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Abstract of the Dissertation 

Single Photon Counting For Ultra-weak Fluorescence 
Detection: System Design, Characterization and 

Application to DNA Sequencing 
 

by 

Vinit H. Dhulla 

Doctor of Philosophy 

in  

Electrical Engineering 

Stony Brook University 

2007 

 The objective of the proposed research is to design and characterize 

single photon counting systems (SPCSs) for detecting ultra-weak fluorescent 

signals in various biomedical applications, our application being DNA-

sequencing. This thesis investigates the feasibility of designing cost-effective, 

SPCSs to perform fast, high performance DNA-sequencing at low cost. 

This thesis presents design, development and characterization of unique 

single-channel and multi-channel (16 and 32 channel) SPCSs based on a large-

area single photon avalanche diode (SPAD) having 0.5mm diameter (model 

C30902S-DTC from Perkin Elmer Optoelectronics. A novel logic circuit for 

generating precise quench and reset delays in the quenching circuit is presented. 

Further, the developed SPCSs are integrated into DNA-sequencing instruments. 

Excellent DNA sequencing results, demonstrating single fluorescent molecule 
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sensitivity is presented. Thus, for the first time, experimental evidence of the 

application of large-area SPAD for highly sensitive detection of DNA-sequences 

is demonstrated. 

       Recently solid-state alternative to the traditional photomultiplier tube (PMT) 

called silicon photomultiplier (SiPM) became commercially available. SiPMs are 

analog detectors (output signal proportional to number of input photons) that are 

primarily used in applications in fields such as nuclear physics, nuclear medicine 

etc., where the incoming photons usually arrive simultaneously in few numbers. 

SiPM is designed using standard CMOS technology and offer exciting 

advantages, but it is not used in photon counting applications as digital detectors, 

mainly due to their high dark count rate (DCR). This thesis investigates the 

photon counting properties of SiPM and demonstrates, for the first time, their use 

for detecting very weak fluorescence signals. SiPMs have high level of noise 

such as cross-talk and after-pulsing. This thesis investigates the noise of SiPM 

when used as a photon counter. Furthermore, this work demonstrates, for the 

first time, DNA-sequencing with SiPM, opening up a new application area, and 

potentially more, for this device. Multi-channel photon counting systems based 

on large-area SPAD (>200µm diameter) are needed in some applications, for 

e.g. multi-lane DNA-sequencing, but are unavailable. SiPM arrays are relatively 

easy to design and fabricate (CMOS), facilitating design of multi-channel photon 

counting systems and hence high-throughput and highly sensitive DNA-

sequencing at low-cost.  
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INTRODUCTION: Motivation, Focus of this Thesis, 
Contributions and Organization 

 

 

 

Motivation  

 One of the major goals of human genome project (HGP) [1], which begun 

formally in 1990, is to determine the sequences of the 3 billion base pairs that make up 

human DNA. The mapping of human genes is an important step in the development of 

medicines and other aspects of health care. As a consequence of the HGP, there will be a 

more thorough understanding of the genetic bases of human biology and of many 

diseases. This, in turn, will lead to better therapies and, perhaps more importantly, 

prevention strategies for many of those diseases. Similarly, as the technology developed 

by the HGP is applied to understanding the biology of other organisms, many other 

human activities will be affected including agriculture, environmental management, and 

biologically-based industrial processes [2]. At current technology state, the cost of 

mammalian size genome is of the order of 1-10 million USD and the desired goal is to 

bring down the cost of sequencing such a genome to 1000 USD. Therefore, 3-4 orders of 

magnitude reduction of the DNA sequencing cost is one of the major goals in the 

development of the sequencing technology and instrumentation. All DNA-sequencing 

instruments use some kind of photon detection systems. One method of reducing the 

over-all cost of DNA-sequencing is to either increase the sensitivity or reduce the cost of 

these photon detection systems or both. This is the major motivation behind conducting 

this research.                           



 2

Currently cost of single-lane DNA-sequencers makes them practically un-

affordable by the university research labs for performing day to day research. Hence, 

there is a strong need for low-cost DNA-sequencers affordable by the university labs. 

One way of reducing the cost of DNA-sequencers is to reduce the cost of photon 

detection systems. 

      Finally, new applications are still being realized that required detection of ultra-

weak fluorescent signals of the order of femto watts. Hence, there is an increasing need 

for highly sensitive photon detection systems.  

 

Focus of this thesis and accomplished research    

The total cost of genome sequencing is constituted by several factors. Among 

them, most important are the cost of consumables and the cost of equipment, cost of 

consumable being higher than the equipment cost. The amount of consumables used can 

be significantly decreased by increasing the sensitivity of DNA-sequencing instruments, 

thus facilitating significant reduction of the total cost per sequenced base pair. The 

equipment related cost mainly depends on the throughput of the DNA sequencing 

machines. By increasing the throughput of existing instruments we can read more base 

pairs in the same time, therefore reducing the equipment cost. This thesis investigates 

solid-state single photon detectors to improve sensitivity and cost of sequencing. 

DNA-sequencing instruments use photon detection systems (mostly PMT) for 

detecting the fluorescence emitted by the DNA molecule. These photon detection systems 

determine the sensitivity of DNA-sequencing. Although, PMT can detect low light levels, 

they suffer from problems such as low photon detection efficiency (PDE) (7-10% for a 



 3

typical PMT), high noise, and requirement of power supply in KV range etc. to name a 

few. Recently, highly sensitive solid-state detectors namely Single Photon Avalanche 

Diodes (SPADs) (in the late 90’s) and Silicon Photomultipliers (SiPM) (in early 2007) 

became commercially available. SPAD is a digital detector suitable for photon counting 

applications such as DNA-sequencing whereas SiPM is an analog detector primarily 

designed for resolving photon numbers  and hence not the ideal detector for counting 

photons in DNA-sequencing application. Both the detectors have numerous advantages 

as compared to a PMT. Although single photon detection based on SPAD is the most 

sensitive method of detecting weak fluorescence signals, it is not used in DNA-

sequencing due to the complexity of the involved optics. To our knowledge, use of SiPM 

in photon counting applications has not yet been investigated. 

The focus of this thesis is to investigate these solid-state detectors (SPAD and 

SiPM) for ultra-weak fluorescence detection and design cost-effective, highly sensitive 

single and multi-channel single photon counting systems (SPCSs) based on these 

detectors to achieve the goal of performing highly sensitive, high through-put DNA-

sequencing at low-cost. In this regard the accomplished research is listed as follows: 

1. Investigation of the feasibility of using SPAD as detector for highly sensitive 

DNA-sequencing.  

 Current DNA-sequencers either use PMT or a charged couple device (CCD) as 

photon detectors for detection of weak fluorescence signals. Recently, highly sensitive 

solid-state detectors called SPADs became commercially available. It is known that 

DNA-sequencing can be performed with a SPAD, but it is still not used due to the 

complexity of the involved optics. To perform high-speed photon detection and counting, 
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SPADs need to be used in conjunction with special circuit called quenching circuit (QC). 

A high-performance, highly sensitive single-channel single photon counting module (S-

SPCM) was designed based on commercially available large-area SPAD having 0.5mm 

(500µm) diameter; model C30902S-DTC from Perkin Elmer Optoelectronics (PKI) 

(Chapter 3). The S-SPCM was designed keeping in mind its application to four color 

fluorescence detection. Following sub-tasks were accomplished in the design of the 

whole module:  

• Design and characterization of high-speed quenching circuit. A novel, completely 

digital timing and logic circuit was designed to generate precisely matched, 

accurate quench and reset delay pulses in the quenching circuit. 

• Highly stable (±0.001°C) temperature controller based on temperature controller 

IC Max1978 was designed and tested. 

• Stand-alone power supply module for all the sub-modules.  

      All performance aspects of the designed S-SPCM were characterized. Further, 

the designed S-SPCM was integrated into a single-lane DNA-sequencer and DNA-

sequencing was successfully carried out, thus providing, for the first tine, experimental 

demonstration of the application of large-area SPAD to DNA-sequencing.   

       High performance single photon counting modules (SPCMs) based on large-

area SPAD (200-400µm diameter) are commercially available [3], but they are not a 

feasible option for two main reasons, (i) they cannot be customized for our application-

specific needs and (ii) they are highly priced (~USD 4500 per channel). Our future goal 

was to design multi-channel photon counting systems; hence commercially available 

SPCM was not a feasible option. This led us to investigate and design our own systems.  
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2. Design, development and characterization of multi-channel single photon 

counting modules (M-SPCM) based on large area SPAD.  

      As discussed earlier, high throughput DNA sequencing is possible by performing 

multi-lane DNA-sequencing in parallel. Such sequencers require multi-channel photon 

detection systems. Arrays of high-performance large-area SPADs would be the ideal 

choice of detector for such a system, both cost wise and size wise. But, such arrays were 

not available commercially when this research was conducted and are still not available. 

Hence there was no choice, but to design multi-channel systems based on individual 

SPADs. 16-channel and 32-channel M-SPCMs based on the same SPAD model 

(C30902S-DTC from PKI) have been designed, tested and integrated into multi-lane 

DNA-sequencing instruments. Further, spectroscopy was performed in our lab with the 

designed 32-channel system, demonstrating adaptability of the designed systems to 

different applications (chapter 4).  

3. Investigation of silicon photomultipliers (SiPMs) as detector for high-speed 

photon counting applications & their application to DNA-sequencing 

      SiPM is an analog detector primarily designed and used in photon number 

resolving applications as linear detector. It has not been reported to have been used in 

photon counting applications (digital detection) due to its rather high dark count rate 

(DCR). Although it suffers from high DCR, it is an exciting detector mainly because of 

its compatibility with the CMOS technology; hence low cost and prospects of availability 

of arrays of SiPMs. Three commercial SiPMs have been characterized as high-speed 

photon counters and their feasibility to be used as detectors for DNA-sequencing has 

been demonstrated (chapter 5). DNA-sequencing has been successfully carried out with 
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all the three characterized SiPMs (chapter 6). This basically opens s up a new application 

for SiPM and vice-versa, i.e. range of new, highly sensitive, low-cost detectors can be 

used for DNA-sequencing as compared to only couple of choices available until now. 

 

Contributions 

     In summary, following research contributions are the outcome of this dissertation: 

1. Characterization of SiPM as photon counter, optimal conditions for SiPM for 

DNA-sequencing application and first demonstration of the application of SiPM 

to DNA-sequencing. 

2. First study of the effect of noise of SiPM on its photon counting performance. 

3. Novel, fully digital timing and logic circuit for generating precisely matched 

accurate quench and reset delay pulses. 

4. First experimental proof of the application of large area SPAD to DNA-

sequencing. 

 

Significance to the DNA-sequencing field 

1. Increased choice of detectors for DNA-sequencing. So far, only two detectors 

were used for DNA-sequencing viz. PMT and CCD, but in this thesis DNA-

sequencing was performed with 5 commercially available detectors and the results 

show that both SPAD and SiPM can be used for DNA-sequencing. Hence a wide 

range of detectors can now be used for this application. Further, DNA-sequencing 

is a new field of application for SiPM.  
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2. Cost of consumables is the highest in DNA-sequencing. Significant improvement 

in DNA-sequencing sensitivity (~10 fold) was observed with these detectors. 

Therefore, either more base pairs can now be resolved with the same amount of 

DNA-material or more diluted DNA-samples can be used with these detectors, 

both resulting in significant cost-reduction.  

3. Large-area (up to 500µm diameter) SPAD arrays are needed in some applications 

(for e.g. multi-lane DNA-sequencing), but are unavailable. Since SiPM can be 

used as detector for DNA-sequencing, arrays of SiPM can be designed. Since 

SiPM is based on standard CMOS technology, SiPM arrays are relatively easy to 

design and fabricate at much lower cost, facilitating design of multi-channel 

photon detection system and hence high-throughput DNA-sequencing at low-cost. 

This will also facilitate the design of low-cost DNA-sequencers that can be 

affordable by the university research labs for day-to-day research. 

 

Organization of this thesis    

      The remainder of the dissertation is organized as follows: 

Chapter 1 discusses the role of photon detection in DNA-sequencing and introduces 

various parameters that are used to characterize a DNA-sequencer.  It then explains the 

understanding of DNA-sequencing results mainly from photon detection point of view. 

Based on this understanding, important performance parameters that a detector for DNA-

sequencing applications must have are formulated. Chapter concludes by discussing the 

advantages of using solid-state single photon detectors as detectors for DNA-sequencing.  
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      This thesis focuses on the design of photon-counting systems based on two 

completely different types of solid-state single photon detectors viz. SPAD and SiPM. 

Chapter 2 discusses the principle of operation of these two types of detectors, principle 

difference between them, their important performance parameters and their commercial 

availability. Then the selection of detector for our application and SPAD fiberization is 

discussed. Finally, since SPADs cannot be used as high-speed photon counters unless 

they are used with quenching circuits (QC), the chapter concludes with the principle of 

operation and review of different types of QCs.  

      Chapter 3 presents the design, implementation and characterization of a single-

channel single photon counting module (S-SPCM) based on large area SPAD model 

C30209S-DTC from PKI. Development of S-SPCM required the design and 

characterization of important sub-modules is presented. 

    Chapter 4 presents the design, development and results of two (16 and 32-

channel) unique multi-channel photon counting modules (M-SPCMs) for multi-lane 

DNA-sequencing. Shortcomings and features of the designed systems are discussed. 

Finally, the easy adaptability of the designed M-SPCMs to another application 

(spectrography) is experimentally demonstrated.  

      Chapter 5 presents in detail the electrical characterization of three selected 

SiPMs viz. the MAPD model VIC-FFK (referred to as cooled SiPM) from Voxtel-Inc [5], 

the MPPC model S10362-11-100U and S10362-11-25U (referred to as 100 and1600-

pixel device respectively) from Hamamatsu Photonics [6] as high speed photon counters 

and studies their feasibility as detectors for DNA-sequencing application. Effect of noise 

on the use of SiPM as photon counters is studied in detail and optimum parameters for 
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best photon counting results are presented. DNA-sequencing is performed with these 

devices, the results of which are presented in chapter 6. 

      Chapter 6 discusses the integration of the designed S-SPCM and the SiPM based 

photon counting system into the single-lane DNA-sequencing set-up. Results of DNA-

sequencing with each detector are presented and discussed.      

      Chapter 7 concludes the dissertation and recommends future work.  
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CHAPTER 1 

ANALYSIS OF DNA-SEQUENCING INSTRUMENTS 
BASED ON SOLID-STATE SINGLE PHOTON 

DETECTORS 
 

 

 

1.1 Role of Fluorescence Detection in DNA-sequencing 

 

Figure 1.1A shows the photo of a single-lane DNA-sequencer that is used for 

characterizing the designed photon counting modules and Figure 1.1B shows a typical 

scenario in which a DNA-sample is passing through a capillary (50-150µm diameter) and 

is irradiated by a laser. A labeled DNA sample undergoes separation in a single-capillary 

fiberized separation/reading module. The separated zones arriving at the detection 

window in the capillary are illuminated by a laser light delivered from a miniature 

fiberized laser source. The fluorescence from labeled DNA fragments is collected by a 

fiber receiver and delivered to the optical system (5 in Figure 1.1A). After appropriate 

filtering the fluorescence is focused on the photon detector (photon counting system) that 

produces an output pulse corresponding to each detected photon. These pulses are then 

transferred to a computer for recording, processing and graphical presentation. During the 

separation sequencing traces are displayed in real time on the computer screen. For 

detailed description and analysis of the DNA-sequencers based on single photon 

detection techniques refer to [7]. 



 11

 
 

Figure 1.1 Single-lane DNA-sequencer. (A) General view (1 - High voltage supply 
with a built-in voltmeter and current-meter; 2 - polymer replacement system; 3 - 
temperature control system; 4 - tube-changer carousel; 5 – fiberized precision 

optical system), (B) Schematics showing principle of operation. 
 

