parameters CD / F CQ / F CG / F

Simulation* 3.18·10−13 71.8·10−15 6.81·10−12

Analysis* (3.15±0.04) ·10−13 (65.0±11.2) ·10−15 (7.17±0.93) ·10−12

Simulation 1 1.59·10−13 71.8·10−15 6.81·10−12

Analysis 1 (1.57±0.03) ·10−13 (80.2±10.2) ·10−15 (6.99±0.71) ·10−12

Simulation 2 4.77·10−13 71.8·10−15 6.81·10−12

Analysis 2 (4.73±0.05) ·10−13 (74.5±8.19) ·10−15 (7.26±0.68) ·10−12

Simulation 3 3.18·10−13 35.9·10−15 6.81·10−12

Analysis 3 (3.14±0.03) ·10−13 (44.5±13.7) ·10−15 (6.77±0.85) ·10−12

Simulation 4 3.18·10−13 107.6·10−15 6.81·10−12

Analysis 4 (3.24±0.04) ·10−13 (111.01±14.3) ·10−15 (7.42±0.74) ·10−12

Simulation 5 3.18·10−13 71.8·10−15 3.41·10−12

Analysis 5 (3.20±0.04) ·10−13 (69.3±7.8) ·10−15 (3.21±0.49) ·10−12

Simulation 6 3.18·10−13 71.8·10−15 10.22·10−12

Analysis 6 (3.17±0.03) ·10−13 (71.1±8.34) ·10−15 (9.96±1.09) ·10−12

Table 6.2: Simulation input parameters and measured values for the measurement sensitiv-
ity; The simulation marked with * is the simulation with the measured parameters

the quenching resistance was fixed to the model value (118.1 kΩ for all simulations) because

the resistance value determination was done before the fit of the data to the impedance for-

mula (see section 4.1). Every parameter was varied by ±50% while the other parameters were

kept at their measured value. Thus six simulations (two for every parameter CD, CQ and CG)

were conducted plus one simulation with the measured values. All values and the analysis

results are shown in table 6.2.

The values from the analysis all agree with the simulated values within approximately one

standard deviation. Thus the measurement and analysis method seem to be appropriate for

the given model of the SiPM.

6.5 Analysis of model parameters

In this section the impact of the four model parameters (RQ, CD, CQ and CG) on the signal

shape are discussed for an SiPM with 100 pixels. Nevertheless, the conclusions are also valid

for SiPMs with higher pixel numbers.

For this analysis every of the four model parameters is varied in seven equidistant steps while
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SiPM Simulation 6.5 Analysis of model parameters

the other parameters are fixed to their default value and a one-pixel pulse is simulated. This

family of pulses is then plotted for every model parameter. The default values and variation

regimes are shown in table 6.3.

Parameter Default value Variation regime
RQ 118.1 kΩ 98.1 kΩ - 158.1 kΩ
CD 3.18·10−13 F 0.18·10−13 F - 6.18·10−13 F
CQ 4.18·10−15 F 1.18·10−15 F - 7.18·10−15 F
CG 6.81·10−12 F 2.81·10−12 F - 8.81·10−12 F

Table 6.3: Simulation parameters for the analysis of the model parameter’s impact on the
SiPM signal

6.5.1 Variation of the quenching resistance RQ

The resulting signal shapes are shown in figure 6.5. The peak height of the fast signal com-

ponent is almost unaffected by the quenching resistor and decreases only by less than 1 % in

the simulated resistance regime. The falling edge of the second component gets steeper for

smaller quenching resistances since it is directly correlated to the exponential fall time con-

stant as stated before. The integral over the whole time range is the same for all quenching

resistances. Thus the quenching resistor is not responsible for the amount of emitted charge

as it is also expected from the model (see section 2).

Since the quenching resistor is often made of polysilicon that shows a strong temperature

dependence of the resistivity [39], these variations in the pulse shape should be visible in

measured SiPM signals for different temperatures.

6.5.2 Variation of the diode capacitance CD

The simulation of seven different diode capacitances is shown in figure 6.6.

