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Abstract 

Photon detection is a revolutionary technique to learn the properties of a matter on the atomic 

scale. It has become an imperative tool for an immense range of fields including high energy 

physics, astrophysics, automotive industry, nuclear medicine, materials research, civil 

engineering, etc. The Photomultiplier Tubes (PMT), the pioneering technology in photon 

detection was introduced over 80 years ago. However, Silicon-based Photomultipliers (SiPM)have 

been rapidly replacing the PMTs as an industry standard due to its lower power consumption and 

smaller size. It is a solid-state photodetector, which guarantees an efficient detection of a single 

photon. The SiPM technology has evolved gradually in last three decades. Nevertheless, the 

technology is not yet fully understood and every study contributes to a better comprehension of 

the subject matter.  

This thesis is focused on investigating the processes of charge release and the photon detection 

efficiency (PDE) recovery of the SiPM, vital for understanding the linearity and the saturation 

phenomenon of the sensor. The experiment has been conducted on a single SPAD (Single Photon 

Avalanche Diode) level, instead of the entire sensitive area of the SiPM. This work offers a 

complete overview of investigation of the surface cover, for achieving the single SPAD 

illumination, development of the readout electronics and implementation of different apparatus 

and measurement methods used to perform the experiment.  
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1. Introduction 

Photon detection has been a rapidly growing field ever since the first introduction of 

Photomultiplier Tubes (PMTs) in early 1930s. Since then the photomultiplier technology has come 

a long way. The big change happened when the technology shifted from vacuum tube to the solid 

state. New silicon-based photomultipliers (SiPM) had a slew of advantages over its predecessor 

and quickly became a favorable alternative in most of the application.  

Photodetectors are prominent in almost every major research field. High-energy particle physics 

experiments use it to trace the particle by capturing the scintillation process. The collected data 

can be later used for variety of purposes, including the drug synthesis. SiPM was crucial in 

advances in medical imaging. Its insensitivity to magnetic field allows for Positron Emission 

Tomography (PET) ring to be placed inside the Magnetic Resonance Imaging (MRI) machine, 

combining the two technology for a better result. Photodetectors are used in particle astrophysics 

experiments to measure Cherenkov radiation at the Pierre Auger Observatory and the IceCube 

Neutrino Observatory, to name a few. It is the main driving force behind the radar technology 

and the autonomous vehicle technology as well. 

Therefore, further development of the photodetectors is vital not only for the research and 

technological advances, but for the healthcare as well.  

 

1.1. Problem and Objective 

SiPM provides output proportional to the light intensity, however at higher number of impinging 

photons the output shifts from linear to a saturation region. SiPM consists of a finite number of 

Single Photon Avalanche Diodes (SPAD), i.e. microcells, which have “deadtime”, meaning that 

after detecting the first photon the microcell is not able to detect another one for this period of 

time. The higher the number of microcells present in the SiPM, the more photons it can detect, 

hence the larger the dynamic range of the sensor. The dynamic range of the SiPM can be 

described as such: 

𝑁𝑓𝑖𝑟𝑒𝑑 = 𝑀(1 − 𝑒
−𝑃𝐷𝐸∗𝑁𝑝ℎ

𝑀 ) 

Where Nfired - number of fired microcells  
M - number of microcells in SiPM 
Nph - number of impinging photons  
PDE - photon detection efficiency  
 

As we can see, it is almost improbable for every microcell to be firing at the same time. This is 
mainly due to the photon detection efficiency of the sensor. This, combined with the deadtime, 
is what contributes to the SiPM reaching saturation before its theoretical limit. Therefore, it is 
important to investigate the charge release and the PDE recovery processes. Furthermore, to get 
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a better understanding of the phenomenon, it is absolutely necessary to conduct the experiments 
on a single cell level.  

The proposed study was to illuminate with two photons hitting the microcell one after another, 
with a short delay between them. However, it is difficult to produce only one photon as there are 
millions of photons in a light flux that a laser can provide. We know that the microcell deadtime 
is few nanoseconds, therefore if the laser pulse length is sub-nanoseconds, the microcell will 
detect only the first photon and the rest of the photons will not be detected as the cell is still in 
the recovery process, thus simulating a single photon output of the SiPM. We want to observe a 
single microcell when it is illuminated with two consecutive light pulses (Fig. 1). We fire the 
microcell with a laser and before it has had time to fully recover, we fire it again and observe how 
the charge releases and how the PDE restores.  

 

Fig. 1: Measurement set-up 
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1.2. Outline of the Study 

This thesis is divided into five chapters. Chapter 1 is a brief introduction to the photodetector 

technology and a description of the objective. 

Chapter 2 covers the theoretical background related to this study, namely the working principles 

of the SiPMs and their characteristics.  

Chapter 3 consists of three major parts, which would be investigating the optimal masking 

method for the sensor, developing the experimental set-up along with read-out electronics and 

utilizing them for the measurement procedure.  

Chapter 4 includes the test results and the data analysis of the charge release and the PDE 

recovery processes. 

Chapter 5 is the summary of this work and a few suggestions for the future research.  
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2. Silicon Photomultipliers (SiPM) 

For the last two decades, the silicon photomultiplier has become an effective alternative to the 

vacuum photomultiplier tubes (PMT). Thanks to its high internal gain, it is capable of detecting 

incredibly low intensity light and even a single photon. It was first developed in the late 1990s by 

the Russian scientists Z. Sadygov and V.M. Golovin [1] [2]. Properties like lower operating bias 

voltage, smaller size and insensitivity to magnetic fields is what sets SiPM apart from its 

predecessor and making it popular among research and industry. SiPMs are widely used in various 

applications, ranging from medical imaging to LiDAR technologies.  