 

 

1.2 Understanding DNA-sequencing Results 

 

Figure 1.2 shows the typical sequencing traces obtained from the sequencer at the 

start (top) and end (bottom) of a typical DNA-sequencing run.  The X-axis represents the 

base pair number (read length) and Y-axis shows the background subtracted photon count 

rate (PCR) and it can be seen that the average PCR is in the range of ~ 10,00,000Counts/s 

(1 MHz). A typical DNA-sequencing run takes about 60-90 minutes and the peaks start 

becoming visible after about 20-30 minutes. It can be seen that the pulses are narrow with 

much higher PCR and clearly separated at the beginning of the sequencing run (top 

frame) as compared to the end of the sequencing run where the pulses become smaller 
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(low PCR) and broader and hence difficult to resolve. At one point, the amplitude of the 

pulse becomes so low that they are difficult to detect. Pulse broadening happens because 

the small DNA-strands travel first and faster inside the capillary as compared to the 

longer strands. Since the longer strands travel slowly, they spend longer time inside the 

capillary which has the effect of pulse broadening and hence decrease in peak amplitude. 

The amplitude of the pulses depends on the laser power that irradiates the capillary and 

the sensitivity of the photon detector and the pulse separation depends on the quality of 

the separation medium and the polymer.  

 

 

Figure 1.2 Typical DNA-sequencing trace; beginning (top) and end (bottom) of 
sequencing run. 

 

 

Typically, DNA-sequencing traces to be detected can be divided into two types, 

viz. the traces obtained in large scale sequencing with standard dyes (Figure 1.2 and 1.3a 

(left)) and in cases when it is necessary to detect mutations in forensics and medicine 

where it may be necessary to detect two colored peaks in the same time as shown in 

Figure 1.3a (right). In the later case, quality of the DNA is unknown and can be very 

weak. Figure 1.3b shows the typical curve of variation of the SNR with signal and from 
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the aforementioned discussion it can be seen that for DNA-sequencing it is required to 

detect very weak signal. Since there is a strict requirement on the SNR to detect a 

particular base with high accuracy, it is very important that the associated electronics 

such as amplifiers, counters etc. add minimum noise. Hence single photon detectors are 

the best choice of detectors for such an application since they have the best sensitivity 

and add minimum noise apart from the fundamental noise of the photon flux. Further, 

apart from high sensitivity in order to detect wide range of signals and to detect two 

peaks with high accuracy, it is required that the photon detector have wide dynamic range 

and linearity.  

 

 

Figure 1.3 (a) Typical sequencing trace obtained in large scale sequencing with 
standard dye, (b) Variation of SNR with signal. 

 
 

Finally the obtained traces (Figure 1.2) are processed using the standard Phred 

software. Phred is a base-calling program for DNA sequence traces. Phred reads DNA 

sequence chromatogram files (Figure 1.2) and analyzes the peaks to call bases, assigning 

quality scores ("Phred scores") to each base call [37]. Quality scores range from 4 to 
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about 60, with higher values corresponding to higher quality. Phred can read input files in 

two formats viz. (a) SCF ("Standard Chromatogram Format") files which is the universal 

format for trace sequence files that is supported by many different programs and 

manufacturers and (b) Applied Biosystems (ABI) chromatogram files. As per the 

sequencing standard, a quality score (quality factor, QF) of 20 or more is required to call 

the base with 99% accuracy. Figure 1.4 shows a typical QF graph. The number of base-

pairs with QF≥20 determines the read-length of sequencing and hence the higher the read 

length the better the quality of sequencing. It can be seen that as the pulses in Figure 1.2 

become smaller and wider towards the end of sequencing, the QF starts decreasing and at 

one point it goes below 20. Hence, if the photon detector has higher sensitivity, it will be 

able to detect the smaller peaks with high accuracy, this increasing the resolved base 

pairs. This would facilitate the use of either less consumables or more diluted DNA 

material, thus lowering the cost of DNA-sequencing. It must be mentioned that the cost 

of DNA-sequencing is dominated by the cost of consumables.  

 

 

Figure 1.4 Quality Factor graph for DNA-sequence detection 
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1.3 Characterization of CE-based Sequencing Systems 

 

This section presents theoretically the important parameters described in last 

section that are used to characterize CE based DNA-sequencer based on single photon 

detection technique.  

 

Sensitivity and read length (theory) 

Sensitivity of a DNA sequencing system is defined as the minimum (threshold) 

concentration of labeled DNA fragments nDET,TH  needed for the detection of the 

separated bands of DNA fragments with a signal-to-noise ratio SNR greater than SNRTH. 

This implies that the signal detected at the peak maximum must be:     

 

NoiseSNRA THDET ×>  (1.1)

                                                     
It has been experimentally determined that our base calling software requires resolution 

SNRTH≥4 in order to achieve the quality score of 20, which is considered as a minimum 

successful base calling score. In order to characterize the sensitivity of DNA sequencer, 

we need to measure the noise of the sequencing system and determine a signal Φ  

(Equation 1.6) detected by the system from a single DNA fragment per 1mW of the 

excitation power PLaser. Using the obtained Φ we can calculate the threshold 

concentration of labeled DNA fragments nDET,TH at the maximum of the separated band 

needed for a successful detection of the band: 
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where VDET is the detection volume in the separated band. 

 

Sensitivity of the DNA sequencer based on single photon detection 

Generally, in single photon detection systems the major noise component is the 

stochastic noise of the detected photon flux [8]. Other noise components are associated 

with the dark count of the photon detector and the background of the sequencer. 

Therefore the signal-to-noise ratio (SNR) of the sequencer is represented by: 
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where S is the registered photo count rate (PCR) induced by useful fluorescence, B is the 

PCR due to the background radiation, DC is the dark count of the photon detector and 

TINT is the integration time. The background radiation in our sequencer is mainly 

produced by the fluorescence of the separation polymer. Unfortunately, commercial 

separation polymers (POP-5, POP-6, POP-7, ABI, CA, USA [9]) fluoresce in the same 

spectral range as the most popular fluorescent markers (BigDye kits, ABI, CA, USA [9]), 

which makes the background an unavoidable part of the measured fluorescence. The 

fluorescence detected in the system depends on several factors, such as spectrum and 

power of the illumination source PLaser(λ), collection efficiency of the fluorescence 

radiation, and detection efficiency εDET(Δλ) of the photodetector in the spectral range λΔ    

in which the signal is detected. Since the peak height decreases by the end of a typical 

sequencing run, the background fluorescence becomes the main source of the system 
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noise. Thus, for the estimation of the minimum detectable peaks we can assume that 

S<<B and from Equations 1.1 and 1.3 obtain: 
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,
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Δ×= λ  (1.4)

 
where a and b are the useful and background signals detected by the sequencer per 1mW 

of the illumination power and DC is neglected since DC  is very small. From equations 

1.1, 1.2 and 1.4 we can find the threshold concentration of DNA fragments at the 

maximum of the detected band: 
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where, β  is the signal emitted by the separation polymer per 1mW of excitation power 

and delivered to the photodetector. Φ is the signal emitted by a single DNA fragment per 

1mW of excitation power PLaser and delivered to the photodetector (Equation 1.6) and b is 

represented by Equation 1.7. 

)()( λελϕφ Δ×Δ= DET  (1.6)

 

( ) ( )DETb β λ ε λ= Δ × Δ  (1.7)

 
Equation 1.5 shows that in single photon detection systems the threshold 

concentration of DNA fragments needed for the detection of fluorescent bands with 

SNRTH decreases as square root of the illumination power, integration time and the 

detection efficiency. 
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Resolution of the DNA sequencer based on CE separation  

Measure of the sequence resolution is estimated by the ratio of the peak spacing 

ΔX and the peak width W [10]-[11] by the following equation: 

 

W
t
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XR νΔ

=
+
Δ×

=
21

2  (1.8)

 

where ΔX is the distance between two adjacent bands and W1 and W2 are peak widths 

measured at half maximum, Δν is the difference in the velocity of fragments in two 

subsequent bands, t is the elution time and W is the peak width. The elution time is 

defined as t= LDET/ν, where LDET is the capillary length to the detection window. The peak 

width W is introduced assuming that W1 ≈ W2 for two subsequent bands. The selectivity 

of the system Δν/ν is determined by fragment migration mechanisms [12]. It was found 

experimentally that in order to achieve the quality score 20, our base-calling software 

requires that the resolution RTH≥0.75.  

 

Read length of the DNA sequencing system  

We define the read length as a molecular size of DNA fragments K that can be: (i) 

resolved by the DNA sequencing system with resolution R higher than the certain 

threshold value RTH, and (ii) detected by the sequence detection system with SNR greater 

than SNRTH: 
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In order to estimate the read length achievable in a specific DNA sequencing system from 

Equation 1.9, we have to determine SNRTH and RTH  required for a successful base 

calling, estimate or measure the system noise, to introduce a model for evolution of the 

peak width, peak spacing and peak amplitude during the period of time from the electro-

kinetic injection to the detection of the peak, and relate the resolution RK and the 

amplitude ADET,K of the detected peaks to characteristics of the separation medium, 

parameters of the electro-kinetic injection, and the sequence detection system (Equations 

1.4 and 1.5). 

 

 

 

1.4 Detector Requirements for DNA-sequencing Application 

 

Based on the discussion so far, a detector suitable for high-performance DNA-

sequencing must have following important features: 

(a) High Sensitivity (High SNR): In the last section it was shown that as DNA-

sequencing progresses, the peaks start becoming small and wider (see Figure 1.2). 

Sensitivity of a detector can be defined as the ability to detect these small peaks with a 

quality score ≥ 20. This means that for a particular DNA-sample, a detector with higher 

sensitivity will be able to resolve more base pairs (higher read length) as compared to a 
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detector with low sensitivity. Therefore high sensitivity of the detector provides two very 

important advantages viz. (i) more resolved base pairs for the same DNA-sample and (ii) 

facilitates the use of more diluted samples, hence reducing the cost of consumables and 

hence DNA-sequencing.  

(b) Low noise: DCR of the detector and the associated electronics adds to the noise of the 

DNA-sequencer as shown in Equation 1.3. Noise of the system varies a square root of the 

sum of all the noise components. In cases where the DCR of the detector is much lower 

than the background count rate, the DCR does not add much to the over-all noise of the 

system. Even if the DCR is higher than the background count rate, since the noise 

increases as the square root, the higher DCR does not affect the SNR much. Hence, 

unlike most of the other applications, high DCR of the detector is not a big issue for this 

application. But, it must be noted that a detector with high DCR puts a lower limit on the 

minimum detectable signal (MDS) from the noise. 

(c) Wide dynamic range and linearity: To make a base call, the peaks are identified by 

the proportion of their colors. Also, depending on the wavelength of the laser that is used 

to shine the capillary, one base color (there are four, one for each acid of the DNA) will 

provide better response (will fluoresce more) than the others. Further the background 

fluoresces in the same wavelength spectrum as the signal and is unavoidable. This 

background noise is subtracted from the photo counts obtained due to each of the four 

colors. If the subtraction of this background is not accurate, it will influence the counts 

due to weaker peaks (low counts) much more than the counts due to the strong peak (high 

counts), i.e. the ratio of peaks may change much more after the subtraction of the 

background noise. In order to accurately measure both the peaks, the detector must 
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satisfy two important requirements (i) have wide dynamic range such that it can measure 

the highest and the lowest of the peaks and (ii) wide linear range such that both the peaks 

possibly fall in the linear range of the detector so that the difference is accurately known, 

enabling high accuracy in base calling.  

(d) High resolution: As it was seen in the Figure 1.2, two pulses of different color over-

lap and hence consist of mixture of two colors.  Therefore in order to detect the correct 

base, it is required that the detector has good resolution, which means that it must have 

sufficient difference between the count rates in the four different wavelengths of interest 

such that it can easily resolve peaks of different colors from one another in case they 

over-lap.  

(e) Large active area: It has been experimentally determined in our lab that best light 

collection efficiency is obtained using a fiber with core diameter of 400µm. Hence 

detectors with active area diameter in this range are ideal for this application. If the 

detector has much lower diameter than the diameter of the fiber core, it will decrease the 

light collection efficiency (hence sensitivity) and also increase the complexity of the 

associated optics. 

 

 

 

1.5 Solid-state Single Photon Detectors as Detectors for DNA-
sequencing 

 

From the aforementioned discussion it was established that a detector with single 

photon sensitivity having wide dynamic and linear range, large active area, low noise and 
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good resolution is required for best sequencing results. Until recently PMTs were the 

only choice of detectors that matched these requirements. Recently solid-state photon 

detectors that offer advantages over the PMT became commercially available, but are still 

not used in many applications because of the complexity of the involved optics. Table 1.1 

shows the comparison of a typical single channel PMT with a typical solid-state detector 

having single photon sensitivity (SPAD). 

Table 1.1 shows that all the parameters of the solid-state detector are better or 

comparable with the PMT, especially the PDE. High PDE means increased photo counts 

for the same amount of light, hence increased sensitivity. Sensitivity of the DNA-

sequencer (SNR) was defined by Equation 1.3. Taking into account a PDE of 10% 

(maximum) for the PMT and 25% (minimum) for the solid-state detector, for the same 

output light power, the solid-state detector will measure 3 times more counts than the 

PMT. Table 1.2 shows the comparison of SNR for two different values of dark count 

considering typical value of back ground count rate B as 200 KHz. 

 

Table 1.1 Comparison of PMT with a solid-state single photon detector 

Factor PMT (single channel) Solid-state 

PDE Low (7-10%) High (25-60%) 

Voltage KV Few hundred 

Receiving area Too Large Sufficient or small 

Dynamic range 1 MHz >10 MHz 

Linearity ~ 1MHz >1MHz 
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Table 1.2 Effects of DCR and PDE on SNR of DNA-sequencer. 

Device PDE 
(%) 

TINT 
(Sec) 

B S per molecule 
(S) 

SNR 
(DCR = 
1KHz) 

SNR 
(DCR = 

100KHz) 
PMT 10 1 200000 10000 22 18 
Solid-
state 

detector 

30 1 200000 30000 62 52 

 

     

It can be seen that (i) SNR can be improved significantly (almost proportional to 

increase in PDE) by using a detector with high PDE and (ii) SNR does not depend much 

on the dark count of the detector, because while the signal increases linearly, DCR 

increases as the square root. Therefore it can be concluded that a solid-state detector with 

high PDE will provide a significant improvement in DNA-sequencing performance as 

compared to the PMT.  

 

 

 

1.6 Summary 

 

This chapter introduced the performance parameters of the single-lane DNA-

sequencer developed in our lab. It was discussed in the introduction section that the cost 

of DNA-sequencing can be significantly reduced by lowering the cost of consumables. 

Amount of consumables used can be significantly decreased by increasing sensitivity of 

DNA sequencing instruments which would result in a significant reduction of the total 
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cost per sequenced base pair (highly diluted DNA-samples can be used). Single photon 

detectors have much higher PDE as compared to PMTs and hence much higher 

sensitivity can be achieved with such detectors. Generally most of the applications that 

use single photon detectors have a strict requirement on the DCR of the detector, but it 

was shown that high dark count is not a major problem if the detector has high PDE. 

Since, in DNA-sequencing application wide range of signals need to be measured, high 

sensitivity of the detector must be accompanied by wide dynamic range, good linearity 

and resolution. Further, due to the size of the capillary that emits fluorescence and the 

associated optics; large-area (~500µm diameter) detectors are required for this 

application. The large area of a detector would facilitate the use of large diameter fibers 

to collect and easily focus light onto the active area of the device with maximum 

efficiency. Two solid-state detectors having single photon sensitivity (SPAD and SiPM) 

are discussed in detail in the next chapter.  
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CHAPTER 2 

SINGLE PHOTON AVALANCHE DIODE, SILICON 
PHOTOMULTIPLIER and QUENCHING CIRCUITS 

 

 

 

In quantum physics, the photon is the quantum of the electromagnetic field (light). 