The slow component of the signal shows a longer tail for higher diode capacitances. This is

again due to the diode capacitances’ influence on the time constant of the falling edge. It also

shows that the integral of the pulses is larger for larger diode capacitances. This is consistent

with the expectations since the diode capacitance is discharged in the simulation during the

avalanche breakdown which represents the underlying reason for the signal evolution. With

a higher diode capacitance the amount of released charge increases ∝CD.
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Figure 6.5: Resulting pulse shapes for different quenching resistances for a 100 pixel SiPM
(electrical parameters see table 6.3)

The fast component of the signal is again almost uninfluenced. It is apparent that the peak

height is slightly higher for smaller diode capacitances. This can be explained by the fact that

for small diode capacitances the time constants align more and more. So the second (slow)

component adds to the first (fast) one.

6.5.3 Variation of the quenching capacitance CQ

The resulting pulse shapes for the analysis of the quenching capacitance’s input on the pulses

are shown in figure 6.7.

The graph shows the first 7 ns of the pulses after the avalanche breakdown since the varia-

tion of the quenching capacitance influences only the fast peak component. With decreasing

quenching capacitance the fast peak component vanishes. For even lower capacitances the

rising edge of the pulse is stretched to ∼ 1 ns. So the quenching capacitance seems to play

a role relating to the existing fast peak component in the simulation of SiPMs with the mea-
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Figure 6.6: Resulting pulse shapes for different diode capacitances for a 100 pixel SiPM (elec-
trical parameters see table 6.3)

sured electrical parameters.

6.5.4 Variation of the grid capacitance CG

The last of the analyzed parameters is the grid capacitance (CG). The seven simulated pulses

are shown in figure 6.8.

The influence of the grid capacitance seems to have the same structure as the impact of the

quenching capacitance. In this case the fast peak component gets smaller for higher grid

capacitances. This is vice versa to the influence of the quenching capacitance. The grid ca-

pacitance seems to buffer the peak component introduced by the quenching capacitance.
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SiPM Simulation 6.6 Correlation between grid and quenching capacitance

Figure 6.7: Resulting pulse shapes for different quenching capacitances for a 100 pixel SiPM
(electrical parameters see table 6.3)

6.6 Correlation between grid and quenching capacitance

To understand the correlation between grid capacitance and quenching capacitance three

different cases are considered. The time constants

τG = RG ·CG (6.6)

with RG = 50 Ω the resistor that terminates the SiPM to ground and CG the grid capacitance

and

τQ = RQ ·CQ (6.7)

are used to define the three cases.

In case of τG < τQ (see figure 6.9) the pulse has the two discussed components. The charge

released from the diode capacitance is absorbed by the grid capacitance faster than by the

quenching capacitance. This excess of charge that reaches the charged grid capacitance and

cannot be absorbed is measured as peak component.

In the case of identical time constants (τQ = τG) the effects of peak absorption are exactly
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SiPM Simulation 6.7 Simulations with adjusted parameters

Figure 6.8: Resulting pulse shapes for different grid capacitances for a 100 pixel SiPM (elec-
trical parameters see table 6.3)

compensated. The charge from the diode capacitance can now fill the grid capacitance and

the quenching capacitance synchronously. Thus only the peak component generated by the

diode capacitance and the quenching resistor remains since the grid capacitance and the

quenching capacitance cancel each other.

In the remaining case (τQ < τG) the quenching capacitance is charged faster than the grid

capacitance. Thus the grid capacitance can buffer the charge for a longer time. This charge

is then released afterwards, which smoothens the whole pulse.

6.7 Simulations with adjusted parameters

For the simulation of the given devices the case τQ > τG applies. Since the quenching capac-

itance is an inherent characteristic of the device, it is most likely that the grid capacitance is

responsible for the deviation between measurement and simulation. The impedance mea-

surement was conducted with a calibrated measurement device. The device under test was

plugged to the LCR-meter directly. Thus only the connections and wafer effects were taken

into account. If the SiPM is operated and read out, readout electronics and power supply are
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Figure 6.9: Pulse shape for the three different cases τQ > = < τG; in case of non-equal values
the values differ approximately by a factor 4

attached to the SiPM. The parasitic capacitance of the power supply and of the cabling di-

rectly adds up to the grid capacitance because it is also in parallel to the SiPM. A higher grid

capacitance leads directly to a larger τG. So the height of the peak component is smaller than

it would be expected by simulations because the simulations use an ideal voltage source as

power supply.