The SiPM has been given several denominations by different institutes and manufacturers, such 

as [3] : 

• MPGM APD (multi-pixel Geiger-mode avalanche photodiode) 

• AMPD (avalanche micro-pixel photodiode) 

• SSPM (solid state photomultiplier) 

• G-APD or GM-APD (Geiger-mode avalanche photodiode) 

• DPPD (digital pixel photodiode) 

• MPPC (multi-pixel photon counter) 

• MAD (multi-cell avalanche diode) 

The principle of light detection in SiPM are based on the properties of pn-junction diode operated 

in reverse bias mode, above the breakdown voltage. At the core of it, lies the fundamental 

principle of photoconductive effect, i.e. increase in conductivity due to electromagnetic radiation 

such as light, or gamma radiation.  Normally, semiconductors are poor electrical conductors as 

they have a small number of free charge carriers. If radiation with sufficient energy is provided, 

number of electrons are raised from valence band to conduction band, where they can move 

freely and carry the current. If a series resistor is connected with the semiconductor, voltage drop 

across the resistor can be measured as the current through the circuit changes with the 

conductivity of the semiconductor.   
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2.1. SiPM Topology  

Each SiPM represents an array of µcells connected in parallel on the same silicon substrate on the 

back and by a metal grid on the front side. Each µcell is an APD (avalanche photodiode) operating 

in Geiger mode (operation mode above breakdown voltage) with a quenching resistor connected 

in series (or an active quenching circuit) as shown in Fig. 2. To avoid noise caused by phenomenon 

called optical crosstalk (later discussed in sec. 2.3.3), an additional “trench structure” is etched 

into the neighboring cells as shown in Fig. 3. The size of each µcell varies from 10 µm x 10 µm up 

to 100 µm x 100 µm. Consequently, the total amount of µcells can be between 100 – 10 000/mm2. 

SiPMs with size up to 3 mm x 3 mm are most commonly used, as increasing the size more than 

that introduces additional challenges as intrinsic noise, due to increased capacitance [3] . Finally, 

the output of the sensor is a sum of currents produced by individual µcells (refer to Fig. 4). 

 

Fig. 2: Sketch of a generic SiPM elementary μcell [3]  

 

 

 

Fig. 3: Sketch of a generic SiPM structure [3]  
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Fig. 4: Multiple SPADs connected in parallel 

 

2.2. SiPM Operation 

Commonly, photodetectors are reverse biased p-i-n diodes. Impinging photon produces an 

electron-hole pair in depletion region. If the electric field is strong, the generated electron can 

have enough acceleration to knock another electron from its bound state upon collision, 

generating a new electron-hole pair. This multiplication of carriers by impact ionization leads to 

an avalanche, which is exploited by photodetectors like Avalanche Photodiodes (APDs) and Single 

Photon Avalanche Diodes (SPADs). In case of APD, the photodetector is operated at a VBIAS (bias 

voltage) lower than the VBD (breakdown voltage) as seen in Fig. 5. Operating in this mode does 

not lead to a diverging avalanche, therefore the gain is relatively low and detection of a single 

photon is almost impossible. SPAD, however, operates at a bias voltage above the breakdown 

voltage (Geiger Mode). Thus, the electric field is high enough (105 V/cm) that a charge carrier can 

trigger a diverging avalanche that becomes self-sustaining. In contrast to APDs, where turning off 

the incident light will immediately terminate the avalanche, in SPADs the avalanche becomes self-

sustaining, therefore the process must be quenched in order to detect the subsequent photons. 

For the avalanche in SPAD to be reset, it is necessary that voltage across the detector be lowered 

below the breakdown voltage either by a quenching resistor (passive quenching mechanism) or 

by an active quenching circuit.  
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Fig. 5: APDs are biased just below breakdown voltage, leading to a non-diverging multiplication 

process (linear multiplication) of the photo-generated carriers (left side). Whereas, SPADs are 

biased well above breakdown voltage so that one photo-generated carrier can trigger a 

diverging avalanche multiplication process, leading to a macroscopic detectable output current 

(right side) [4]  

 

 

The first electrical circuit model of a GM-APD was introduced by Haitz [5]. According to this model, 

the equivalent electrical circuit of a SiPM μcell is presented in Fig. 6. The µcell is modeled by GM-

APD diode connected in series with its high ohmic quenching resistance RQ (usually in range of 

hundreds of kΩ) and parasitic capacitance CQ connected in parallel to RQ, as represented in the 

circuit. The GM-APD is modeled by its diode junction capacitance CD and its series resistance RD 

(usually ranges from few hundred ohms to some kΩ). Voltage source VBD, simulates the voltage 

breakdown point. When bias voltage (VBIAS) exceeds the breakdown voltage (VBD), switch S 

remains in OFF position because no avalanche takes place. In pre-avalanche state, CD and CQ are 

charged at VD, a voltage across the diode, which is equal to applied VBIAS and no current is flowing 

through the load resistance RLOAD. When an impinging photon generates charge carriers, it 

initiates an avalanche. The switch S changes to ON position and a very short current spike occurs 

through the diode with a maximum value of (VBIAS-VBD)/RD. The diode capacitance CD discharges 

through RD down to VBD. CQ through RD also discharges from VBIAS to VBD. The falling down voltage 

at the common point gives rise to an exponentially growing current through the diode external 

circuit (i.e., RQ, RLOAD) tending to an asymptotic value of (VBIAS - VBD)/(RQ + RD)  or (VBIAS - VBD)/RQ as 

RLOAD << RD << RQ so RLOAD and RD can be neglected [3] . 

Value of RQ is important to let the internal diode current decrease below a level where it quenches 

the avalanche. Therefore, the value of quenching resistor is usually high, but it comes with a 

downside. If the quenching resistance is excessively high, it leads to a very long dead time, during 

which the µcell is in OFF state and cannot detect photons, thus reducing the sensitivity of a SiPM. 

To achieve the best speed of response, it is desired that the diode is quenched and the voltage 

across the µcell is restored to the VBIAS as fast as possible.  
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Fig. 6: Equivalent circuit of a SiPM μcell based on Haitz model of a GM-APD  

The average time needed to stop the avalanche, when this condition is satisfied, is in the sub-

nanoseconds range. At the end of the avalanche, CQ behaves as a low impedance path in parallel 

with RQ, as a result, a short spike appears in the trailing edge of the signal (see section 2.3.4, Fig.8) 

[3] . When the avalanche is quenched, the switch S is in OFF position again and the capacitances 

will charge up from VBD to VBIAS through RQ and RLOAD with a time constant Ƭrecharge, which will be 

discussed in detail later. After ~ 5Ƭrecharge, time the µcell is fully recharged and ready to detect 

another photon.  