That is to say, an electromagnetic field is made up of many photons. In some respects a 

photon acts as a particle, for instance when registered by the light sensitive device in a 

camera. In other respects, a photon acts like a wave, as when passing through the optics 

in a camera. According to the so-called wave-particle duality in quantum physics, it is 

natural for the photon to display either aspects of its nature, according to the 

circumstances. Normally, light is formed from a large number of photons, with the 

intensity proportional to the number of them. That is the intensity of light can be 

measured by counting the number of photons. In the recent past, there has been growing 

number of applications in variegated fields that require the detection of very low-intensity 

light levels, for e.g. DNA-sequencing [7], single molecule detection (SMD) [13][14], 

astronomy [15], cryptography [16], optical fiber testing in communication [17]-[19], 

sensor applications [20], laser ranging in space applications and in telemetry [21] [22], 

non-invasive testing of VLSI circuits [23] to name a few and new applications are still 

being realized. Solid-state detectors such as PIN and avalanche photodiode (APD) are 

sensitive detectors of light, but they cannot be used to measure extremely weak light 

levels (few tens-few hundred photons) because they have higher noise levels. For such 

low intensity, extremely sensitive detectors are required that can distinguish the light 
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from the noise. Two different types of solid-state detectors that can detect extremely 

weak light levels [24] have recently become available and are called Single Photon 

Avalanche Diode (SPADs) and Silicon Photomultiplier (SiPM). These detectors have the 

ability to detect even a single photon and technologies developed using these detectors to 

count photons is termed as Single Photon Counting Technology (SPCT). SPCT is 

relatively new and growing technology since it has found numerous applications in wide 

range of fields and still new applications are being realized. This aim of this chapter is to 

introduce and discuss these solid-state single photo detectors. 

 

 

 

2.1 Trends in Photon Detection Techniques 

 

This section provides a brief introduction to different types of photon detectors, 

their advantages and dis-advantages in the order of their evolution or commercialization.  

 

Photomultiplier Tube (PMT) 

PMTs have been available commercially for almost 70 years now and are still the 

detectors of choice in applications that require detection of very low light. In these years 

they progresses remarkably, especially in sensitivity, gain, size, cost, speed and effective 

sensitive area. But they possess certain inherent dis-advantages such as sensitivity to 

magnetic fields, low (25% typical) quantum efficiency and hence low (7-10%) photon 

detection efficiency (PDE), requirement of bias voltage in KV range and still big in size 
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for certain applications. Until the early 90’s these were the only choices of detectors for 

ultra sensitive photon detection because of their high internal gain. 

 

PIN photodiode and Avalanche Photodiode (APD) 

Later, solid state detectors of light such as PIN photodiode and avalanche 

photodiode (APD) became available. PIN has no internal gain and APD has very limited 

gain (typically 1000) and high noise, hence both of them cannot be used to detect low 

light levels. In principle, an APD can me made sensitive to detect weak signals by biasing 

it above breakdown (geiger mode). But at such high bias, it suffers from such high noise 

levels that it becomes practically unusable. 

 

Single Photon Avalanche Diode (SPAD) 

In the early 1990s, single photon detection became possible with the 

commercialization of other type of large area detectors called SPADs [4] [25]. SPADs 

can be widely categorized into two types viz. thin junction (small area) and thick junction 

(large area) depending on the width of their depletion layers [26] [40]. But since the 

interest of this thesis is only in large-area detectors, only large-area devices are 

considered. SPAD is a specifically designed category of APD working with a reverse bias 

voltage well above the breakdown voltage (VBR). When biased above VBR, the electric 

field (F) is such that even a single photon absorbed in the active area of the device 

generates large output current (~few mA) that is detectable even without an output 

amplifier [25]. Although they don’t have large active area (typically 500µm diameter) as 

compared to PMT, they offer numerous advantages such as high quantum efficiency 
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(QE) in the visible spectrum (50-80%), much higher PDE (40-60%), small size, low bias-

voltage requirements (couple of hundred volts) and negligible DCR. SPADs are 

considered to be the most sensitive detectors of light and are replacing PMTs in many 

applications. It must be noted that a SPAD is a digital device, which means that the 

output signal is not proportional to the number of input photons. 

    

Silicon Photomultiplier (SiPM) 

 As the name indicates, SiPM is the real solid-state alternative to a PMT. SiPM is 

an analog detector whose output is proportional to the number of input photons. SiPMs 

are referred to in literature with various names such as micro-pixel/channel avalanche 

photodiodes (MAPDs), geiger mode APD (GAPD or GM-APD), metal-resistive layer-

semiconductor APD (MRS APD), solid-state photomultiplier (SSPM), silicon PMT 

(SiPMT), multi pixel photon counter (MPPC), pixilated photon counter etc; in this thesis 

it is  referred to as SiPM. SiPM is a matrix of individual detectors or pixels or micro-cells 

(is referred to as pixel) that are connected together in parallel. Each pixel works 

independently as a photon counter (like SPAD), but the output signal is the sum of all the 

individual pixels, which makes it an analog detector. Some of the notable advantages of 

SiPM are very low-cost since they are based on standard CMOS technology, insensitivity 

to magnetic fields, compact and low bias voltage (~25-75V) that is ~30 to 60 times lower 

than the voltage required by traditional PMTs and 3-4 times lower than large area 

SPADs. Although the concept of SiPM was realized way back in the 1970s, they suffered 

from a number of problems and only became commercially available only in the past one 

year or so [5], [6], [27], [28]. 
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2.2 SPAD versus SiPM  

 

 Figure 2.1 shows the basic difference in the principle of operation between SPAD 

and a SiPM. In a SPAD, the output signal does not depend on the number of input 

photons, i.e. an output pulse with same amplitude is obtained irrespective of the number 

of input photons. Therefore SPAD is strictly a photon counting detector and is preferred 

in applications where one expects to receive mostly single photons that are spaced out in 

time [13]-[23]. If two or more photons arrive simultaneously, only one will be detected, 

introducing non-linearity in photon counting. On the other hand, the output signal 

amplitude of a SiPM is proportional to the number of input photons. Therefore, SiPM is 

the choice of detector, but not limited to applications where the input photons come 

simultaneously in large numbers [29] [30]. One of the goals of this thesis is to investigate 

the feasibility of using SiPM for high-speed photon-counting applications similar to a 

SPAD. 

 

 



 30

 

Figure 2.1 Photon Number Counting (SPAD) Vs Photon Number Resolving (SiPM). 

 

 

 

2.3 Principle of Operation of SPAD and SiPM 

 

Principle of operation of all the semiconductor devices can be explained starting 

with the principle of a basic p-n junction. A p-n junction is formed by combining a P-type 

and N-type semiconductor together in very close contact. The term junction refers to the 

region where the two types of semiconductor meet. Depending on the application 

requirement, the junction is either forward biased, zero biased or reverse biased. To 

detect photons, a junction can either be zero biased or reverse biased, but a reversed-

biased junction is more sensitive to light since it has the effect of widening the depletion 
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layer (therefore expanding the reaction volume) and hence strengthening the 

photocurrent. Also a reverse biased junction tends to have lower capacitance, which 

improves the speed of their time response. The principle of operation is explained below 

in logical fashion starting with the principle of a reverse biased p-n junction. For general 

reference on semiconductor device physics and optoelectronic devices refer to [31]-[33]. 

 

Reverse biased p-n junction 

      When a semiconductor p-n junction is reversed biased, high F exists in the 

vicinity that helps in keeping electrons confined to the n-side and holes confined to the p-

side of the junction. When an incident photon of sufficient energy (depending on 

material, for e.g. >1.1eV for Silicon (Si)) is absorbed in the region where the field exists, 

an electron-hole pair is generated and under the influence of this F, the electron drifts to 

the n-side, resulting in the flow of electrons and hence photocurrent in the external 

circuit. Figure 2.2 illustrates the concept in space-time diagram. A photodiode is usually a 

p-n junction or a p-i-n structure. PIN diodes are much faster and more sensitive than 

ordinary p-n junction diodes, and hence are often used for optical communications and in 

lighting regulation. 

 

Figure 2.2 Principle of operation of a reverse biased p-n junction. 
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Avalanche photodiode (APD) 

      An APD is basically a variation of the p-n junction photodiode. It detects the 

light by using the same principle as an ordinary photodiode, except; it is designed to 

support higher F than an ordinary p-n junction. When a photon is absorbed in the 

depletion region, an electron-hole (e-h) pair is generated. One of the carriers (mostly 

electron) accelerates and gains sufficient energy from the F to collide with the crystal 

lattice and generate another e-h pair, losing some of its kinetic energy in the process. This 

process is known as impact ionization [33] (Figure 2.3, left). This electron or hole can 

accelerate again, as can the secondary electron or the hole, and create more e-h pairs, 

hence the term “avalanche”. After a few transit times, a competition develops between 

the rate at which e-h pairs are being generated by impact ionization and the rate at which 

they exit the high-field region and are collected. If the magnitude of the reverse-bias 

voltage is below the VBR, collection wins the competition, causing the population of 

electronics and holes to decline. Figure 2.3 (right) illustrates the avalanche multiplication 

process in a space-time diagram. 

 

 

Figure 2.3 Impact ionization (left) and avalanche multiplication (right) in APD. 
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      Each absorbed photon creates on average a finite number M of electron-hole pairs 

and this internal gain M is typically in the range of tens or hundreds [34]. Since the 

average photocurrent is proportional to the incident optical flux, this mode of operation is 

called the linear mode, which is the most common mode of operation. Since APDs are 

selected as solid-state alternatives to PMTs, they are somewhat similar, but with a basic 

difference: we see an intrinsic positive feedback when there is amplification taking place 

due to the avalanche process. This positive feedback loop strongly enhances the statistical 

fluctuations of the multiplication process, which increases much more than proportionally 

to the gain. Hence, whereas PMTs provide a gain with a mean value around 106 and 

moderate fluctuations, the mean value of the gain obtainable in APDs with acceptable 

fluctuations is lower than 1000 in the best cases. APDs operated in linear mode can detect 

single photons only in the most favorable cases and their performance as single photon 

detectors is not very satisfactory. It must be noted that an APD is biased close to but 

below VBR. Properties of APD are discussed in [35] and for practical APD users guide 

refer to [36] 

 

Single photon avalanche diode (SPAD) 

       SPAD deliberately exploits the intrinsic positive feedback that represents a 

significant drawback for APDs. Consider an APD that is biased at a voltage that is higher 

than VBR with a power supply that can source unlimited current. At this bias, the F is so 

high (>3x105V/cm) that a single charge carrier injected in the depletion layer can trigger 

a self-sustaining avalanche. When a photon is absorbed in the depletion region of such a 

device, the electrons and holes will multiply faster (on average) by impact ionization then 
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they can be extracted. The space-time diagram in Figure 2.4 (left) illustrates this concept. 

The population of electronics and holes in the high-field region and the associated 

photocurrent grow exponentially in time. The more above breakdown the SPAD is 

biased, the faster is the growth of time constant. Hence, basically p-n junction devices 

that can work when biased above the VBR and generate macroscopic current pulses in 

response to single-photons are called SPADs. This mode of operation is called Geiger 

mode (GM), derived from the Geiger-Muller counter due to the similarity in their 

operation and hence sometimes SPAD is also referred to as GM-APD. Figure 2.4 (right) 

shows the operating regime of SPAD; VBR is the breakdown voltage, VBias is the applied 

bias voltage and VOV is the over-voltage, which is the voltage above breakdown the 

SPAD is biased i.e. VOV = (VBias - VBR).  

 

Figure 2.4 Avalanche multiplication in the geiger mode (multiplication faster than 
extraction) (left) and operating regime of SPAD (right).  

 

 

Silicon photomultiplier (SiPM) 

      SiPM is basically a number of SPADs connected together on a common silicon 

substrate through individual quenching resistors (Figure 2.5c).  Figure 2.5a and Figure 
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2.5b show the microphotograph and structure of individual pixel respectively. Figure 2.6 

shows the electrical equivalent circuit. SiPM, like SPAD is biased above breakdown and 

is operated in the geiger mode. Under normal conditions, the applied bias voltage is the 

same across all the pixels, hence a high F exists across each pixel and each pixel is ready 

to detect an incoming photon.  

 
 

Figure 2.5 (a) Microphotograph of a typical SiPM pixel [84], (b) topology of a SiPM 
[84] and (c) matrix of independent pixels arranged on a common substrate and 

connected to a common output load resistor [38]. 
 

 

 

Figure 2.6 SiPM equivalent circuit 
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      When an incoming photon is absorbed in the active region of the SiPM, an 

avalanche is initiated in the pixel that received the photon. This avalanche current is 

passively quenched (momentarily shut off) by the quenching resistor connected to that 

particular pixel. The speed of quenching the avalanche depends on the value of this 

quenching resistor, i.e. the lower the resistance the faster the quenching. But, the value of 

this resistor must be high enough to quench the avalanche current below a certain value 

called the latching current. Depending on the RC time constant (R is the SiPM internal 

resistance and C is the pixel capacitance), the pixel charges back to the actual bias 

voltage and ready to detect another photon. For detailed information on passive 

quenching (PQ) and passive quenching circuits refer to section 1.8 and [39]. The 

amplitude of the output pulse in this case will correspond to one photon and the width of 

the output pulse will be approximately equal to the RC time constant. The RC time 

constant depends on the size of the pixel and will be small for smaller pixels since device 

capacitance is proportional to the device active area. During this time, the SiPM will be 

insensitive to incoming photons and hence this time is defined as the dead time of the 

SiPM. If two photons are simultaneously detected by two different pixels, two pixels will 

fire and since the output current flowing through the load resistor (RL in Figure 2.6) will 

be higher, the amplitude of the output signal in this case will be higher than the amplitude 

due to one photon. That is the SiPM at whole integrates over all the pixels and the final 

output from SiPM is the summation of the output charge from all the pixels. It must be 

noted that more pixels (than number of received photons) can fire due to non-linear noise 

effects such as afterpulsing and cross-talk and are discussed in section 1.4. Passive 
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quenching resistors are made from polysilicon and also help in decoupling one pixel from 

another to minimize cross-talk.  

      Since the SiPM output signal does not depend on the number of primary carriers 

(because of geiger mode), each pixel detects the carriers created due to photon (or 

ionization particle or thermal generation) with the same response signal, i.e. the output 

charge from one or single pixel (Qpix) is independent of the number of produced 

photoelectrons within the pixel, and can be written as: 

 
)( BRBiaspixpix VVCQ −=  (2.1)

  

where, Cpix is the pixel capacitance. Since all the pixels are connected in parallel, if the 

response of each pixel is well uniform, the total charge from SiPM (QSiPM) can be 

quantized to multiples of Qpix and proportional to the number of fired pixels (Nfired) i.e. 

 

pixSiPM QNfiredQ ×=  (2.2)

 

The number of pixels that can fire simultaneously is equal to the total number of 

pixels in a SiPM, which is defined as the dynamic range of the SiPM.  

      Since SiPM is internally quenched by individual quenching resistors (PQ) it 

does not require any external QC whereas SPADs normally require an external QC. It is 

important to note that it is possible to integrate passive quenching resistors with SPADs, 

but it is feasible option only for small area SPADs (< 50 µm diameter) since passively 

quenched large area SPADs are practically un-usable in most applications (maximum 

frequency is 200-400 KHz). In summary, small pixel size combined with small width of 
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depletion region (typically 0.7-3µm), extremely high F (2-3 x105V/cm) and carrier drift 

velocity of ~107 cm/s make the geiger discharge extremely short, intrinsically making the 

SiPM very fast.  

 

SPAD as high-speed single photon counter (quenching circuit) 

      A single charge carrier injected in the depletion layer of a SPAD can trigger a 

self-sustaining avalanche. The current rises swiftly to a macroscopic steady level (few 

tens of mA) and continues to flow until the avalanche is quenched by lowering VBias 

below VBR.  This lowers the F such that it is not able to accelerate the carriers to impact-

ionize with lattice atoms, therefore current ceases. In order to be able to detect another 

photon, the bias voltage must be raised again above VBR. These operations require a 

suitable circuit, which has to perform the following functions; (i) sense the leading edge 

of the avalanche current, (ii) quench the avalanche by lowering VBias below VBR and at 

the same time generate a standard output pulse synchronous with the avalanche build-up 

and (iii) restore the voltage across the SPAD back to VBias.  The circuit that performs this 

task is aptly termed as the quenching circuit (QC). QC is an integral part of a SPAD 

based single photon counting system and the performance of such a system equally 

depends on the performance of both SPAD and QC. Types of QCs and their advantages 

and dis-advantages are discussed in section 1.8 and [39].  
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2.4 Review of Important Performance Parameters 

 

      The aim of this section is to introduce important performance parameters of 

SPAD and SiPM. It must be noted that most of the parameters of SPAD and SiPM are 

common and mean the same, but some parameters have different meaning and are 

discussed accordingly. Also, it is important to note that SiPM is primarily designed for 

resolving photon numbers as opposed to photon counting (Section 1.2), but the aim of 

this thesis is to investigate their use as photon counters.   