This shows the need of increasing the grid capacitance to simulate a measurement setup

close to reality. This effective grid capacitance CG′ depends on the readout setup and differs

for different setups.

In a next step the parameter τG is adjusted in the simulations to obtain a good agreement

between measurement and simulation. Therefore, the pulse shape of the Hamamatsu SiPM

SN 1067 has been adjusted. The determined value CG′ was then used for the simulation of the

other SiPMs since the measured pulses were all recorded with the same readout electronics

and power supply. Thus one would expect that the value CG′ has the same offset for all SiPMs.
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SiPM Simulation 6.7 Simulations with adjusted parameters

Figure 6.10: Simulated and measured pulse shape for a single pixel breakdown of the Hama-
matsu SiPM SN: 1067 (1x1, 25)

The best value was found to be

CG′ =CGmeasured +CGexternal ≈CGexternal ≈ 1.1·10−10 F (6.8)

(CGmeasured ¿ CGexternal ) to simulate the pulses. A measurement of the capacitance at the con-

nection pins of the connection board (cf. section 5.4) with an automatic passive component

analyzer [40] provides values in the same order of magnitude as the offset.

A comparison for the resulting simulated single pixel breakdown signal and the measurement

is shown for the Hamamatsu SiPMs SN: 1067 (1x1, 25) and SN: 1927 (1x1, 50) in figures 6.10

and 6.11. The simulated pulses for the other SiPMs up to 1600 pixels are shown in the ap-

pendix. SiPMs with more than 1600 pixels were not simulated because the simulation time

increases with the number of pixels non-linearly, so that the simulation time can reach hours

for SiPMs with 3600 pixels and up to a day for SiPMs with 14400 pixels.

Almost all signals show good agreement between measurement and simulation. The Hama-

matsu SiPM SN: 1927 (1x1, 50) shows a slightly smaller recovery time in the simulation than
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Figure 6.11: Simulated and measured pulse shape for a single pixel breakdown of the Hama-
matsu SiPM SN: 1927 (1x1, 50)

in the measurement (see figure 6.11). This difference is already visible in the comparison of

measured recovery time and the parameters RQ and CD. In this case the average pulse deter-

mination showed deficits due to the peak-finder that localized the top of the pulses wrongly

for this SiPM.

So the simulation is able to simulate SiPM single pulses with a corresponding pulse shape.

The pulse shape is determined by the internal parameters of the SiPM and the used read-

out electronics and power supply. Therefore, the parameter CGexternal has to be determined for

a given setup either by measurements or by adjusting an SiPM signal to a measured pulse

shape before complex signals can be simulated.

The ability of the simulation model to simulate whole dark noise traces is investigated in the

next section.
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SiPM Simulation 6.8 Simulation of an event with crosstalk and afterpulsing

6.8 Simulation of an event with crosstalk and afterpulsing

Since the simulation simulates every pixel individually, a signal with crosstalk and afterpuls-

ing can also be created.

Figure 6.12: Simulated and measured pulse shape for a several single pixel breakdowns and
a crosstalk event of the Hamamatsu SiPM SN: 1067 (1x1, 25); only one pixel fires
for the first four pulses

To produce the simulated signal the positions (49 ns, 90.5 ns, 126.5 ns, 448 ns, 467.5 ns) and

peak heights in terms of p.e. steps of the five measured peaks were determined. For the first

four peaks one pixel was fired. For the last peak three pixels were fired due to crosstalk. The

pulse might be induced by afterpulsing. Thus the pixel that induced the fourth pulse might

contribute to the fifth pulse, too.

Two simulations have been conducted:

1) In the first simulation one single pixel fired during the five peaks. In the last peak two

additional pixels fired (see figure 6.12).

2) The second simulation uses different pixels for all peaks. Thus a certain pixel fired only

once during the whole simulation time (see figure 6.13).

The peak height in the first simulation of the first three peaks decreases with the number of
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Figure 6.13: Simulated and measured pulse shape for a several single pixel breakdowns and
a crosstalk event of the Hamamatsu SiPM SN: 1067 (1x1, 25); every pulse is trig-
gered by a different pixel

pulses. It seems to be due to that the triggered pixel was not fully recharged yet. The fourth

peak has the same height as the first one. Here the pixel had enough time after the breakdown

to recharge completely. The fifth simulated pulse is smaller than in the measured data. This

deficit in the pulse height is also due to the incomplete recharge of the pixel.