 

 

2.3. SiPM Properties 

In this section, we will discuss some of the key characteristics of SiPM that are relevant for this 

work. These are gain, photon detection efficiency, noise and recovery time.  

 

2.3.1. Gain 

SiPM has a high gain in range of 105-107 and even a single photon can produce a several millivolt 

amplitude on a 50Ω load. The gain can be described as a ratio of the output charge to the charge 

of an electron i.e. the number of charge carriers generated by a single carrier during avalanche. 

It is expressed as such: 

𝐺 =
𝑄

𝑒
=
𝐶 ∗ 𝛥𝑉

𝑒
=
𝐶 ∗ (𝑉𝑏𝑖𝑎𝑠 − 𝑉𝑏𝑑)

𝑒
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Where Q – charge developed in one avalanche event 

e – Elementary charge = 1.6 * 10-19 C 

C – Capacitance of a single µcell  

ΔV – overvoltage = Vbias - Vbd 

As can be observed, at a constant temperature, e and C are nearly unaffected, so the only variable 

that can effectively change gain is overvoltage. Although, temperature is a very important 

parameter, as breakdown voltage changes with it. Thus, gain is indirectly dependent on 

temperature.  

In practice, the gain can be determined as the ratio of the current integral over time to the 

elementary charge: 

𝐺 =
𝑄

𝑒
=
∫ 𝐼(𝑡)𝑑𝑡

𝑒
 

 

2.3.2. Photon Detection Efficiency (PDE) 

Photon detection efficiency (PDE) is a probability that a SiPM produces an output signal in 

response to an incident photon. For a photon to be detected, it is important that it is focused on 

a sensitive area of a µcell, generates primary carriers and the primary carriers trigger an 

avalanche. Considering these factors, PDE can be represented as a product of the quantum 

efficiency QE, the triggering probability P01 and geometric fill factor Ɛ. 

 

PDE = QE * P01 * Ɛ 

 

Quantum efficiency QE is the probability that an impinging photon creates an electron-hole pair. 

QE of a sensitive area can reach up to 80-90% and it is wavelength dependent, as can be observed 

in Fig. 7. It peaks in a relatively narrow range of wavelengths because the sensitive layer of silicon 

is very thin [6].  

The triggering probability represents the probability for a carrier traversing the high field region 

to generate an avalanche. It depends on the position where the primary carriers are generated 

and the applied overvoltage as well. Both electrons and holes contribute to triggering an 

avalanche, although electrons have a higher probability [3] . Excess bias increases the triggering 

probability due to a stronger electric field.  
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Fig. 7: Quantum efficiency of silicon as a function of the wavelength [6] 

 

Considering the topology of a SiPM, spaces for the quenching resistors, as well as conducting 

traces and optically isolating “trenches” are present in between the neighboring cells, hence 

introducing the dead area. This means that active (or sensitive) area of a SiPM is different from 

total area. Therefore, SiPMs with larger cells have a larger geometric fill factor, up to 80%, which 

means higher PDE, but lower dynamic range and longer signal decay time because of a larger 

capacitance [7] .  

To sum up, Photon detection efficiency depends on a wavelength of an impinging light and on the 

applied bias. There is a very little reliable research investigating how the temperature might affect 

PDE [8]. 

 

 

2.3.3. Noise 

 

• Dark Count rate 

Even when there is no light impinging an SiPM, the sensor still draws a small current, which is 

called dark current. It is the main source of noise in SiPMs. It is normally denoted as Dark count 

rate, i.e. the rate of dark pulses produced by avalanche breakdown, triggered by generation of 

unwanted free carriers. The rate can be 100 kHz to several MHz per mm2 at 25°C [9] . Mainly two 

types of free carriers are responsible for dark counts – thermally generated carriers and field-

assisted (tunneling) carriers [9] .  

Thermally generated carriers can be reduced by decreasing the temperature. In general, it has 

been considered that there is a reduction in DCR by factor of two for every 8°C drop [9] . 
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Field-assisted carriers, compared to the thermal generation, has a relatively small effect on the 

dark count rate. It can be reduced by operating SiPM at a lower bias voltage, which reduces the 

strength of the electric field, thus lowering the gain and the PDE.  

The dark counts can be reduced in the photodiode production process by minimizing the number 

of generation-recombination centers, the impurities and crystal defects [9] . 

 

• Optical Crosstalk 

During an avalanche breakdown, phenomenon called electro-luminescent emission takes place, 

which means there are on average 3 new photons emitted per 105 carriers [9] [10]. These newly 

generated photons can travel to the adjacent cells and trigger a new avalanche just like any other 

externally impinging photon. This process is called an optical crosstalk. It can be reduced during 

the production of the SiPM by adding grooves between the cells and filling them with optical 

absorbers, which act as an optical isolation. Although, doing so, active area is reduced, lowering 

the fill factor Ɛ and, consequently, PDE. Optical crosstalk can be reduced by operating at a lower 

gain as well, which once again significantly decreases PDE [9] . 

 

• Afterpulsing 

Impurities in silicon and crystal lattice defects can act as carrier traps, capturing the free carriers 

generated during the breakdown and releasing them with a considerable delay, hence 

contributing to the internal noise [10]. During the dead time or the hold-off time (time between 

the quenching of the avalanche and the restoring of bias), SPAD is insensitive to the carriers, but 

if the release happens after the SPAD voltage has been restored above the breakdown level, the 

charge carrier can re-trigger the avalanche. The longer the hold-off time, the more traps 

depopulate and the smaller the effect of afterpulsing on the dark count rate. On the down side, 

longer hold-off time impairs the achievable maximum counting rate as the sensor stays insensitive 

for a longer period of time [4] . Slowing down the release of carriers from trapping states can be 

achieved by operating at a lower temperature. 