 

Detector material 

      Only photons with sufficient energy to excite electrons across the material's 

bandgap will produce significant photocurrents, therefore the material used to make a 

detector is critical to defining its properties. Commonly used materials and their 

wavelength range are summarized in Table 2.1. 

 

Table 2.1 Typical detector materials and their detection wavelength range. 

Material Wavelength range (nm) 
Silicon (Si) 190–1100 

Germanium (Ge) 400–1700 
Indium Gallium Arsenide (InGaAs) 800–2600 

          

      Because of their greater bandgap, silicon-based photodiodes generate less noise 

than germanium-based photodiodes, but germanium photodiodes must be used for 

wavelengths longer than approximately 1µm. Since the focus of this thesis is to design 
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photon counters for visible light, only silicon detectors are discussed. Hence, unless 

otherwise mentioned, it should be assumed that all discussion, results etc. are based on a 

silicon device.  

Dark count rate (DCR) 

      As the name indicates, DCR represent the counts in the absence of light. It is one 

of the most important performance measures as the poissonian fluctuation of DCR 

represents the internal noise of the detector. The square root of the variance of the DCR 

determines the minimum detectable signal (MDS) of the detector. The total DCR is the 

combination of primary and secondary dark counts [41] [42]. Primary dark counts are due 

to thermally generated carriers in the junction and they increase with temperature and 

over-voltage. Operating the device at lower temperatures can significantly lower this type 

of DCR. Secondary dark counts are a result of after-pulsing, which is discussed in detail 

in the next sub-topic. DCR depends on a lot of factors viz. over-voltage, temperature, 

detector active area, and cleanliness of the fabrication. It is important to note that the 

DCR does not scale linearly with the active area of the device, especially when the active 

area diameter is increased beyond 25µm [43]. This non-linear increase in DCR has been 

attributed to two main factors in [43], (i) afterpulsing associated with trapping effects due 

to defects in the silicon and (ii) the gettering mechanism for the removal of defects and 

impurities is not sufficient to remove the defects outside the active area in larger diameter 

detectors. The reason for high DCR is usually attributed to the poor quality of the silicon 

(low-cost) and technology related problems [44]. Large-area SPADs with low DCRs are 

available, but are relatively costlier [4]. SiPMs have the highest DCR (typically 

1MHz/mm2) due to the nature of the fabrication technology and use of low-cost silicon. 
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SiPMs with lower DCR that most probably use better quality silicon became recently 

available [6].  It is expected that DCRs will improve as the technology progresses. 

 

After-pulsing  

      During an avalanche, large numbers of carriers cross the depletion region of the 

device. Due to material defects, some of these carriers are captured at deep levels inside 

the junction and are later released with a statistically fluctuating delay, correlated with the 

actual event and whose release times depends on how deep inside the released carrier was 

trapped and also the junction temperature [41] [42]. The number of carriers captured 

depends on the total number of carriers crossing the junction, which depends on the total 

charge of the avalanche pulse generated. Therefore, after-pulsing depends on the time 

required to quench the avalanche (TA in Section 3.2.1) since it was initiated and the 

current intensity, both of which are a feature of the associated quenching circuitry. The 

current intensity also depends on the over-voltage, which is influenced by the required 

PDE. Afterpulsing also depends on the quality of the silicon and cleanliness of the 

fabrication process. 

      In SPADs, one method of minimizing after-pulsing is to increase the hold-off 

time [39, 42], which is the time the SPAD is held below bias after quenching. If sufficient 

time is provided, all the carriers will be swept across the junction, which can reduce after-

pulsing significantly, but at the same time it increases the total dead time of the circuit, 

resulting in increased non-linearity and decreased speed.  

      In a SiPM, output amplitude is proportional to the number of input photons 

(section 1.2). Based on the physical mechanism of generation of afterpulsing, it can be 
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assumed that high percentage of output pulses produced as a result of after-pulsing will 

have amplitude similar or smaller than those produced by 1p.e. (photoelectron) pulse and 

the probability of 2p.e after-pulses will be very small and almost negligible at the level of 

3p.e. Therefore, one solution would be to set the threshold of the read-out electronics 

such that most of the after-pulses are bypassed. Other solution would be bias the detector 

at low over-voltage. But increasing the threshold or lowering the over-voltage has the 

effect of lowering the sensitivity (PDE) of the detector, hence, depending on the 

requirement and tolerance of the application, a trade-off needs to be established.  

 

Capacitance 

      Capacitance of a detector increases with the active area of the device and it is 

required that it be minimum [31]. The capacitance of the detector along with the internal 

series resistance determine the time required to charge or discharge the voltage across the 

detector, hence it puts a limit on the maximum speed at which a detector can operate.  

 

Dynamic Range (DR) and Linearity 

      DR is the difference between the maximum and minimum measurable useful 

signal and is defined differently for SPAD and SiPM. For SPAD, DR is defined as the 

maximum saturation photo-count rate (DCR) minus the DCR at a particular bias voltage. 

Hence, depending on the quenching circuit, typical values range from few MHz-few tens 

of MHz.  
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      DR for SiPM is defined as the maximum number of photons that it can resolve 

simultaneously, which is equal to the number of pixels. Hence, when used as photon 

resolver, the DR of a SiPM ranges from 100 Hz- few KHz.  

      For a SPAD the maximum achievable DR is determined by the speed of the 

SPAD (capacitance) and quenching circuit whereas for SiPM the DR is determined by 

the number of pixels. Since, the aim of this thesis is to use the SiPM as photon counter, 

the photon counting DR of a SiPM will be different and can be defined as the number of 

times a particular pixel of the SiPM can fire or the maximum count rate that can be 

obtained from the SiPM. As the input of both of these devices approaches the DR limit, 

the output becomes more and more non-linear. Therefore, linearity or linear range for 

both SPAD and SiPM is defined as the range of values within the total DR when the 

output signal is proportional or increases linearly with the input signal.  

 

Quantum efficiency (QE) 

      All the photons that are absorbed by the detector may not necessarily be absorbed 

in the active region and only the photons absorbed in the active region will go on to 

create an avalanche. QE is the probability that a photon will be absorbed in the active 

region of the device. Ideally, it should be unity, i.e. all the photons absorbed, should be 

absorbed in the active region. QE efficiency depends on antireflection (AR) coating on 

the diode window and the SPAD structure. We know that absorption coefficient is very 

high (105/cm) for smaller wavelengths (<400nm) and low for larger wavelengths 

(>850nm). Hence, smaller wavelength photon is immediately absorbed within very short 

distance inside the surface and as a result many e-h pairs will recombine at the surface, 
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while longer wavelength photon might go unabsorbed through the active portion of the 

depletion layer. Since SiPM has dead area around each pixel, QE of SiPM is typically 

lower than that of SPAD. Typical values of QE for SPAD range from 40-80%.  

 

Photoelectron detection probability (Pde) 

       Ideally, when a photon is absorbed in the active region it will generate e-h pairs, 

which will continue to produce a chain of impact ionizations until the diode is completely 

discharged. But this is not the case for all the absorbed photons, because in certain cases, 

the avalanche terminates prematurely, i.e. it is not self-sustaining and terminates before 

completely discharging the diode. In this case the event goes undetected. Hence, Pde is the 

probability that an incident photon will produce a detection event. Pde increases with VOV 

due to increase in avalanche triggering probability [45].  

 

Photon detection efficiency (PDE) 

      PDE is essentially the photoelectron detection probability times the QE and 

increases with VOV [25] [45] [46]. PDE for SiPM and SPAD cannot be determined using 

the same formula. The dead-space between pixels effectively reduces the PDE of SiPM 

and need to be taken into account. PDE is wavelength dependent and is represented by 

Equations 2.3 and 2.4 for SPAD and SiPM respectively. 

 

deSPAD PQEPDE ×=)(  (2.3)

geomdeSiPM PQEPDE ε××=)(  (2.4)
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where, εgeom is the geometrical efficiency of the SiPM and is defined as the fraction of 

total SiPM area occupied by active cell areas, also referred to as fill factor represented 

Equation 2.5. εgeom is limited by the dead area around each cell and depends on the design 

of the pixel. PDE of both the detectors can be increased by increasing VOV. 

 

AreaSiPMTotal
ActiveareaDetectorTotal

geom
⋅

⋅⋅
=ε  (2.5)

                    
 

Gain 

When an avalanche is generated in the SPAD, current continues to flow through 

the junction (assuming ideal power supply) until the avalanched is quenched or the 

junction is damaged due to over-heating. Hence gain cannot be defined for a SPAD 

alone, i.e. without a quenching circuit or it can be speculated that SPAD alone has infinite 

gain.  

Since the SiPM is intrinsically passively quenched, gain can be defined for a 

SiPM. As discussed before, the output charge Qpix from a single pixel is independent of 

the number of produced photoelectrons within the pixel, and is represented by Equation 

2.1. Therefore gain of the pixel is given by: 

e
QGain pix

=  (2.5)

 
where, e is the charge on one electron. If we assume the typical value of C to be ~100fF 

and the typical value of (VBias – VBR) to be one volt, then Qpix will be in the range of 

hundreds of femto farads and gain will typically range from 106 - 107.  
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Cross-talk 

      Cross-talk does not exist in SPADs, but it is intrinsic to SiPMs due to the nature 

of the detector. The high gain and close packing of the structures on the surface of the 

SiPM make cross-talk between adjacent cells an important subject in this evaluation. 

There are two types of cross-talk viz. inter-pixel and optical. Inter-pixel cross-talk 

happens when a single detected photon results in the discharge of more than one cell and 

optical-cross talk happens as a result of the photons that are created due to the geiger 

discharge at the rate ~10-5 Photons per electron [52]. Careful design of quenching resistor 

(also facilitates decoupling) can help minimize the inter-pixel cross-talk, whereas 

increasing the εgeom or dead-space between pixels can lower the probability of both types 

of cross-talk. It can be assumed that the probability of cross-talk at the level of 1p.e. 

pulses will be more as compared to 2p.e or 3p.e pulses or more, hence, similar to after-

pulsing, cross-talk can be significantly reduced by increasing the threshold of the read-

out electronics to beyond 1p.e. But again, this has the dis-advantage of reduced 

sensitivity.  
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2.5 Progress and Commercial Availability of Large-area SPADs 
and SiPMs 

 
 

      Since our lab is not involved in the research and development of the design and 

fabrication of SPADs or SiPMs, we rely on the commercially availability of these 

detectors for this research. Therefore, the design, development and progress related issues 

of these detectors are not discussed in detail in this thesis. Review on the development 

and progress of SPADs can be found in [44] and SiPM can be found in [49] [50]. In 

chapter 1, it was discussed that large-area of the detector is important for DNA-

sequencing application. Some other applications of large-area SPAD include fluorescence 

correlation spectroscopy (FCS) [47], fluorescence lifetime imaging (FLIM) [48]. In this 

thesis, devices with active-area diameter of more than 200µm are considered as large-

area devices. 

 

SPAD 

      First SPADs were developed at the Shockley laboratory in the 60’s [41, 51]. With 

their diodes they observed macroscopic voltage pulses triggered by the absorption of 

single optical photons. Thanks to the work of this group, a basic understanding of this 

phenomenon was gained. In the 70’s, fundamental contributions to the understanding of 

the avalanche mechanism and of its statistical properties were given by R.J. McIntyre 

[34].  Since then, significant progress has been reported in all aspects of the development 

of SPADs and SPAD arrays (SPADA) and can be referred to in [25], [44], [53]-[69]. 
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      When this research was started in 2004, to our knowledge, there was just one 

commercial provider of large area SPADs and that was Perkin Elmer Optoelectronics 

(PKI), Canada [4]. In fact, as far as we knew, they were probably the only commercial 

providers of any type of SPADs. The SPADs were advertised as large area APDs that had 

limited capability to operate beyond breakdown (geiger mode). Most of the available 

SPADs from PKI (then and now) have a typical photosensitive diameter of 0.5mm 

(500µm).  Although these device claimed to offer excellent PDE under suitable biasing 

conditions and very low DCR (~ few hundred Hz), high cost of these devices was and is a 

know problem. The reason for high cost is that they are fabricated with a sophisticated 

process based on special ultra-pure ultra-high resistivity silicon wafers and a proprietary 

nonplanar technology, which inherently has low fabrication yield. Moreover, the 

fabrication technology is unsuitable for monolithic integration of detectors and circuits.  

Over the last few years, significant research has been done on SPADs that can be 

fabricated with standard fabrication technologies [44], [105], [53]-[56], [112]-[113] to 

lower the cost and number of breakthroughs has been reported. Number of sources of 

commercial silicon SPADs other than PKI have increased since 2004, but are still very 

few [70]–[73]. Further to our knowledge most of them only provide SPADs with active 

area diameter of up to 100 µm, some of which are available only with photo counting 

modules, for e.g. photon counting and timing systems [73] and photo counting detector 

module [114].  

      In summary, it seems still a number of problems need to be solved before the 

large area (>200 µm) SPADs will become available at low cost. One of the problems 

with large area SPADs is high DCR. But it must be mentioned that for some applications, 
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such as ours, high DCRs of few hundred KHz are acceptable (section 1.5). Hence if 

SPADs having high DCR become available they could be used in some applications 

provided they have high sensitivity in the wavelength range of interest accompanied by 

wide dynamic and linear range. 

 

SiPM 

      SiPMs were first developed in Russia in the mid-1980s after the study of the 

stationary avalanche multiplication of photocurrent in metal-conducting dielectric-

semiconductor structures. The first actual photodetectors based upon this structure were 

produced in late 80’s. Early references of SiPMs can be found in [75]-[77]. Since then, 

there have been few developers of SiPM and the literature available on SiPMs has 

increased considerably. Design and development aspects of SiPMs can be referred to in 

[84], [49], [50], [78]-[91] and [11-15] report detailed characterization of different 

devices. Most of the applications of SiPMs reported so far have been in high-energy 

physics [84].  

      To our knowledge, SiPMs, if at all available, were only available for evaluation 

purposes.  Only recently, in the beginning of 2007, they became commercially available 

from few companies [6], [72]-[74].The standard or typical active area of SiPMs is 1mm2; 

hence large area is not a problem with SiPMs. SiPMs from Hamamatsu Photonics have 

much lower DCR [6] at high gain and room temperature as compared to other available 

SiPMs probably due to the use of purer silicon. 
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2.6 Choice of SPAD and SiPM for DNA-Sequencing Application 

 

      This section introduces the SPAD and the SiPM that were selected for this 

research.  

SPAD 

      As mentioned in the last section, PKI is the only provider of large-area detectors. 

Further there is a small range of detectors to choose from a list of available detectors [4]. 

Based on the requirements discussed in section 1.2 and 1.4, SPAD model C30902S-DTC 

was selected. There are two other diodes in this series viz. C30902S and C30902S-STC. 

All the detectors have an active area diameter of 500µm, but the difference between them 

is that in C30902S-DTC the detector is mounted on a 2-stage thermoelectric cooler 

(TEC), C30902S-STC has a one stage TEC and C30902S has no TEC. The reasons for 

selecting this particular model are as follows: 

1. C30902S is known to have heating problems [25]. 

2. To achieve best sensitivity results since sensitivity can be increased by increasing 

VOV. But increasing VOV results in increased DCR. DCR can be lowered by 

cooling the detector. The detector with one-stage peltier (C30902S-STC) can be 

cooled to minimum of 0°C , whereas C30902S-DTC can be cooled to -20°C, 

hence to be able to achieve highest possible sensitivity and lowest possible DCR, 

detector with 2-stage TEC cooler was a better choice.  

3. Wide dynamic range (10 MHz) [3]. 

4. Since the whole detector along with the TE-cooler is hermetically sealed in a 

small package, it would be easier to cool the diode as compared to external 
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cooling and further it would facilitate design of compact single photon-counting 

modules. Figure 2.7 shows the photo of the selected diode. 