The second simulation fits better with the data than the first one. The pulse heights agree. So

it seems that the pulses in data are not triggered by one pixel only but by different pixels.

All in all, the simulation is able to simulate noise traces of SiPMs. Moreover, every pixel can

be triggered individually so that simulating trigger time stamps from thermal noise rates,

crosstalk probabilities and afterpulsing probabilities for every pixel, a dark noise trace can be

simulated.
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7 Conclusion and Outlook

In this thesis an electrical model for common SiPMs has been successfully adapted using

only four intrinsic parameters (RQ, CD, CQ and CG). This model is able to describe a complex

semiconductor device by using only resistors and capacitors.

A measurement method was presented that is capable of measuring these parameters by us-

ing an LCR-meter and analyzing the impedance values at the frequency range from 20 Hz -

2 MHz.

Since the diode capacitance CD is voltage dependent, the measurements have been per-

formed in the voltage range from 0 V up to 40 V. It showed that the quenching resistor and

the diode capacitance can be measured with an accuracy of the order of 1% . The quenching

capacitance and the grid capacitance values are less accurate, of the order of 10% . So the

quenching resistor and the diode capacitance seem to contribute dominantly to the impe-

dance value of the SiPMs in the measured frequency range. The parameters CQ and CD might

also be a too simple ansatz to describe the parasitic effects in the SiPM correctly over the en-

tire frequency range.

Various Spice simulations of the given model have been performed. These simulations con-

firmed the sensitivity of the impedance measurements and the used analysis by analyzing

simulated data and comparing measured and simulated impedance values.

The simulation of SiPM single pixel events showed that the parameter CG has to be adjusted

for taking into account external electronics. By adjusting this parameter SiPM pulses could

be simulated that can reproduce measured pulses reliably. Moreover, SiPM dark noise traces

can be simulated with this model that include crosstalk and afterpulsing.

As next steps the measurements could be redone using a measurement device that is able

to measure the impedance at a frequency range > 2 MHz to gain more precise information

about the quenching capacitance and the grid capacitance. Additionally, measurements with

applied reverse bias voltages up to the breakdown voltage of the Hamamatsu SiPMs (∼ 70 V)

should be performed to investigate the behavior of the diode capacitance at high reverse-bias

voltages that had to be extrapolated in this thesis.
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Simulations have been performed for SiPMs with a pixel number of up to 1600. With in-

creasing computing capacity simulations of SiPMs with higher pixel numbers will be possible

within a reasonable calculation time in the future.

The impedance measurements could be taken at different SiPM temperatures to investigate

the impact of the temperature on the quenching resistor and the other parameters.

The simulation model could be extended so that it is able to simulate random noise traces

using Monte Carlo trigger time stamps for every single pixel taking into account crosstalk

and afterpulsing. Such values have been measured by M. Lauscher and A. Künsken in their

respective master theses [17, 41].
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A Appendix

A.1 Fully derived impedance formula
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(A.1)

This formula shows the impedance of an SiPM assuming the described model (see section

2.4). It is derived from eq. 2.11. A fit of this formula to the impedance measurements yields

the electrical parameters of the model (see section 4).

A.2 Additional figures

Figure A.1: Simulated and measured pulse shape for a single pixel breakdown of the Hama-
matsu SiPM SN: 1549 (1x1, 100)
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A.2 Additional figures

Figure A.2: Simulated and measured pulse shape for a single pixel breakdown of the Hama-
matsu SiPM SN: 516 (3x3, 100)

Figure A.3: Simulated and measured pulse shape for a single pixel breakdown of the Hama-
matsu SiPM SN: 551 (3x3, 100)
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A.2 Additional figures

Figure A.4: Simulated and measured pulse shape for a single pixel breakdown of the Hama-
matsu SiPM SN: 1068 (1x1, 25)
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A.2 Additional figures

Figure A.5: A) Part of an unprocessed SiPM pulse within a voltage trace; B) Part of a flattened
SiPM pulse within a voltage trace; C) Part of the derivative of an SiPM pulse within
a voltage trace (the peak at the beginning of the puls is clearly visible; the negative
peak at the falling edge of the pulse is too small to be visible because the falling
edge is less steep then the rising edge)
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