 

 

2.3.4. Signal Shape 

Signal shape of a single SiPM µcell is dictated by the discharge and recovery times as shown in 

Fig. 8. The signal is composed of a very fast leading edge, followed by a tail. The leading edge is 

the short current spike that occurs when the breakdown is triggered. It can be described by a time 

constant Ƭdischarge ~ RD * (CD + CQ).  
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Recovery time of a SiPM is the time needed to recharge individual µcell after the breakdown has 

been quenched. It depends mainly on the µcell capacitance and its quenching resistor. 

Considering that the µcell capacitance is dictated mostly by its geometrical size, the smaller the 

µcell, the smaller its capacitance. Consequently, SPADs with small µcells and small resistors have 

the shortest recovery times. This time can range from few tens to couple of hundreds of 

nanoseconds. The tailing edge present in the Fig. 8 can be characterized by fast and slow 

components. Superposition of the fast component Ƭrecharge _ fast ~ RLOAD * (CD + CQ) and the slow 

component Ƭrecharge _ slow ~ RQ * (CD + CQ) results in the total recharge time Ƭrecharge ~ (RQ + RLOAD) * 

(CD + CQ). These time constants can be estimated as [3] : 

• Ƭdischarge approximately tens to hundreds of picoseconds 

• Ƭrecharge _ fast approximately hundreds of picoseconds 

• Ƭrecharge _ slow approximately tens to hundreds of nanoseconds  

 

Fig. 8: µCell signal shape  

Ƭrecharge _ slow is the important parameter when determining the recovery time of the µcell, since 

the recovery time Ƭrecovery ~ 5 * Ƭrecharge _ slow. It is the time needed to recharge the diode to 99% of 

the bias voltage [3] .  
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3. Measurement Setup and Procedure  

In this chapter, we will discuss measurement preparation process, such as investigating different 

options for masking the sensor, experimental setup, equipment chosen for the experiment, along 

with implemented method and the measurement procedure.  

 

3.1.  Masking 

As explained earlier, we had to illuminate only a single µcell and in order to achieve this we choose 

to cover the entire sensitive area of the SiPM except for one µcell. Two sensors S13360-3075 and 

S13360-8565, having different size and in different housings, from HAMAMATSU (see Table 1) 

was chosen for this study. Although both sensors have 75µm pixel pitch, their active sizes were 

3.0 mm x 3.0 mm and 1.3 mm x 1.3 mm respectively (Fig. 9). Housing for both of the sensors is 

ceramic, but neither of them have a flat top surface, which introduces challenges in masking 

process. In this chapter, I will review some of the masking options that were considered and 

investigated, as well as the result of the investigation.  

 

 

 

Fig. 9: Left: S13360-3075 3.0 mm x 3.0 mm, Right: S13360-8565 1.3 mm x 1.3 mm  
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Type no. S13360-3075 S13360-8565 

Pixel pitch  
(µm) 

75 75 

Effective photosensitive area 
(mm) 

3.0 x 3.0 1.3 x 1.3 

Number of pixels 1600 285 

Fill factor 
(%) 

82 82 

Package Ceramic Surface mount type 

Spectral response range λ 
(nm) 

270 - 900 270 - 900 

Peak sensitivity wavelength λp 

(nm) 
450 450 

Photon detection efficiency PDE*1 λ=λp 
(%) 

50 50 

Dark Count*2 
(kcps) 

Typ. 500 90 

Max. 1500 270 

Terminal capacitance Ct 
(pF) 

320 60 

Gain M 4.0 x 106 4.0 x 106 

Breakdown voltage VBR 
(V) 

53±5 53±5 

Crosstalk probability  
(%) 

7 7 

Recommended operating voltage Vop 
(V) 

VBR + 3 VBR + 3 

1 Photon detection efficiency does not include crosstalk or afterpulses. 
2 Threshold=0.5 p.e. 

 

Table 1: Datasheet provided by the manufacturer (Hamamatsu) for the SiPMs 

 

 

3.1.1. Masking Options 

In this sub-section, I would like to present some of the options that were considered for masking. 

These options involved an engagement with several other institutes of Forschungszentrum Jülich, 

which was beneficial for the research cooperation.  
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• Metal Mask 

The simplest solution was covering the active area of the sensor with a thin metal sheet having a 

75µm diameter hole in it. Our partners at Central Institute of Engineering, Electronics and 

Analytics – Engineering and Technology (ZEA-1) offered us to cut a 75µm hole in a metal sheet 

having 0.2 mm thickness. There were two main concerns with this option. Firstly, the shape of the 

cutout is not of a big importance, whether it is circular or rectangular. Although, ZEA-1 cuts metal 

with a high water pressure and the edges of the cutout would be too jagged and non-uniform. 

Second concern was the thickness of the mask. It must be thin enough that the light scattering by 

the opening walls can be discarded (see Fig. 10). 

We found a perfect alternative – precision pinholes (see Fig. 11). EDMUND OPTICS offers a large 

selection of high-quality stainless-steel precision pinholes, with hole diameters ranging from 1µm 

to 1000µm. The thickness of these pinholes was 0.01mm, 20 times thinner than what ZEA-1 

offered, hence the light scattering by the opening walls would not be an issue any more. The outer 

diameter of the pinhole was 9.5mm, which was too big for our 3 x 3 mm sensor, so it needed to 

be cut down to the right size.  

 

Fig. 10: A diagram showing the position of the light tight layer on top of the silicon sensor. Only a 

single pixel is open for incident light.  

 

 

Fig. 11: Precision Pinhole available from EDMUND OPTICS 
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The biggest challenge remaining was the alignment of the center of the hole with the center of 

the SPAD and fixing it to the surface of the sensor. For fixing, we thought of applying a silicon glue 

directly onto the surface of the SiPM.   

The mask was metallic, so another issue would be shorting the wire bonds, which were present 

at the edge of the sensitive area on the sensor. The best solution achieved was to cut the mask 

down to a size, which is smaller than the sensitive area, fix it in the center of the surface(Fig. 12) 

and finally encase the rest of the sensor in a 3D printed housing (see Fig. 13) to make the set-up 

light tight.  