5. It is designed for ultra-low light level applications (< 1pW). 

 

      Table 2.2 summarizes the typical specifications of the selected SPAD series. PKI 

SPCM module [3] has a special connectorization/fiberization system that allows focusing 

of light onto the active area of the device with maximum efficiency. The selected SPAD 

model is not available with such a fiberization system; hence a special fiberization was 

designed in our lab for this device and is described in section 1.7.  

 

Table 2.2 Typical specifications of APD series C30902S from PKI [4].  

Performance parameter Typical value 
Spectral response range 400 to 1000 nm 

Photosensitive diameter 0.5mm 
Dark count rate at 5% detection probability 15,000 c/s (+22ºC), 350 c/s (-25 ºC) 

Max saturated count rate Up to 12 MHz 
Linear range ~ 2 MHz 
Typical gain 250 

Time response 0.5ns 
Operating temperature range -40ºC to +70ºC 

Capacitance 2 pF 
Temperature coefficient of VR (reverse bias 

voltage) for constant gain 
0.7V/ºC 

Breakdown voltage range 180-250V 
 
 

SiPM 

      The selection criteria for SiPM are similar to that of SPAD. As mentioned 

earlier, SiPM started becoming commercially very recently (beginning to 2007) and there 

are not many choices of detectors. Three detectors that were chosen are as follows: 
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1. Multi-Pixel Avalanche Photodiode (MAPD) from Voxtel-Inc [72] and is referred 

to as cooled SiPM1 in this thesis.  

2. MPPC model S10362-11-100U from Hamamatsu Photonics [6].  

3. MMPPC model S10362-11-25U from Hamamatsu Photonics [6]. 

The details of the first device (MAPD) are provided in section 5.2.1. The detectors 2 and 

3 from Hamamatsu Photonics only became commercially available very recently (mid 

2007). Both these models have an active area of 1mm2. The difference between the two 

devices is that the model S10362-11-100U has 100 pixels and width of each pixel is 

100µm, whereas model S10362-11-25U has 1600 pixels and width of each pixel is 25µm. 

These devices are not mounted on a TE cooler; hence they cannot be easily cooled. From 

here device model S10362-11-100U will be referred to as 100-pixel device and S10362-

11-25U as 1600-pixel device. Hamamatsu has one more variation of this model, which is 

a 400-pixel device with 50µm pixel width, but only two extreme versions of devices were 

selected to get the characteristic spread. For detailed information on the Hamamatsu 

SiPMs, refer to the data-sheet [6].  

                                                 
1 In this thesis, detector that has the facility to be cooled is referred to as cooled detector. SPAD model 
C30902S-DTC and MPAD from Voxtel-Inc are sometimes referred to as cooled SPAD and cooled SiPM 
respectively.  
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2.7 Fiberization of SPAD Model C30902S-DTC 

 

      The goal of designing the fiberization system is to focus maximum light onto the 

active area of the detector. The problem is represented by the picture shown in Figure 

2.7a. The core diameter has to satisfy two conditions: the size of image of the fiber core 

(DF) must be smaller than the diameter of the diode receiving area DAPD and the spot of 

the beam from the fiber must be smaller than the active area of the GRIN lens. Two main 

constraints faced were (a) a rather large distance L2 (2.4mm) between the diode crystal 

and the glass window which covers the diode case and (b) position of diode crystal inside 

the diode case varies from diode to diode by ±0.1mm. The important part of the design 

was to determine an optimum size of the GRIN lens Z that would allow the use of the 

fiber with maximum core diameter. Since the size of the focused spot must be smaller 

than the receiving area of the diode, we have to choose different GRIN lenses for fibers 

with different core diameter. We carried out calculations for SLW-1.8 GRIN lens (NSG, 

Japan) which fits the FC/PC format and found that for the lens of 1.8 mm diameter 

(SLW-1.8, NSG America) the optimum length Z is 4.26mm. A two-part fiberization 

system was selected for design and consists of the SPAD mount ring and the FC/PC 

connector with inserted GRIN lens (Figure 2.7b). The design of the fixture allows both 

lateral alignment of the GRIN lens to the diode crystal and vertical alignment of the 

GRIN lens enabling sharp focusing of the fluorescence delivered by the fiber onto the 

receiving surface of the diode. The designed fiberization system allows efficient coupling 

(80%) of the radiation from high numerical aperture fibers (up to 400µm diameter) onto 
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the receiving surface of the SPAD. For detailed description and results of the designed 

fiberization system, refer to [40]; Figure 2.7d shows the implementation. 

 

 

 

Figure 2.7 SPAD model C30902S fiberization system; (a) graphical representation 
of the problem; (b) FC/PC connector and mount ring; (c) CAD design; (d) photo of 

implementation. 
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2.8 Review of Quenching Circuits (QCs) 

 

      QC was introduced in section 1.3. Figure 2.8 explains the quenching principle 

with the help of a diode’s reverse bias I-V characteristics. In normal conditions, SPAD is 

biased in geiger mode (VBias>VBR) (point 1) and it continues to remain in this state until a 

photon is absorbed. An avalanche will be initiated even if a single photon is absorbed in 

this region, which reflects single photon sensitivity of the device. When a photon is 

absorbed, avalanche occurs, the junction breaks down and a macroscopic current flows 

through the device in a very short time (point 1 to 2). The task of the associated circuit is 

to detect this rise in current as soon as possible and immediately quench (terminate) it 

(point 2 to 3). It remains in this state for a predetermined time so that the device gets back 

to its normal state and then switched back (point 3 to 1) to Vex (Note Vex = VBias from 

Figure 2.4). Now the SPAD is again ready to detect another photon.  

      It is clear that the QC is a critical piece of circuitry in a photon counting system 

since it serves a large number of roles and is a major design challenge. More importantly, 

the performance of a photon counting system is not only dependent on the quality of the 

SPAD, but it is also largely dependent on the performance of the QC, especially speed. 

QCs can be classified into three different types, viz., passive quenching circuit (PQC), 

active quenching circuit (AQC) and Mixed or Hybrid quenching circuit (MQC) which is 

a mixture of the first two types. The aim of this section is to review different types of 

QCs and discuss their advantages and dis-advantages.  
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Figure 2.8 Principle of operation of quenching circuit. 

 

 

Passive quenching circuit (PQC) 

      Passive quenching or self-quenching is the first and simple method of quenching 

an avalanche. All later quenching circuits were developed starting with the principle of 

this one.  

 

Figure 2.9 Typical passive quenching circuit (PQC) 
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Figure 2.9 shows a typical PQC where each component represents the following: 

Cint is the internal capacitance of the diode. It depends on the active area of the diode and 

varies proportionally with it.  

 Rint is the internal resistance of the diode, generally in the range of ~ 500 Ohms 

for large area SPADs.  

 Cs is the stray capacitance or the wiring capacitance due to the circuit design and 

layout. 

 RL   is the high value load resistor (quenching resistor). 

 Rs is a small value series resistor in order to get a voltage pulse at the output. 

Here, Cint and Rs are fixed and cannot be changed, but Cs can be lowered by careful 

circuit design and layout. The total capacitance to be charged is C = Cint + Cs.  In the event 

of an avalanche, a macroscopic current flows through the diode. Voltage drop across the 

large value ballast resistor (RL) quenches the avalanche by limiting the current below a 

latching current value. The latching current depends on the device and varies typically 

from few ten’s of microamperes to few hundred microamperes [25]. After the avalanche 

is completely quenched, the diode recharges back with a time constant Rint * C. The diode 

is not sensitive to detect another photon from the time the avalanche is initiated to the 

time it completely recharges; hence this period is called the dead time of the diode.  

       As can be seen, in this mode of operation, the photon-counting rate is limited by 

the RC time constant, which can vary from few hundred nanoseconds to few 

microseconds. Minimizing the RC time constant can increase the photon-counting rate a 

little, but, the value of R should be selected such that it is high enough to maintain the 

current below the latching current value and it should not be very high, in which case it 
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will increase the recharge time of the diode and hence the maximum photon-counting 

rate. For different configurations and detailed study of PQCs, refer to [39]. 

Drawbacks of passive quenching  

• Large RC (Rint * C) time constant prevents the bias voltage from dropping 

rapidly. This results in the delay of quenching the avalanche and hence inaccuracy 

in the detection of the arrival of photon at the same time increased power loss, 

which results in the increase in SPAD temperature.  

• Large current flows across the junction during the avalanche and carriers can get 

trapped in the SPAD junction. The number of trapped carrier increases as the time 

the SPAD is left unquenched increases. Once VBias drops below VBR, these 

carriers can spontaneously re-emit. If VBias is reset too early, then these re-emitted 

carriers can falsely re-trigger the avalanche. This problem can be overcome only 

by holding the bias voltage low for a certain amount to allow these carriers to be 

completely swept out of the junction without retriggering an avalanche.  

• Large value of RC limits the maximum operating frequency to few hundred KHz 

with large area devices, making it practically un-usable in most applications.  

     

       To summarize, PQC is an easy to implement and an effective method of 

quenching for small area (less than 50µm) devices since they have very low capacitance 

(capacitance scales with area) and hence higher speeds is possible with PQ.  They can 

also be used with large area devices where high counting rates is not a requirement (~ 

few-few hundred KHz). Since, the selected SPAD for our application is a large area 

device that is expected to count photons at high-speed (≥ 1MHz), PQ is not a feasible 
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option. In order to over-come the above-mentioned drawbacks, faster quenching method 

known as active quenching is used.  

 

Active quenching circuit (AQC) 

      This method forces back on the SPAD to drop the bias voltage much quicker 

enabling significant speed improvements over the PQ method; however, it is no simple 

task to design an effective AQC. Due to the time constraints involved there is a 

significant amount of component integration to reduce propagation delays as well as stray 

capacitances. The concept of AQC, pioneered by Dr. Sergio Cova, was demonstrated for 

the first time in 1954 [58] and its application to photon timing in [59]. Various AQCs 

have since been reported, with size decreasing from nuclear instrumentation modules to 

compact boards and to monolithic active quenching circuits [39], [93]-[97]. Figure 2.10 

illustrates the principle of active quenching. For simpler explanation, it can be loosely 

broken down into further sub-circuits as follows. 

     (a) Comparator: The first task of the active quenching circuit is to act as a 

comparator. Comparator is one of the important components of the AQC and it performs 

the following tasks (a) detect the sharply rising avalanche current caused by an incoming 

photon or the thermal generation and avoid causing any false detection caused by any 

fluctuation in the dark current background; (b) generate an useable signal output which is 

representative of the current pulse generated by the SPAD. Generally, a line driver is 

used at the output of the comparator to shape the output pulse and further boost the 

amplitude of this pulse before sending it to appropriate circuitry for registering the 

photon. The output of the comparator is mainly used for two purposes, (i) to provide a 
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reference which can be used by external counting devices to record the number of 

avalanche events which occur and (ii) to initiate the voltage pulse (quenching action) that 

is used to reduce the SPAD bias voltage below breakdown, i.e. basically to initiate the 

quenching action. Since all the above mentioned tasks affect performance of the 

quenching circuit as well as some photon detection performance parameters (as discussed 

in the drawbacks of the PQC), a very high-speed comparator must be used. 

 

 

Figure 2.10 Active quenching circuit [39] 

 

 

     (b) Voltage Driver: A voltage driver, represented by “D” in Figure 2.10 is required to 

enable the large voltage quenching pulses (~ few tens of volts) to be generated. This 

pulse is required to force back onto the SPAD and reduce the bias voltage such that the 

avalanche current is quenched and the SPAD is insensitive to later arriving photons. The 

reason for such high voltage of this pulse is due to the biasing arrangement that is 
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employed for SPADs (usually biased 5-10% above the breakdown voltage for achieving 

high sensitivity).Once the quenching action is initiated, the high voltage pulse must be 

applied as soon as possible to minimize heating and after-pulsing effects and hence it 

must have a fast rise time. For detailed explanation refer to [39]. 

     (c) Timing Circuitry: Timing circuit controls the dead time of the AQC. The dead 

time is composed of two different time viz., the quench time and the reset time. During 

quench time, the SPAD bias is held below breakdown and reset time allows the SPAD 

capacitance to recharge back to the actual bias voltage. Important delay times of the 

quenching circuit are explained in detail in section 3.2.1. Although, these time itself are 

very critical, but it is required for the generated quench and reset times to be precise and 

also end of the quench time should be precisely matched with the start of the reset time. 

Further, it is important that all this be done without adding unnecessary capacitances to 

the design. 

Advantages and dis-advantages of AQC 

 Fastest possible method of quenching an avalanche. 

 High accuracy in photon timing. 

 Small delay in quenching the avalanche resulting in fewer carriers crossing the 

junction and hence low false re-triggering of avalanche. This also results in lower 

power loss and hence less heating of the SPAD. 

 Dead time of the circuit does not depend on the component values and can be 

accurately controlled. Hence determination of precise dead time is possible for 

satisfactory circuit operation. 

 Stringent circuit requirements. 
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      In summary, although AQC is an attractive method of quenching the avalanche, 

it is not the most preferred method because of the involved complexity and stringent 

circuit requirements. In order to relax the circuit design requirements, a hybrid approach 

is usually employed and is discussed next.  

 

Mixed quenching circuit (MQC) 

      As the name indicates, this method is the combination of passive and active 

quenching methods described above. Mostly, passive quenching is employed as the first 

stage to limit the avalanche current to a low value, followed by the application of quench 

pulse during the quench delay time and the reset action that recharges the SPAD back to 

the bias voltage that is greater than the breakdown voltage. The value of the load resistor 

that provides the initial passive quenching action can be lower as compared to pure PQ 

since the actual quenching is done by active method. Overall, this method enables a 

simpler design to be used, while still allowing some control over the dead time and the 

use of a voltage pulse to speed up quenching. However the time constant caused by the 

combination of SPAD capacitances and the PQ resistances means that the quenching 

speed is limited. It does however out-perform a straight passive circuit, at the cost of 

complexity and designer effort. In MQC, performance limitations are heavily dependent 

on switching delays which are directly related to the capacitance of the circuit. For 

detailed review and design, refer to [39] [96].  

     In summary, PQC is suitable for SPADs having small RC time contacts since it can be 

operated at higher speed and MQC is preferred over AQC due to the eased circuit 
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requirements and simpler design. For detailed analysis and comparison of different 

circuit, refer to [39] [96].  
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CHAPTER 3 

SINGLE-CHANNEL SINGLE PHOTON COUNTING 
MODULE (S-SPCM): DEGISN, IMPLEMENTATION AND 

CHARACTERIZATION  
 

 

 

      The goal of this chapter is to design high-performance S-SPCM based on the 

selected large-area SPAD model C30902S-DTC from PKI (see section 2.6) to investigate 

their feasibility for high-performance DNA-sequencing. This chapter presents, design, 

implementation and characterization of a high-speed (~10MHz) MQC, a highly stable 

(±0.001°C) temperature controller and a stand-alone power supply unit. A novel timing 

and logic circuit for generating precisely matched accurate quench and reset delay time is 

designed for the QC. Important performance parameters of the QC are characterized and 

optimum quench and reset delay times needed for the selected SPAD are studied. The 

designed QC and the temperature controller circuit are fabricated on a single PCB and 

mounted in a metal box to form a compact, stand-alone S-SPCM. The required voltages 

for this module are provided by the stand-alone power supply unit making the whole S-

SPCM stand-alone in nature. The SPAD is fiberized using the fiberization system 

discussed in section 2.7, making the designed S-SPCM general purpose in nature since it 

can be easily integrated into any application having similar photon counting 

requirements. The complete S-SPCM is then characterized and best possible results with 

the selected SPAD are demonstrated.  
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3.1 Stand-alone Photon-counting Module 

 

      In this thesis, the difference between a photon counting module and a photon 

counting system is as follows: a photon counting system consists of a detector, a QC to 

quench the avalanche and generate output pulses, a counter circuit that can count these 

pulses and a power supply unit to supply the required power to all these units (Figure 

3.1). But since there are commercially available photon counters that can be used for 

counting the output pulses (for e.g. SR 400 from Stanford Research Systems), it is not 

absolutely necessary to design a counter circuit (depends on the need of the application). 

Hence such a unit without the counter circuit is classified as a photon counting module.  

     Figure 3.1 shows the block diagram and interconnection of various sub-modules of the 

photon counting system. The APD in the block diagram represents the selected SPAD 

model C30902S-DTC. The aim is to design a general purpose, robust, stable and a 

compact photon counting module that could be easily integrated into our DNA-

sequencing machine as well as other applications, if required. The designed sub-circuits 

to make the complete S-SPCM are listed as follows: 

1. High-speed MQC. It must be noted that the reset circuit, high-speed comparator, 

line driver and the threshold adjustment block shown in Figure 3.1 are all 

important sub-circuits of the designed QC (Section 3.2).  

2. High precision, highly stable (±0.001ºC) temperature controller to cool the 

detector chip to lower temperatures and control its temperature (Section 3.3).   

3. A power supply unit (Section 3.4). 
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Figure 3.1 Block diagram of a stand-alone photon counting system  

 

      We already have two high-speed photon counters in our lab, one is the Stanford 

counter SR400 and other is a designed FPGA based high-speed counter circuit. This 

counter circuit can be connected to a PC via parallel port and is specifically designed to 

work with our data recording software facilitating easy data recording and storage. 

Stanford counter was used for initial tests and then the S-SPCM was characterized with 

our counter circuit.  
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3.2 Design of High-speed Mixed-signal Quenching Circuit 

 

      MQC is the optimum configuration of QC [39]. A good QC must have the 

following features or must be able to perform the following tasks efficiently: 

1. Sense the onset of an avalanche as soon as possible (detect). 

2. Lower the bias voltage across the SPAD below VBR as fast as possible (quench). 

3. Restore the bias across the SPAD to above VBR as quickly as possible (reset). 

4. Some parameters of a QC such as VBR, quench delay time and reset delay time are 

SPAD dependent. Further, these parameters are device independent that is two 

exact same devices (same structure, fabrication batch etc.) can have different VBR 

and different requirements for quench and reset times. Therefore a good 

quenching circuit must have provision to adjust these parameters.  

5. To achieve high sensitivity, a SPAD needs to be biased at a voltage that is 

sufficiently higher (5-10%) than the VBR [4] [98]. Hence the circuit must have two 

important features: 

- Provision to apply VBias above VBR, i.e. 10-20% VOV 

- The quench voltage (VQ) must be large enough to adequately quench the 

device to a voltage below VBR, i.e. VQ > VOV. 

Since VBR for this specific SPAD ranges from 180-220V (at -20°C), VBias must range 

from ~170-250V and VQ must range from 5-30V. This is taken into account while 

selecting the components for the quenching circuit. 
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Figure 3.2 Circuit diagram of the quenching circuit. For more detailed circuit 
diagram see Figure A.1.  

 
 

         Generally a MQC consists of a PQC followed by an AQC which consists of the 

comparator, voltage driver and the timing circuitry. Some of the reported QCs can be 

found in [25] [39] [95] [98] [104]. One of the common methods of generating quench and 

reset delay times is to use mono-stable multi-vibrator for timing purposes, whose timing 

is set by a RC. Hence, each time the delay needs to be changed, the RC has to be 
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changed. Our future goal was to design multi-channel systems based on the same 

quenching circuit. Since different SPADs may need different timing, tuning multi-

channel system for optimum delays would be very inefficient with mono-stable based 

timing circuit. To solve this problem, a completely digital timing and logic circuit was 

designed that allows easy tuning of delay times. The circuit is designed using only 12 

nand gates and delay line ICs and has certain advantages as compared to the mono-stable 

approach and will be discussed below. Figure 3.2 shows the circuit diagram of the 

complete MQC. Details of all the important components are shown in the figure. The 

circuit explanation is simplified by breaking it down into three important sub-circuits, 

viz. passive quenching and comparator, voltage driver circuit and timing and delay 

circuit. Each sub-circuit is marked with a circle in the figure and is explained below.  

Also, it should be noted the nand gates are implemented using TTL IC 74F00, but are 

shown as individual gates for explanation purposes. More detailed or the actual 

implemented circuit along with the layouts are provided in appendix A.  

Passive quenching (PQ) and comparator 

      PQ is provided by load resistor R6 (50KΩ) and R9 (50Ω) helps to create a voltage 

pulse at node Y. As soon as the voltage at node Y crosses the reference or the comparator 

threshold voltage (VTH) (set using R9), the comparator triggers and generates a fast 

positive going edge at the output that triggers the timing and the voltage driver circuit. 

The comparator output goes low when the input at node Y goes below VTH.  It is 

important to note that in a pure PQC the value of the quenching resistor is usually in the 

range of few hundred kΩ, but in MQC, since the actual quenching is done by the voltage 

driver circuitry, a much lower value of R6 can be selected.  A lower value of R6 helps in 
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detecting the avalanche much faster since the time it takes for node Y to cross VTH will be 

shorter. Ultimately, this helps in minimizing the charge that crosses the junction and 

hence afterpulsing. 

Voltage driver circuit 

      In Figure 3.2, voltage driver circuit mainly consists of transistors (T1-T5), diodes 

(D3, D4), resistors (R4, R5), capacitor (C8) and voltages (VQ, +12V). T1-T5 are 

implemented with n-channel DMOSFET model SST-215,  since it has low turn-on time 

(1ns), low reverse capacitance (0.2pF) and low on-resistance between drain and source 

(rDS ON) [99]. The task of the voltage driver circuitry is to momentarily lower the bias 

across the SPAD to below breakdown in order to quench the avalanche. This is done by 

applying voltage VQ to the anode (node X) of the SPAD; momentarily decreasing the 

effective bias across SPAD to VBias-VQ (i.e. below VBR). Maximum value of supply VQ is 

limited by the drain to source breakdown voltage of the T1, (typical value 35 V), but is 

sufficiently high for the selected SPAD. VQ is provided by an adjustable power-supply to 

accommodate different devices if needed. A bootstrap configuration, with positive 

feedback provided by the capacitor C8 is employed. This configuration has the major 

advantage of driving the transistor T1 well into the ohmic region, thus providing a low 

resistance path between VQ and the anode (point X) of the SPAD. This ensures a very fast 

active quenching transition. Gate of transistor T4 is biased at a quiescent high level 

(TTL) in the linear region (ohmic region) with very low drain to source voltage drop, 

hence whenever the quenching pulse appears at the gate of this transistor, it goes into 

cutoff region and the gate voltage of T1 starts increasing. T1 is configured as a source 

follower, so that the source voltage rises until it is clamped at the supply voltage VQ by 



 71

T4 entering the ohmic region. During the transient, the blocking diode D3 is switched off, 

enabling the capacitor C8 (that essentially behaves like a battery, providing a constant 

voltage (VC8 =11 V) to further increase (bootstrap) the gate voltage of T1. For detailed 

analysis of the bootstrap configuration and the voltage driver circuit refer to [98]. 

      To summarize, in the quiescent state, the biasing is such that T1, T2, T3 and T5 

are off and T4 is on. They continue to remain in this state until an avalanche is initiated 

and the comparator output goes high (logic ‘1’), which triggers the logic circuitry that in 

turn triggers the voltage driver circuitry that performs the following tasks: 

1. T2, T3 and T5 continue to remain off. T4 is turned off, hence T1 turns on.  

2. When T1 turns on, it creates a low resistance path between the supply VQ and 

node X (SPAD anode); hence VQ is applied to node X (SPAD anode), quenching 

the SPAD. It should be noted that this action essentially charges the capacitance 

(Cint+ Cw) at node X to VQ.  The time for which the SPAD is kept in the quenched 

state is determined by the quench delay generated by IC U4 plus loop delay 

(section 3.2.1). This time is defined as the quench delay time (TQD) of the circuit 

and is variable. 

3. After the quench time is over, the logic circuit turns on T4, which turns T1 on and 

at the same time T2 and T5 are also turned on.  

4. Turning on T2 and T5 creates a low resistance path between node X and ground, 

essentially discharging VQ on Cint+ Cw to ground. Two transistors are used in 

parallel to speed up the discharge process. The time for which the two transistors 

are on is determined by the reset delay IC U5 and is termed as the reset delay time 

(TRD) (section 3.2.1).  This process is essentially resetting the device back to VBias 
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after which T2 and T5 are turned off and the circuit goes back to quiescent state 

until another avalanche is initiated.  

The above action is repeated each time an avalanche is initiated and the comparator is 

triggered. It must be noted that besides generating the quench and reset delay; it is also 

required to send appropriate signals to transistors T1-T5 to turn off or on. Also, it must be 

noticed that the reset action has to begin as soon as the quench action is completed. These 

tasks are performed by the timing circuit which is described below. 

Timing and delay circuit 

      In order to simplify the explanation of the logic and timing circuit, consider the 

simplified version of the previous circuit shown in Figures 3.3 and 3.4 below for two 

cases (no photon is detected and photon is detected). In this circuit, the quenching and 

reset transistors are replaced with switches S1 and S2, which act as quench and reset 

switch respectively. Also, assume that S1 is a p-channel transistor, hence it turns on when 

logic ‘0’ is applied and S2 is n-channel transistor that turns on when logic ‘1’ is applied. 

As mentioned earlier all the nand gates are implemented with TTL nand-gate IC 74F00 

and the delays (U4 and U5) are implemented with silicon tap delay line IC series 

DS110X [43]. There are only two possible cases of operation, viz. when there is no 

photon detected and when a photon is detected (avalanche can be initiated by actual 

photon or thermally). Each case is explained below. 
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Figure 3.3 Timing and logic circuit; case 1: when no photon is detected. 

 

  

Case 1: No photon is detected (quiescent state) 

      In this state, the comparator output is zero, the reset and the quenching switches 

S1 and S2 are off and Figure 3.3 shows the output conditions at different points in the 

circuit. After the signal goes through the loop, the output of U3A is ‘0’; hence S1 and S2 

both continue to remain off.  
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 Figure 3.4 Timing and logic circuit; case 2: when a photon is detected. 
 

 

Case 2: Photon is detected 

      When an avalanche is initiated (either due to a detected photon or thermal 

generation) and the comparator is triggered, the output of the comparator switches to 

logic high (‘1’) initiating the logic circuit. The logic circuit performs the action in 

following sequence to generate precisely timed quench and reset delays: 

• Logic ‘1’ at the output of the comparator continues to keep S2 off while turning 

on S1 as shown in Figure 3.4. As soon as S1 turns on, VQ is connected to SPAD 

anode, immediately quenching the avalanche. It must be noted that once the 

comparator output goes high, there are just 2 gate delays and one transistor turn 

on time before the avalanche is quenched. 
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• The output of U1B is also applied to the input of U1C at the same time as S1, 

initiating the loop consisting of U2, U3, U5 and U4. 

• The idea behind using 3 nand gates in series (U2D, U2C and U2B) is to generate 

a short negative pulse at the ‘S’ input of the nand latch formed by U3C and U3D. 

When the comparator output was ‘0’, the state of the nand latch input was SR= 10 

and output QQ’=01.This negative pulse momentarily changes the state of the latch 

to form the pulses as shown at QQ’ outputs. 

• The pulse at Q is passed through the adjustable delay IC U4 and the Q’ output is 

passed through the delay ICs U5 and U4. Therefore, first pulse is precisely 

delayed by the delay time set by IC U4 and the second pulse is precisely delayed 

by the sum of the delays set by ICs U5 and U4 and the pulses obtained at the 

output of U3A as shown in Figure 3.4. 

• S1 and S2 continue to remain in the same state until positive going edge of the 

quench pulse. That is the output of U3A=0, output of U1A=1 and hence output of 

U1D = 0, i.e. S2=0, keeping it in off state and output of U1B and hence S1=0, 

keeping it on.  

• As soon as the quench pulse ends and the reset pulse starts (positive going edge), 

the output of U3A=1, U1A=0 and hence U1B = 1, turning off S1 (S1=1) and at 

the same time U1A=0 also makes U1D=1, turning on S2 (S2=1). This point marks 

the end of quench time and the start of the reset time. By turning off S1, the low 

resistance path between VQ and the SPAD anode is shut off. Also, turning on S2 

provides a low resistance path for the capacitor (Cint + CW) to discharge through 

the ground, effectively restoring the SPAD bias.  
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• The decreasing voltage also makes the output of the comparator go low, which 

turns off S1 and S2; bringing the circuit to the quiescent state until another the 

next avalanche is detected.  

The above described action takes place each time an avalanche is initiated.  

 

3.2.1 Results and Discussion 

 

      Figure 3.5 shows the prototype (front and back) of the designed circuit. A 

common metal ground plane was created to keep the noise to minimum as shown in 

Figure 3.5(left). In order to get an estimate of the spread of different delay times required 

for this SPAD, ~5-6 SPADs were measured. During the measurements it was found that 

since the SPAD was not mounted on a heat-sink the count rates started decreasing 

(heating effects) with time and also there was no temperature control. Hence only limited 

measurements were done to verify the operation of the designed QC with the SPAD. 

Complete characterization of SPAD and the QC is presented in section 3.6.  
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Figure 3.5 First prototype of the designed QC. 

 

      Figure 3.6 shows the final output pulse from the line driver IC that is generated 

each time an avalanche is triggered (either due to photon or thermal). This output pulse is 

sent to a high-speed counter to register the count. Figure 3.7 shows the high-voltage 

quench pulse that is applied for the period of the quench delay pulse (Figure 3.8a). 

Falling edge 1F

1
F of the quench pulse represents the reset action i.e. restoring of the SPAD 

bias. The time for which the reset action takes place is determined by the reset delay 

pulse (Figure 3.8b). The width of quench, reset and output pulses depends on the SPAD 

and may vary from device to device. Each of these times and other important parameters 

of the quenching circuit are discussed in detail. 

 

                                                 
1 It must be noted that the quench pulse is a negative pulse and the leading edge (going downward) of this 
pulse is referred to as rising edge and the positive going edge is referred to as the falling edge. 
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Figure 3.6 Output pulse from the quenching circuit sent to the counter. 

      

 

Figure 3.7 Quenching pulse. Measured using 10X probe. 
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Figure 3.8 Quench (a) and reset (b) delay pulse (precisely matched). 

 

Time to quench an avalanche (TA) 

      Once an avalanche is initiated, current starts flowing through the depletion region 

of the device and a large number of carriers cross the junction. It is intended that the 

number of carriers crossing the junction should be as small as possible for the reasons 

discussed in section 2.4 (see afterpulsing). There is a certain amount of time needed to 

quench the avalanche and it is determined by the combination of SPAD and QC 

parameters and hence it is different for different combination of SPADs and QCs. In the 

designed circuit, it is the sum of time required for the SPAD to start conducting current 

once a photon is detected, time it takes the comparator input to cross VTH, comparator 

delay to produce the output, one nand gate delay (U1B), one transistor turn off time and 

one transistor turn on time represented by the equation 3.1.  

OFFONNDCDTHAPD  TA ΤΤ +Τ +Τ +Τ + Τ = +  (3.1)
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where,  

     TA = Time to quench an avalanche 

     TAPD = Time required for the SPAD to begin conducting current. 

     TTH = Time required for the comparator input (Node Y) to cross VTH. 

        TCD = Comparator LT1719 propagation delay (~ 4.5ns) 

     TND = One nand delay of IC 74F00 (measured to be ~ 1.5ns) 

     TON = Turn on time of DMOSFET SST215 (~1ns)  

     TOFF = Turn on time of DMOSFET SST215 (~1ns) 

In the above equation only TAPD is SPAD dependent and will vary from device to device 

whereas all the other times are QC dependent. Most of the QC dependent delays can be 

determined fairly accurately either by measurement or component datasheets. Based on 

component delays, TA for this circuit is approximated to be 10-12ns. 