 

Fig. 12: A diagram showing the positioning and the size of the mask 

 

 

Fig. 13: Cross sectional view of the 3D printed housing concept 

Sensitive area 

Metal mask 

Housing 
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• Sputter Deposition 

Sputter deposition is a process of covering a surface with a thin layer of a conducting material, 

typically metal. Colleagues at Helmholtz Nano Facility (HNF) offered us this technological solution. 

The idea was that the entire area of the sensor would be covered with a light tight layer and then 

a hole with diameter less than 75 µm would be etched into the layer. For etching, there were 

couple of options – optical lithography and e-beam lithography, though both have their 

drawbacks. Drawback for optical lithography was the height difference between sensor surface 

and upper rim of the housing, which limits the resolution. Whereas, in e-beam lithography the 

chip has to be connected to ground to get rid of the electrons. Out of two different available 

sensors, only S13360-8565 was considered for sputtering deposition, as it was SMD type and the 

process requires a flat bottom. In the end, we went with the optical lithography.  

 

• Vapor Deposition 

During vapor deposition, the materials are fabricated by methods relying on controlled 

decomposition and synthesis of gaseous components, which are subsequently deposited at 

comparably low temperatures of 200°C as thin films on glass, metal, or plastic substrates [11] . 

Institute of Energy and Climate Research, Photovoltaics (IEK-5) offered deposition methods such 

as Plasma-Enhanced Chemical Vapor Deposition (PECVD) or Hot-Wire Chemical Vapor Deposition 

(HWCVD). Big obstacle with vapor deposition was a need of a shadow mask, which would be 

applied twice. After the first application, the mask would physically be rotated by 90° angle, which 

would cause misalignment. In addition, during deposition, the sample would be facing downward 

and the substrate holder was 10x10 cm2, but our sensor housing was 5.9x6.5 mm2. Additional 

holder designing and building was required, which would be time consuming.  

 

• Optical Set-up 

IEK-5 offered us an optical set-up as well. The sensor would be placed under the microscope, 

which focuses a laser beam on the surface. The diameter of the focused laser spot can be less 

than 75µm, which means the sensor surface would not require any covering, as the beam would 

be focused on a single µcell itself. Main problem with this set-up was possible stray lights. The 

laboratory can be darkened completely, but the laser beam was reflected and diffused in the 

lenses of the microscope and there was a chance that number of photons will be impinging the 

surrounding pixels. Possible solution for this problem was to fix a pinhole above the desired pixel, 

but if we can fix the pinhole then we do not require a laser set-up any more. Another issue with 

this option was the laser itself. It was a continuous laser and we require a pulsed laser. However, 

it was possible to bring our own laser into the lab and set it up with optical fibers. Logistics of me 

working in this lab would also be an issue, it was a different institute and it would require an extra 

effort and time to schedule my access in the lab, which would drastically slow down my research.  
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3.1.2. Masking Results 

Finally, we proceeded with two different options – metal mask and sputter deposition.  

 

• Metal Mask 

The metal masking was feasible to carry out in-house. For metal mask, it was decided it would be 

faster to make it in-house. Workshop at Central Institute of Engineering, Electronics and Analytics 

– Electronic Systems (ZEA-2) had all the right equipment to make a 50µm hole in a thin metal 

sheet. Next, using SMD pick and place machine, the mask was aligned with the pixel of the sensor 

and glued on the surface. The final size of the mask was slightly larger than originally intended as 

shown in Fig. 14. The reason behind was the limitation of the SMD pick and place machine that 

requires a certain size to be able to pick the object.  

 

 

Fig. 14: HAMAMATSU S13360-3075 sensor with metal mask glued on top having a 50 µm diameter 

hole at the center. 

50µm hole 
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The housing of the sensor was made of ceramic, which was a translucent material, meaning that 

part of the light can pass through it. Therefore, to avoid photons passing through the housing and 

hitting the µcells at the edge of the sensitive area, the sidewalls of the housing were covered with 

black tape. Finally, the entire sensor was encased in 3D printed cap (see Fig. 15). 

 

 

Fig. 15: Sensor covered with metal mask, black tape (left) and the 3d printed housing mounted 

on the PCB (right).  

 

 

• Sputter Deposition 

Helmholtz Nano Facility (HNF) did an amazing job covering the sensor. Layer of Titanium with 

90 nm thickness was deposited on the surface of the sensor, leaving an opening for one single 

pixel (Fig. 16). The bonding wires were covered during the sputtering process to avoid shorting. 

Unfortunately, even though the bonding wires were avoided during the sputter deposition, the 

metal frames that these wires are connected to were not. In the Fig. 17, you can see the inner 

and the outer frames separated by an insulator. This caused a short circuit and as soon as the 

current passed through the sensor, it burned. It is clearly visible in Fig. 18, even parts of the 

titanium cover were evaporated. 
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Fig. 16: Masked sensor from HNF 

 

 

 

Fig. 17: HAMAMATSU S13360-8565 without the mask 

Inner frame 
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Fig. 18: The damaged sensor 

 

 

3.2. Read-out Electronics and Equipment  

In this section, we will discuss different measuring systems and equipment that were utilized for 

this research, as well as the low-noise read-out board that was developed for detecting single 

µcell output. Mainly two systems were used: opto measurement system, developed by aSpect 

Systems GmbH and National Instruments data acquisition unit based electronic measurement 

system that was developed in-house.  

 

3.2.1. Read-out PCB 

For detecting an output from a single µcell, it was necessary that the noise in the whole system 

was minimized as much as possible. Three main sources of the noise were; power supply that 

provides the bias voltage for the SiPM, oscilloscope channel input noise and parasitic inductances 

of the printed circuit board (PCB) traces, as we were working with radio frequencies. Amplitude 

of the single µcell output was expected to be few millivolts (~1-3 mV); therefore, the noise level 

should be reduced to at least the tenth of it so that the signal shape was clearly visible.  
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SiPM was biased with a programmable power supply EA-PSI-6150-01, having peak-to-peak noise 

ripple of 3mV, according to its datasheet. Additionally, HAMAMATSU provides a connection 

recommendation for the sensor, which includes one stage RC filter (Fig. 19). I did a basic spice 

simulation using LTspice [12] (Fig. 20) to see what the attenuation curve would look like and check 

if the manufacturer recommended values would be sufficient.  

 

Fig. 19: Connection schematic as recommended by the manufacturer   

 

 

Fig. 20: Spice simulation in LTspice for calculating the attenuation curve of the RC filter 
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The rise time of the SiPM single µcell signal is expected to be 1ns, which puts us in GHz range. 

Observing the spice simulation results from Fig. 21, we had -160db attenuation at around 

500MHz, which in terms of a voltage ratio was 10-8. This means that, theoretically 3mV peak-to-

peak oscillation would be reduced by 108 at 500 MHz frequency. This was of course more than 

enough, but it is always a good idea to use additional bypass capacitors to further filter out the 

noise from power supply. I used a large 100 µF bypass capacitor to reduce lower frequency ripples 

in power supply and smaller 0.1 µF and 1 nF capacitors to filter out high frequency noise (Fig. 22). 

For amplification, I used Texas Instruments OPA585 amplifier with 5.5 GHz gain bandwidth and 

low input noise (2.5 nV/√Hz). The amplifier was configured in transimpedance amplifier mode 

(TIA), which is a current to voltage converter. The output of the SiPM is current and is usually 

followed by a load resistor to convert it to voltage, so that it can be routed into a DAQ or 

oscilloscope. However, this increases the sensor recovery time. This is why transimpedance 

amplifier is advantageous; the output of the SiPM can be directly connected to the input of the 

TIA.  

As for the PCB design itself, it follows the common guidelines of reducing noise. The components 

are placed close to each other to reduce the length of the traces and ground planes are used on 

both layers instead of ground traces. As mentioned before, we had sensors in two different 

housings, one with leads and another one SMD type. Fig. 24 illustrates that we decided to include 

both of them on the same PCB to reduce manufacturing time and cost. However, only one sensor 

at a time would be soldered on the board.  

 

Fig. 21: Attenuation curve from spice simulation 
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Fig. 22: Circuit schematic of PCB 
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Fig. 23: 3D representation of the read-out PCB 

 

 

For additional shielding the PCB was encased in an aluminum box which was grounded. The 

shielding has a 1 mm hole on the bottom for the laser light to enter and the inside was covered 

with black tape to reduce the reflected light (Fig. 24).  

 

 

Fig. 24: The shielding case 
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3.2.2. Opto Measurement System 

I had a customized measurement system developed by aSpect Systems GmbH at my disposal. The 

purpose of this system was to provide dark conditions for testing a detector and to produce a 

uniform monochromatic light in the UV to NIR range of the spectra. The system consists of several 

components, not all of which were used for this research. This was set up in a 1.8 x 0.8 x 2.3 m 

rack (Fig. 25), which also acts as a dark box, meaning that when the doors are sealed there is no 

light intruding from the outside. The entire system was remotely operated by a LabVIEW based 

software, developed by the manufacturer. Mainly two components of the system were utilized 

during this research. 

 

 

Fig. 25: A view of custom opto measurement system 
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• Cooling system 

The cooling system comprised of a double stage Peltier cooling system (Fig. 26) combined with a 

thermochiller SMC HEC012-W2A (Fig. 27) and idCOOL system (Fig. 28) can provide temperature 

in range of -20°C to 60°C. To avoid condensation at lower temperatures, compressed air was 

circulated in the rack.  

The sensor was placed on an aluminum plate, which in turn is mounted on a copper plate of the 

first Peltier stage, that was cooled by the heat conduction (Fig. 29). The second stage of the Peltier 

system has water circulating through it, temperature of which was controlled by the 

thermochiller. If normal temperature conditions were required, idCOOL was sufficient, but for 

lower temperature (below 10°C) thermochiller was also required for fast cooling. 

 

 

Fig. 26: Peltier cooling system 

 

 

Fig. 27: SMC HEC012-W2A Thermochiller 
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Fig. 28: idCOOL system 

 

 

Fig. 29: Test read-out board mounted on the Peltier system 

 

 

 

• Positioning system 

Opto measurement setup provides a flexible positioning system of DUT (detector under test) in X 

(0 – 1100 mm), Y (0 – 200 mm), Z (0 – 40 mm) and Ɵ (±30°) directions (Fig. 30). X and Y coordinates 

were controlled from the software. The system was driven by a motor with a step of 50 µm. The 

Z and Ɵ coordinates were adjusted manually.  
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Fig. 30: Positioning system 

 

Additionally, PiLas laser (Fig. 31) and ultrafast LED light source board (Fig. 32), developed by 

MRONGEN, were incorporated into the system. The recovery time of a single µcell of SiPM is 

expected to be in tens of nanoseconds, therefore the pulse width of the laser should be at least 

in sub-nano second range. PiLas provides 50 picosecond pulse of 405 nm wavelength with 35 µW 

power and repetition rate of 1 MHz. The LED board provides 150 picosecond pulse of 850 nm 

wavelength with repetition rate of 25 kHz. The light beams were guided by optical fiber cables.  

 

 

Fig. 31: PiLas laser 
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Fig. 32: MRONGEN ultrafast LED light source board 

 

 

3.2.3. Electronic Measurement System 

A custom measurement system was developed in-house for readout of analog SiPM arrays. The 

purpose of the system is to capture I-V curve of the SiPM and determine the breakdown voltage. 

The detector was biased with a programmable power supply, with dc output voltage of 0 – 150 V 

with a resolution of 10 mv. The signal is read out using National Instruments NI 6343 DAQ and the 

temperature was measured with Meilhaus Electronic USB RedLab TC digital thermometer. Each 

of these devices were connected to a PC, which runs a LabVIEW environment for automation of 

the measuring process (Fig. 33).  