 

Quench delay time (TQD) 

      Carriers crossing the junction during an avalanche can be trapped in the depletion 

region of the device. When the quench pulse (Figure 3.7) is applied (SPAD is shut off), 

these carriers are swept out of the junction. Hence, sufficient time must be provided for 

the carriers to move out or to be swept out of the depletion region. This time depends on 

the number of carriers that crossed the junction and the intensity of the current generated 

that in turn depends on VOV. If TQD is too short, some carriers will remain trapped inside 

the junction initiating a false avalanche (after-pulsing) and if it is too long, the SPAD off 

time will increase, introducing non-linearity in photon counting and also limiting the 

frequency of operation. Hence, TQD is usually determined by establishing a trade-off 
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between the acceptable after-pulsing, speed and the required PDE i.e. VOV for a particular 

application.  For example if the application does not require high-speed photon counting, 

TQD can be long, reducing or may be completely eliminating the possibility of 

afterpulsing. In this circuit, TQD can be easily changed digitally on the quench delay IC 

U4 which is an advantage of this circuit as compared to the mono-stable based approach. 

It is very important to note that the total quench delay is not only determined by the delay 

set on quench delay IC U4 (TU5). The rising edge of the quench delay pulse starts with 

the rising edge of the comparator and goes through the loop of nand gates, which also 

introduces delays. This loop delay (TLD) is measured to be 10ns. So, for setting a quench 

delay time of 35ns, the delay IC U5 is set to 25ns and 10ns is added by the loop. In this 

thesis, this total time of 35ns is referred to as TQD and is given by equation 3.2.  

 

U4 LDQD T T  T +=  (3.2)

 
 

where, TLD is the loop delay and TU4 is the delay set on the quench delay IC U4. As 

mentioned earlier, behavior of SPAD for different values of TQD was studied for 5-6 

SPADs and a range of 25ns-35ns was found to be sufficient. Figure 3.8 and Figure 3.9 

shows the pulses for the two lowest and highest observed TQD respectively. Usually only 

one pulse was seen in the dark at low VOV, but when TQD was set to less than 25ns, more 

pulses were seen together quite frequently, which suggested that there was afterpulsing. 

In the designed QC TQD is adjustable from 10 to 60ns, which is sufficient for the selected 

SPAD.  
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Reset or recharge delay time (TRD) 

      During reset time, basically the capacitance between SPAD anode and ground 

((Cint+ Cwire) in Figure 3.4) is discharged through switch S2 to ground, essentially 

restoring the SPAD bias to make it ready to detect another photon. Therefore, it must be 

large enough to allow the complete discharge of this capacitance and ensure that the 

SPAD bias is completely restored in order to avoid retriggering of the comparator, and 

hence, oscillations. On the contrary, reset time should not be very large as it increases the 

total dead time of the circuit and hence photon loss. Further, the SPAD is slowly 

recovering to its normal bias during this time meaning it is half-ready to detect photons. 

Therefore, if the reset time is too long, the probability that SPAD will detect another 

photon during this time will increase, not allowing the SPAD to completely quench itself 

for a long time, leading to diode heating.  

      TRD of 10-15ns was found to be sufficient for the measured device. Most of the 

devices worked well with 10ns (Figure 3.8b), but 1-2 required 15ns (Figure 3.9c). When 

TQD was set to less than 10ns, (i.e. 5nsF2F

1
F) a train of output pulse was seen at the output 

(oscillations) suggesting that the SPAD did not have sufficient time to restore the bias 

completely and the comparator kept retriggering.  In the designed circuit, reset delay is 

adjustable from 5to 25ns by reset delay IC U5 (TRD = TU5). 

 

Output pulse 

      Figure 3.9 (a) and 3.6 show the output pulse for two different SPAD at the output 

of line driver IC that is sent to the counter and oscilloscope. The rising edge of the output 

pulse is formed as soon as the comparator triggers, which initiates the quenching action. 
                                                 
1 Delays can be adjusted in steps of 5ns in the used delay line ICs. 
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The output pulse ends when the voltage at the positive input of the comparator is pulled 

below threshold by the discharging SPAD anode during reset. Therefore the width of the 

output pulse for this circuit is approximately equal to the sum of quench and reset delay 

pulses (TQD + TRD) as shown in Figure 3.9a. 

 

 

Figure 3.9 Quenching circuit output pulse (a), Quench delay pulse (b) and reset 
delay pulse (c). 

 

 

Dead time (TDT) 

      As the name indicates, the time for which SPAD is insensitive to incoming 

photons is called the dead time (TDT). TDT effectively represents photon loss, hence it is 

desired that it be as short as possible since it influences the speed and linearity of the 

circuit and its effects are noticeable, especially at high-count rates. Since, in most MQCs, 
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TDT is fairly accurately known or can be determined experimentally, photon loss can be 

taken into account while evaluating the actual photon count rate [100], [101]. Beginning 

of the TDT can be considered to be the time when the SPAD starts generating an avalanche 

and the ending time can be considered when the SPAD bias is restored. Therefore for this 

circuit the dead time is approximately equal to the sum of three times viz. TA, TQD and 

TRD, i.e. as soon as the output pulse goes low, the detector must be able to see another 

photon. 

 

RDQDA DT TT T  T ++=  (3.3)

 

Speed  

      Speed of the QC is limited by the associated capacitances (SPAD internal 

capacitance and Wiring capacitance) and mainly by the speed of the components such as 

comparator, transistors and diodes. Nothing can be done to reduce the internal 

capacitance of the SPAD, but the wiring capacitance can be reduced by careful design of 

the layout.  

 

3.2.2 Improved Timing and Logic Circuit 

 

      Few modifications were made to the designed timing and logic circuitry. The 

modified circuit is as shown in Figure 3.10. For detailed circuit diagram, layout and 

implementation see Figures A.5, A.6 and A.7 respectively. Modifications do not alter the 

functioning as compared to the previous circuit (Figure 3.2) described in section 3.2 , but 
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this circuit required four less nand gates as compared to previous version and hence one 

less nand gate IC 74F00. The only difference is that the loop delay for the new circuit 

reduced by ~5ns, hence the quench delay on the delay IC needs to be set accordingly. It 

should be noted that component designations are different in this circuit as compared to 

the previous one. The circuit is explained below for two cases and can also be referred 

from [102]. 

 

Figure 3.10 Circuit diagram of the improved quenching circuit. For detailed circuit 
diagram refer to Figure A.5. 

 

 

Case 1: No photon is detected 

      When no photon is detected, the comparator output remains zero, the outputs of 

U1A, U1B and U1D are 1, 1 & 0 respectively, and hence S1 and S2 both are off. The 
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circuit continues to remain in this state until a photon is absorbed in the active region of 

the device and an avalanche is initiated. 

 

Case 2: Photon is detected and an avalanche is initiated 

      When a photon is detected and an avalanche is initiated, large current flows 

through the SPAD. The large value resistor RL initially limits this current. When the 

voltage at positive input of the comparator crosses VTH, the output of the comparator goes 

high. Output of U1A and hence U1D remains same, hence S2 continues to remain off. At 

the same time U1B output goes low, hence S1 is turned on and hence VQ is applied to the 

anode of the SPAD, thus quenching the avalanche. The output of U1B is also applied to 

U1C and the reset delay IC U5. The output from U1C propagates further through U2B, 

quench delay IC U6, U2A, U1A and finally generating a ‘1’ at the output of U1D, thus 

turning on switch S2, initiating the reset action.  At the same time, output from U1A goes 

to U1B, which generates a ‘1’ to turn off switch S1. The reset action is terminated after 

about the time determined by the reset delay IC U5 when the ‘0’ at the input of reset 

delay IC U5 propagates through the same loop and turns off S2. Now, the SPAD is ready 

to detect another photon. This loop action takes place each time the SPAD fires and the 

current is large enough to trigger the comparator. 

 

3.2.3 Summary  

      

     This section presented the design of a high-speed quenching circuit; a critical 

component of a SPAD-based photon counter. A novel logic circuit based on standard 
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TTL components that generates precisely matched, accurate quench and reset delays was 

designed and analyzed. The designed logic circuit uses only 6 TTL nand gates and 2 

delay ICs, making it a much simpler design that requires very few basic components. 

Further, since the designed timing circuit is digital, the generated timing can be expected 

to be precise, which is not the case with RC timing used in mono-stable. Also, timing 

based on RC circuit can change with time and temperature. Moreover, the digital nature 

of the designed circuit and ease of changing delays will make the tuning of a multi-

channel system much easier. Time to quench the avalanche (TA) is an important 

parameter used to determine the quality of a QC. It must be noted that it takes for the 

SPAD to start the avalanche (TAPD) depends on the SPAD and is different for different 

SPADs and cannot be controlled (is unknown). For the designed circuit, this time (TA) is 

~10-12 ns, which comparable with most of the reported QCs that have been used with 

large area devices [95], [96], [98]. 

 

 

 

3.3 Design and Testing of Temperature Controller 

 

      SPAD parameters such as DCR, VBR and afterpulsing varies with temperature, 

hence temperature stability is a must. For initial testing, a temperature controller module 

(model 5C7-362) from Oven industries Inc was used. This model can be connected to the 

serial port on the computer and the temperature can be controlled using the software 

provided. It provides accurate temperature control and is very easy to use. But, to build 
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compact, stand alone single photon counting module, it was necessary to design a 

controller of our own which is compact and provides accurate temperature control. A 

controller based on IC Max 1978 [103] was designed. The controller IC gives excellent 

performance and controls temperature with a stability of ±0.001ºC. It is available in a 

48pin QFN package (7mm x 7mm) that occupies very small space on the printed circuit 

board (PCB) and provides an excellent low cost solution. Minor modifications were made 

in the circuit configuration provided in [104] to suit the TEC specifications of the SPAD 

provided in the passport that comes with the SPAD. Figure 3.11 shows the circuit 

diagram and Figure 3.12 shows the first prototype. Since this IC was relatively new and 

comes in a QFN (Quad flat no lead) package, for the prototype, they were soldered at 

Schmartboard, Sunnyvale, CA [105] on their patented Schmartboard (Figure 3.12). 

Instructions for testing the controller can be found in [103] [104].  The 

temperature is set by adjusting the voltage on the variable resistor R25 at the input of 

FB+ and FB-, for e.g. 0.75V represents 25ºC, 1V approximately represents 10ºC and the 

slope is approximately –14mV/ºC [103]. Resistance of the thermistor inside the SPAD 

varies with temperature as shown in Figure 3.13. 
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Figure 3.11 Circuit diagram of the implemented temperature controller. 
 

   

 

 

Figure 3.12 First prototype of the temperature controller circuit (front and back). 
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Figure 3.13 Variation of the thermistor resistance on C30902S-DTC.  
      

 

Based on the resistance values shown in Figure 3.13, the voltage that needs to be 

set in order to get the required temperature on the TEC was calculated. Figure 3.14 shows 

only the bridge formed in temperature controller circuit (Figure 3.11, Figure A.2), where 

TP4 (Pin FB+ of IC Max 1978) is the set voltage and TP3 (Pin FB- of IC Max 1978) is 

the voltage on the peltier. TP3 and TP4 are just the test points on the circuit and can be 

seen in Figure A.4. When the voltage on TP3 is equal to the voltage on TP4 (VTP3=VTP4), 

the bridge is balanced and the actual temperature on the peltier is equal to the set 

temperature. The voltage to be set on TP4 to get the required temperature can be 

calculated using only one side of the bridge using the simple voltage divider equation 3.4, 

where, R(t) for different temperatures can be obtained from Figure 3.13 and Vref = 1.5V 

[101]. Voltage on TP4 is set using the 100K potentiometer R25. Figure 3.15 shows the 

values as suggested by the datasheet and the values that were experimentally measured. It 
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was found experimentally that for higher temperatures the slope is ~ –14mV/ºC, but as 

we go to lower temperatures (less than -10ºC), the slope decreases and becomes as low as 

–8mV/ºC. 
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Figure 3.14 Bridge circuit formed in Figure 3.12 used to calculate the voltages to 
set different temperatures on SPAD. 

 

      It is very important to test the operation of the temperature controller circuit 

before using it with actual diode as it involves switching of high currents and a wrong 

connection can damage the peltier. Hence, a simple test circuit was designed to test the 

controller. This circuit basically emulates the thermistor and the peltier inside the diode. 

When the set voltage was changed, the voltage across the peltier changed either in the 

positive or negative direction or it became zero. So just by measuring this voltage and by 
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checking if the correct over-voltage and under-voltage LED’s glowed, it was verified if 

the temperature controller was able to sense the change in voltage and hence temperature. 

 

 

Figure 3.15 Calculated voltage values to set different temperature on SPAD. 

 

 

 

3.4 Design and Testing of Power Supply Module 

 

      The SPAD, the designed QC and the temperature controller all together need four 

different voltage supplies viz. a variable 170-250V for SPAD bias (VBias), 25-35V for the 

quenching voltage (VQ), 12V for bootstrap in QC and 5V for the logic ICs and 

temperature controller. Further, since the temperature controller switches currents of the 
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order of ± 2 amps (depending on required temperature), the +5V supply should have the 

capability to handle such currents. A power supply unit based on standard components 

was designed; Figure 3.16 shows the circuit diagram along with the component part 

numbers and values. Wherever required, the output voltage was made variable on the 

designed PCB (Figure 3.17).  

 

 

Figure 3.16 Circuit diagram of the designed power supply module 
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3.5 Complete Single-channel Photon Counting Module (S-SPCM) 

 

      The designed QC and the temperature controller circuit were layed out and 

fabricated on the PCB as shown in Figure 3.17 (see Appendix A for detailed circuits and 

layouts). The PCB along with the SPAD were mounted on a metal box to make a 

compact, stand-alone single photon counting system as shown in Figure 3.18. Since the 

SPAD operates with high voltages, it is expected to generate a lot of heat and power 

when it is operated for extended hours or when operated at high over-voltages with high 

light levels. Further, the temperature controller switches currents of the order of ±2 

amperes; hence it is expected to generate a lot of power too. The generated heat from 

device is dissipated through the bottom part (base) of the SPAD.  Hence the device is 

purposefully mounted on a black metal box that serves two purposes viz. blocks external 

ambient light and serves as the heat sink. The module has an output co-axial connector 

that can be connected to oscilloscope or photon counter or both as required. All the 

required voltages are supplied to the module through the power supply module (Figure 

3.18c), hence only connection required to the complete module is 120Vac power from the 

wall. 
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Figure 3.17 Designed PCB; front side (left) and reverse side with mounted 
fiberized SPAD (right). 

 

 

                 (a)                                                    (b)                                               (c) 

Figure 3.18 Implemented S-SPCM; (a) closed module showing fiberized SPAD, (b) 
open module shown mounting PCB and (c) with power supply module.  

 

      Performance of the SPAD, QC and the S-SPCM as a whole were characterized 

and are discussed in detail in the next section. Further DNA-sequencing was also 

performed with this module, the results of which are discussed in Chapter 6.  
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3.6 Experimental Results and Discussion 

  

      This section presents experimental characterization (electrical) of the designed 

photon counting module. These results reveal the photon counting capability of the 

selected SPAD model along with the designed QC and the temperature controller.  

 

Experimental set-up 

      Figure 3.19 shows the block diagram of the experimental set-up. A white light 

lamp was used as the source of light for all experiments; it was turned off for dark count 

related experiments. The light from the lamp was passed onto an attenuator box using a 

fiber optic cable (FOC1). This attenuator box consists of 2 adjustable neutral density 

(ND) filter wheels for selecting filters with different optical density (OD). Each wheel 

has 6 filters and a range of 0-5 OD, therefore using a combination of these two wheels, 

different attenuation in the range of 0-10OD can be selected. For more attenuation, ND 

Edmund Optics filters were used. These extra filters were fitted into the space in front of 

the white lamp. 

 

 

Figure 3.19 S-SPCM: Block diagram of the experimental set-up used for 
characterization. 
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Figure 3.20 S-SPCM: Photo of the experimental set-up. 

 

 

Breakdown Voltage (VBR) 

      VBR varies for different SPADs of the same type and it depends on temperature. 

VBR at two temperatures (+22ºC and –20ºC) is specified by the manufacturer along with 

each SPAD; hence the temperature coefficient can be easily determined. For the cooled 

diode this value ranges from 0.5 to 0.8 V/ºC. Breakdown voltage was measured at 

different temperatures and is as shown in Figure 3.21. The calculated temperature 

coefficient for this particular diode is 0.6095V/ºC and experimentally it was found to be 

0.66V/ºC. This experiment verifies the functioning and accuracy of our temperature 

controller with the SPAD. It must be noted that difference in the voltages to be set on the 

PCB was found at low temperatures (Figure 3.15) and is reflected in Figure 3.21. The 

reason for this can be (a) difference in ambient temperature and (b) there is a ceramic 
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piece between where the SPAD chip is placed and where the thermistor is placed, hence 

it takes a little longer time for the thermistor to reach the same temperature as the device. 