The output of the SiPM was directly wired into a read-out board via co-axial cable. There were 16 

channels present on the board, each grounded with a load resistance of 1MΩ and the signals from 

them are routed into NI DAQ. The current was calculated by the software using the measured 

voltage and a pre-determined resistance value. Software also determines the breakdown voltage 

of the SiPM, but it was not reliable and does not always work, therefore the breakdown was later 

determined manually, based on the captured I-V curve. The DAQ has 32 analog input channels 

with 10 ns timing resolution and a maximum sampling rate of 500 kS/s. 
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Fig. 33: Setup of electronic measurement system 

 

 

3.3. Measurement Procedure 

The measurement procedure can be divided into two parts. The first part serves to determine 

some of the characteristics of the sensor, which was necessary for analyzing the results. The 

second part was the final setup itself, to illuminate a single pixel with two consecutive light pulses.  

 

3.3.1. Determination of the Breakdown Voltage 

Recommended operating voltage for HAMAMATSU sensors was at an overvoltage of 3V. The 

breakdown voltage in datasheet was indicated as 53 ± 5V, therefore, it was necessary to 

determine the breakdown voltage of the individual sensor. Electronic measurement system (sec. 

3.2.3) was used to determine the breakdown voltage. The programmable power supply was 

configured in a sweep mode from 0 to 58 V with a step of 100 mV and I-V plot was captured. The 

simplest method of determining the breakdown voltage was analyzing the obtained I-V curve. 

Two linear fittings were required for this. The first linear function is fit to the baseline and the 

second to the linear portion at the beginning of the slope (Fig. 34). The intersection of the two 

fittings was designated as the breakdown point.  

Control PC 
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Fig. 34: Determining breakdown voltage from I-V curve 

 

As mentioned, the breakdown voltage changes with the temperature, so several I-V curves were 

captured at different temperatures (Fig. 35) and VBD (T) was plotted from the extracted 

breakdown voltages (Fig. 36). Though, the final measurements were done at the room 

temperature and the breakdown voltage for this particular sensor sample was 51.9 V.  
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Fig. 35: I-V curves at different temperatures 

 

 

Fig. 36: Breakdown voltage dependence on temperature 



34 
 

3.3.2. Experimental Setup 

The task was to illuminate the sensor with two consecutive light pulses and observe the behavior 

of the SiPM µcell. To achieve this, we had two different approaches.  

 

• Combination of a laser and LED board 

PiLas laser was used as a main driver: trigger output from the laser was connected to the trigger 

input of the LED board. Time delay from trigger output to the SiPM output was 75 ns as can be 

observed from Fig. 37. This includes the internal delay of the laser, which was ~60 ns between the 

trigger pulse and actual illumination of the laser, plus the delay in electronic components in the 

circuit and the cable, which connects the output of the PCB to the oscilloscope. On the other 

hand, the time delay between trigger pulse and illumination of the LED was ~10 ns [13], which 

means that LED board will fire before the laser, as can be seen in Fig. 38. The first peak is avalanche 

breakdown caused by the LED board and the second smaller peak is the avalanche caused by the 

laser. The second peak is smaller in amplitude as the sensor has not fully recovered before 

illuminating it the second time. The smaller the delay between the light pulses, the smaller the 

amplitude of the second pulse. The time delay between these pulses can be varied by increasing 

the delay between the laser trigger output and the LED trigger input. This can be achieved simply 

by increasing the length of the connecting cable.  

Optical fiber cables, both from LED board and from laser, were oriented toward the masked 

sensor. The fiber from the laser is mounted so that it faces straight toward the SiPM, fiber from 

the LED board, however, faces the sensor at an angle (Fig. 39). We put the fiber cable heads as 

close as the space limitation allowed us. To test if the sensor was receiving light from both – laser 

and LED, we turned them on separately. First, we tested only with the laser, then only with the 

LED. While the sensor was receiving the light from the laser, it was not receiving anything from 

the LED. Initially, we thought that the reason was the angle at which the fiber cable head was 

oriented. We tried couple of different options, including using optical beam splitter to route the 

beams from both fiber cables so that they both hit the SiPM at a right angle (Fig. 40). This also did 

not help as the optical splitter redirects half of the light away from the SiPM. Finally, we just 

removed the laser fiber cable and aligned the LED fiber cable to the SiPM as precisely as we could. 

However, this did not work either. We came to the conclusion that the issue was the intensity of 

the light. Additionally, the wavelength of the LED light was 850nm as mentioned and the 

wavelength of the PiLas laser was 405nm. This also poses a problem, as the PDE of the SiPM is 

different at 405nm and 850nm.  
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Fig. 37: Time delay between laser trigger pulse and SiPM output 

 

 

Fig. 38: Time delays 
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Fig. 39: Optical fibers from PiLas and the LED board 

 

 

 

Fig. 40: Fibers set up with optical beam splitter  
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• Optical Splitter  

The method that proved useful included splitting the laser beam using optical fiber splitter and 

routing the two parts through optical fibers of two different lengths to get the delay among the 

two optical pulses (Fig. 41). The laser head has been connected to the Y-cable from THORLABS 

(Fig. 42), which has one input and two outputs. Light from one of the outputs went straight to the 

SiPM and the other output was connected to the optical fiber via mating sleeve, also from 

THORLABS (Fig. 43). The light delay in optical fiber was 1 ns for every 20 cm of cable length. Using 

several optical fiber cables from THORLABS we got multiple time delays by combining different 

cables via mating sleeves, which allowed us to connect two cables with a negligent light 

transmission loss. In the given table below the lengths of the cables and the appropriate time 

delays are listed. Note that the time delays were measured experimentally, thus the error might 

be caused by the inaccuracies of the cable lengths.  

 

Cable length Time delay 

1m 5ns 

2m 10ns 

3m 16ns 

5m 25ns 

6m 31ns 

7m 36ns 

8m 41ns 

 

Table 2: Cable lengths and the time delays corresponding to the lengths 

The final set-up (Fig. 44), after a few tweaks and adjustments, proved to be the best available set 

up that allowed us to collect a good data, with clearly visible two peaks in SiPM output. 
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Fig. 41: Diagram of light splitting set up 

 

 

 

 

Fig. 42: THORLABS Bifurcated Fiber Bundle, Ø200 µm (BFY200HF2) 
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Fig. 43: THORLABS FC/PC to FC/PC Mating Sleeve (ADAFC2) 

 

 

 

Fig. 44: Final set-up with both fibers aiming at the SiPM input window of the box 
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4. Data Analysis and Results 

This chapter deals with the discussion of data collected from the measurements used for 

calculating the relative increase in charge and relative PDE. 

 

4.1. Charge Release 

For observing the charge release behavior in a single µcell, we need to compare the accumulated 

charges of two cases: firstly, illuminating the SiPM with a single laser pulse and secondly, 

illuminating it with two consecutive laser pulses (Fig. 45) with a certain delay of few ns. Within 

the same time period of the signal, the charge accumulated with the double pulse will always be 

equal or greater than single laser pulse charge. We can easily calculate the charges by integrating 

the pulse shapes over the time.  

 

Fig. 45: SiPM output for the single laser pulse (left), and two consecutive laser pulses having a 

delay of 41ns among them (right) 

 

The peak from the delayed laser pulse was always smaller in amplitude than the first peak. The 

reason is that the SiPM was illuminated during the recharging period of the µcell. As it can be 

observed from the Fig. 46, 10 ns was the deadtime for the SiPM, meaning that during this time 

period the sensor was not responsive. And 41 ns was enough for the µcell to recharge up to more 

than 90% of its original charge.  
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Fig. 46: Dependence of SiPM µcell charge behavior on the time delay between two consecutive 

pulses 

 

 

4.2. Relative PDE 

After the initial discharge, we wanted to observe relative PDE, meaning how the PDE of the single 

µcell recovers with the varying time delay. For this, we have to count the ratio of the number of 

double peaks (resulted by consecutive light pulses) to the number of single peaks that were 

caused by the first laser pulse. However, because the sensor is covered with a metal mask, it 

introduces certain physical limitations and challenges. The mask has a thickness of 270 µm and a 

50 µm hole in it. If the intensity of the impinging light is low or if the angle at which it enters the 

hole is large, not enough photons will make it to the surface of the sensor to initiate the avalanche 

because of the light absorption in the mask material. In theory, the center of the laser beam can 

be aligned with the center of a 50 µm hole, but in reality, it was impossible to do that by hand, so 

the light would always enter the hole at an angle (Fig. 47). It is important to keep in mind that the 

shape of the laser light is not a parallel beam, but a cone. Therefore, our set-up has its own 
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efficiency, which must be taken into account and has been calculated for every individual 

measurement. As light intensity follows the inverse square law, the efficiency of the set-up was 

dependent on the intensity of the laser, angle and distance from the sensor (Fig. 48).  

 

Fig. 47: Illustration of photons entering the hole in the mask 

 

 

Fig. 48 Set-up efficiency dependencies 
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Fig. 49 shows the relative PDE curve and how it behaves with varying time delay between the 

consecutive light pulses. It was calculated by taking a product of the set-up efficiency and the 

ratio of double peaks to single peaks. We can observe that it takes ~40ns for a single µcell to 

restore the PDE to ~80% of its original value.  

 

Fig. 49: Dependence of SiPM µcell PDE behavior on the time delay between two consecutive 

pulses 
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5. Summary and Outlook 

SiPM technology has been rapidly replacing its predecessor, Photomultiplier Tubes (PMTs), 

because of a long list of advantages, to name a few are smaller size and a lower power 

consumption. However, SiPM technology is not yet fully fathomed and this study is another step 

toward a better understanding of the processes taking place after an avalanche breakdown. In 

this thesis, charge release and PDE (Photon Detection Efficiency) recovery processes of the Silicon 

Photomultiplier (SiPM) have been investigated on a single µcell level. 

Measurements have been carried out for SiPM (with cell size of 75µm) from Hamamatsu 

Photonics, Japan. A custom PCB (Printed Circuit Board) was developed for the read-out system, 

which allowed us to minimize the noise floor in signal and amplify few mV peaks. Furthermore, a 

masking technique was implemented to isolate a single µcell, which was then illuminated with an 

incremental time delays of 10, 15, 25, 30, 35, 40 nanoseconds between two consecutive laser 

pulses. By observing the released charge at every time delay, we get a good idea about the 

recharge behavior of the SiPM. And by observing the relative PDE, i.e. probability of detecting the 

second photon pulse after the given time interval, we learn how the PDE recovers. 

The results show that with 10 ns delay between the laser pulses the SiPM outputs only one peak, 

meaning that it does not detect the second laser pulse, therefore we could not extract any charge 

release or PDE recovery information for this time window. With 15 ns delay the SiPM outputs a 

double peak and we can observe that the µcell has recharged up to ~70% of its original charge, 

however, the PDE has recovered to only ~40% of its original value. With 40 ns delay we can 

observe that the µcell has recharged up to ~90% of its original charge, and the PDE has recovered 

to ~80% of its original value.    

I believe that further investigations of this matter can give us better results. First of all, for this 

type of measurement, the Sputtering Deposition is the way to go instead of a metal mask. The 

Sputtering process produces 90nm layer on the surface of the sensor, which is negligible 

compared to the 270µm thickness of the metal mask. This would resolve the issue of light not 

penetrating the mask at a lower intensity or a large angle, which in turn, would remove the extra 

“set-up efficiency” from the calculations of relative PDE as well as allow us to carry out the 

measurements with two synchronized light sources. Big advantage of using two light sources is 

the ability to easily vary the time delay between the pulses. This would grant us the possibility to 

change the delay with increments of 1 ns, instead of purchasing expensive fiber cables, that can 

provide only a few pre-calculated values. Considering all this, it would be interesting to test the 

SiPM in that 10-15 ns window and see how it behaves. Furthermore, the measurements were 

carried out with a laser with 405nm wavelength, so it remains under question whether 

wavelength of the light affects the charge release and the PDE recovery. These improvements 

would give more accurate results as well as provide further information about the processes 

under observation.  
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