Since these measurements were made rather immediately after the temperature was 

changed, this difference at lower temperature can be due to experimental error. But, what 

is important is that once the temperature becomes stable, it should remain stable for long 

hours. If the diode gets heated and the temperature of the detector increases, it can 

increase the VBR of the device which can result in decrease of effective VOV and hence 

decrease in gain. Hence temperature and VBR stability is very important.  

 

 

Figure 3.21 S-SPCM: Variation of VBR with temperature. 
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Variation of Photocount Rate (PCR) with Comparator Threshold (VTH) 

      While performing the experiments it was found that the output count rates 

changed when the comparator threshold (VTH) (R10 in Figure 3.2) was changed. Hence, 

in order to find an optimum threshold, behavior of the PCR with variation in VTH was 

studied (Figure 3.22). It was observed that at very low thresholds (< 3mV), the 

comparator picked-up noise (Node Y in Figure 3.2) and the PCR increased abruptly. For 

such low thresholds, shape of the output pulse completely deformed and continuous train 

of pulse is seen on the oscilloscope and the difference from the regular pulse was clearly 

noticeable. It must be noted that the VTH where the comparator starts picking up noise 

depends on the circuit layout and the wiring capacitance. Stable count rate was observed 

for a good range (3-11mV) of comparator thresholds, implying that all the photons that 

are received by the detector are counted for this threshold range. Further, the count rate 

abruptly drops to zero as VTH is increased beyond 11mV. This is a strange behavior since 

it would be expected that the count rate would start dropping slowly rather than just 

going to zero. The QC is digital in nature and it quenches the avalanche as soon as it 

receives a signal from the comparator, which means that somehow the SPAD and the 

comparator input reach such a state that they cannot detect and trigger the comparator. 

The reason for this can be that as the VTH is increased; the voltage required at Node Y 

(see Figure 3.2) also increases, effectively allowing the avalanche to develop for a longer 

period of time. As VTH is increased further, at one point this time probably becomes 

comparable or greater than the average arrival time between two photons. This means 

that the incoming photos are not detected.  Therefore the comparator threshold must be 

selected in the stable region and as low as possible such that it does not register counts 
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due to noise. For this particular combination of PCB and SPAD, VTH is selected to be 

4mV. Unless otherwise mentioned, VTH is set to 4mV for this SPAD for all the 

experiments in this section.  

 

 

Figure 3.22 S-SPCM: Variation of PCR with comparator threshold (VTH). 
 

 

Stability 

      In order to check the stability of VBR and the temperature controller, the device 

was tested for long hours at three different count rates. Also, typical DNA sequencing 

experiments last for one hour, hence, if the photon counter is illuminated with high light 

levels for long period of time, it may get over-heated. If adequate heat sink is not 

provided, device VBR increases, effectively decreasing the VOV, resulting in drop in count 

rate levels with time. To measure all these performance, the S-SPCM was illuminated 
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with a constant light and the PCR was recorded every hour for 6 hours at -20°C (Figure 

3.23).  

 

 

Figure 3.23 S-SPCM: Stability.  
 

 

The experiment was repeated for three different light levels. For all three light levels it 

was observed that initially the PCR drops slowly between 0 to 30 minutes before settling 

to a stable value. As speculated earlier, the reason for this can be that once the diode is 

illuminated, the temperature on the diode chip starts increasing depending on the 

illumination level. Further, the diode is mounted on a crystal that is glued or rested on a 

2-stage cascaded peltier element. The temperature-sensing resistor rests on the top of this 

2-stage peltier element. So basically, there is a ceramic piece between the top of the 

peltier element and the diode. It takes some time for the heat to pass through this ceramic 

and raise the temperature of the sensor. Once the temperature of the sensor changes, it 
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adjusts the current on the peltier to accommodate for the diode heating and stabilize the 

temperature. Hence, it can be concluded that this initial drop is due to the property of the 

diode rather than circuit design. The initial drop in count rate varies between 3 to 4 % and 

once the count rate stabilizes, the maximum change in count rate is about 0.5%, 

suggesting that the designed S-SPCM is quite robust for performing long experiments 

and that the VBR and temperature controller are highly stable.   

 

Dark Count Rate (DCR) 

      Quality of a SPAD can be judged by studying its behavior in the dark. Dark 

counts represent the internal noise of the detector and the square root of the variance of 

dark count essentially represents the minimum detectable signal (MDS). DCR depends on 

VOV and temperature and dependence on both the parameters was studied. Figure 3.24 

shows the variation of DCR with VOV at two different temperatures, viz. -20°C and 

+22°C.  DCR has a linear dependence on the VOV at both temperatures. When the 

temperature was changed from +22°C to -20°C, the DCR decreased by ~42 times and this 

difference is consistent at almost all VOV, which clearly shows that DCR can be 

significantly reduced by operating the device at lower temperatures. For -20°C, the DCR 

does not increase much with VOV and even at 10VOV the DCR is just 500 Hz, which can 

result in tremendous improvement in SNR, sensitivity and MDS in many applications. 

From DNA-sequencing point of view this DCR (at -20ºC) is negligible (refer to Section 

1.5). Figure 3.25 shows the variation of DCR with temperature. DCR increases 

exponentially with increase in temperature for all three over-voltages and increases much 

faster as VOV increases (VBR+10V curve). In summary, DCR of this device increases 

exponentially with increase in temperature and can be decreased significantly (~42 times) 
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by cooling the detector. Hence, unless otherwise mentioned, most of the experiments are 

performed at -20ºC.  Since this decrease in DCR due to temperature is a property of the 

silicon, similar decrease in DCRs can be expected for all silicon-based detectors.  

 

 

Figure 3.24 S-SPCM: Variation of DCR with VOV at -20ºC (top) and +22°C (bottom). 
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Figure 3.25 S-SPCM: Variation of DCR with temperature at three different VOV. 
 

 

Noise 

      Noise in a photon counting system is determined by the distribution of photo 

counts. A correctly operating photon counting system follows a Poisson distribution 

where the variance of the photo counts (the number of photons counted over the given 

time interval) is equal to its mean value. In this case, match between the measured photon 

count distribution and the Poisson distribution determines the quality of the counting 

circuit. Photo counts were accumulated over 0.1sec (integration time) and were recorded 

for ~30 minutes with our software. Figure 3.26 shows the histogram of the photo count 

distribution (experimental histogram, represented by bars) of the designed S-SPCM 

compared to the Poisson distribution function that best fits the measured distribution of 

photo counts (solid line), demonstrating a good match between the experimental and 
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theoretically predicted distributions. The mean of the recorded photo counts is equal to its 

variance and represented by equation 3.5. This basically indicates that the measured noise 

is only caused by the stochastic nature of the photon fluxes detected by the photon 

detector and that the detector itself does not produce any additional noise. 

 

)2ln(
)(2 2FWHMMean =  (3.5) 

          

  

 

Figure 3.26 S-SPCM: Histogram of photo count distribution at the detector output 
as compared to Poisson distribution. 
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Sensitivity, optimum operating point and SNR 

      Sensitivity of a SPAD can be increased by increasing the VOV since the avalanche 

triggering probability increases with VOV [45]. But since increasing VOV also has the 

effect of increasing the DCR and after-pulsing, operating at high VOV is not feasible in 

many applications. Generally these are the applications that require very low DCR. But, 

DCR of this SPAD (T=-20ºC) is not a problem for DNA-sequencing applications even at 

high VOV (see Figure 3.24) since the background counts of the sequencer itself are much 

higher (typically 200-400 KHz) than the DCR. The behavior of DCR with increasing VOV 

(Figure 3.24) essentially represents the gain of the SPAD. Since the gain of a SPAD is 

same at each VOV, (in dark or light) PCR should approximately follow the same pattern 

(increase by same factor) as the DCR. Hence, for a constant light level, one can expect to 

see an increase in count rates with increase in VOV and the rate of increase would be 

similar to the rate of increase of DCR with VOV. Further, assuming poisson statistics, the 

noise of the detector increases as the square root whereas the signal increases linearly, 

hence the effective SNR increases much faster with increase in VOV and increase in SNR 

means increase in sensitivity.  

      The idea here is to first measure the attenuation versus PCR at low VOV for the 

device under test. If both are plotted on a log-scale, the device would be linear if the 

curve goes under 45 degree from X and Y axis. If the plot is non-linear, the over-voltage 

is increased in small steps and same measurements are repeated until either the best 

linearity is obtained or if no increase in sensitivity is observed (Figure 3.28). Figure 3.28 

shows that for the same light level (attenuation), the count rare increases with VOV, 

suggesting that the S-SPCM becomes more sensitive. Finally, it reaches a point where no 
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improvement in sensitivity is observed. Since both the axes in Figure 3.28 are log scale, 

the device can be called linear if the obtained curve is 45 degrees from both axes, passing 

through origin. But no detector is ideal and further, light attenuation levels (X-axis in 

Figure 3.28) are not well calibrated. Sometimes for the same attenuation setting, two 

completely different count rates were observed.  

      In order to filter the experimental non-ideal effects, S-SPCM is compared with 

PKI SPCMF3F

1
F. For each attenuation level and each over-voltage, the count rates are 

measured from the S-SPCM and PKI SPCM without changing the optical setting or 

moving the filters. Since, PKI SPCM is a known device, its count rates are set as the 

comparison standard. Same fiber is used for both the modules since both are fiberized 

and have FC connectors. This way it is ensured that exactly same light output power is 

focused on to both the detector. Figure 3.27 shows the block diagram of the experimental 

set-up. 

 

 

Figure 3.27 S-SPCM: Experimental set-up for characterizing sensitivity. 
 

 

      It must be noted that there is just one curve for PKI SPCM in Figure 3.28. This is 

because the PKI SPCM is tuned to best VOV that cannot be changed. Finally the 
                                                 
1 SPCM module SPCM-AQ-1X from Perkin Elmer Optoelectronics [3] is referred to as PKI SPCM in this 
thesis. This module uses the revolutionary SLIK diode that has a typical active area diameter of 180µm. 
This module has the best linear and dynamic range (~4MHz and 15MHz respectively) for a large-are 
SPAD. 
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attenuation versus photo count curve for each VOV is plotted against the attenuation 

versus photo count curve of PKI SPCM (red (SPCM) curve in Figure 3.28) as shown in 

Figure 3.29.  This basically means that for one attenuation setting, the count rate obtained 

with S-SPCM for each over-voltage are compared with the count rates obtained with PKI 

SPCM.  Therefore any non-linearities are filtered out, since they affect both the modules 

in the same way. Hence, if both the device has similar count rates, a perfect linear curve 

will be obtained. Figure 3.29 shows that the sensitivity (count rates) of S-SPCM approach 

the count rates of PKI SPCM as VOV is increased. These curves clearly show the DR and 

linearity of the designed module for each over-voltage. Further it must be noted that the 

DCR has been subtracted from the plotted values of PCR (it can be neglected, since DCR 

is 500 Counts/s for S-SPCM and is very small as compared to obtained PCR).  

     

 

 
Figure 3.28 S-SPCM: Attenuation versus PCR at different VOV. 
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Figure 3.29 Attenuation versus PCR of S-SPCM at different VOV plotted against 
attenuation versus PCR of PKI SPCM. 

 
 

      Based on the dead-time of the quenching circuit (50-60ns for this particular 

SPAD), theoretically a maximum saturation count rate of 16-20 MHz should be possible. 

But the maximum count rate was found to be ~4.3 MHz at 17VOV. This basically meant 

that either the SPAD was not capable of operating at high frequency or the quenching 

circuit was not capable of counting at high speeds. The problem was found to be with the 

QC. It was found that there was a large voltage drop across the high value resistor R3 

(100KΩ) connecting VBias to the SPAD cathode (see Figure A.1), hence the SPAD was 

not biased as it should be and further it was not receiving the required current. Changing 

the resistor to a lower value (10KΩ) solved the problem. This resistor was made variable 

in the improved quenching circuit (R1 and R3 in Figure A.5). Although the shape and 

behavior of the curves did not change, much better PCR was observed for the same light 

levels at same VOV (Figure 3.30). It was found that the PCR of the designed S-SPCM 



 110

were comparable with the PCR of PKI SPCM at much lower VOV (~10V) after the 

resistance was changed as compared to ~17V before. DR and linearity up to 7VOV is not 

comparable with SPCM, but became comparable at 10VOV. Further, not much 

improvement in sensitivity is observed as the VOV is increased beyond 10V. This was 

confirmed by plotting the SNR curves at different VOV as shown in Figure 3.31. The SNR 

was calculated using equation 3.6.  
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Figure 3.30 S-SPCM: Attenuation versus PCR after changing the value of the 
power supply resistor to 10kΩ (R3 in Figure A.1). 
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      The curves show that 10VOV has the best combination of SNR and dynamic range 

and it decreased when VOV was increased beyond 10V. Based on the above results and 

discussion, optimum operating point for a particular application can be determined and it 

can be seen that 10VOV with 4mV VTH is the best operating point for DNA-sequencing 

application.  

          

 

Figure 3.31 S-SPCM: Signal-to-Noise ratio.  
 

 

      Finally, it can be seen that behavior similar to Figure 3.22 (count rate dropping to 

zero) was observed in Figure 3.28 and 3.30, but is much more prominent in Figure 3.28. 

In Figure 3.28, for low VOV, it would be expected that the PCR would keep increasing 

with increasing light levels at all VOV; but would be non-linear or the rate of increase 

would be slower at low VOV and faster at high over-voltages. But, it can be seen that the 

SPAD count rate saturates at high light levels and then at one point the count rate 
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suddenly drops (almost to zero). Since in this case VTH is constant as opposed to Figure 

3.22, it probably suggests that the avalanche generation time (TAPD) changes significantly 

with VBias and at one point is becomes comparable or greater than the average arrival time 

between two photons. Therefore as VOV increases, the saturation count rate limit 

increases.  

 

Linearity and Dynamic Range (DR)  

       From the sensitivity and SNR results it was found that the S-SPCM has the best 

combination of linearity and DR at 10VOV. Figure 3.32 shows the comparison of 

attenuation versus PCR curves of the S-SPCM and PKI SPCM, both tuned to optimum 

parameters. Following conclusions can be made from these curves: 

• The DR rate specified for this SPAD (C30902S series) is 10MHz [3] and it was 

also measured to be ~10 MHz which means that best possible performance has 

been achieved with the designed QC. 

• The SPCM has a linear range of ~4MHz and the designed module has a linear 

range of ~2MHz. This can be attributed to the significant difference in active 

areas of the two SPADs. The PKI SPCM employs a SLIK device that has a 

typical active area of 0.023µm2 and S-SPCM employs a SPAD with active area of 

0.196µm2, which is 8.52 times larger than the PKI SPCM. Since the capacitance 

of a silicon detector varies linearly with the active area, it is expected that the PKI 

SPCM will have better high frequency behavior. Therefore, it can be concluded 

that the best possible linearity has been achieved with the designed S-SPCM for 
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this SPAD. If needed, it is possible to increase the linear range of S-SPCM by 

applying various mathematical linearity correction models [101].  

 

 

Figure 3.32 Comparison of linearity and DR of the designed S-SPCM at 10VOV with 
PKI SPCM. 

 
 

 

3.6 Summary 

 

      This chapter presented the design, implementation and characterization of a single 

channel single photon counting module that involved the design of various small 

modules, in particular the design of quenching circuit. A novel, digital circuit for 

generating precisely matched quench and reset delay was presented. This approach will 
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make the tuning of the designed multi-channel photon counting systems much easier. 

Moreover, it is a more stable approach as compared to the traditional mono-stable based 

approach. The time to quench the avalanche (TA) is ~10-12ns, which is equal or better 

than the best times reported.  

      Linearity and DR of a photon counting system is very important for good DNA-

sequencing results and depends on the SPAD and the QC. The achieved DR is the best 

possible value achievable with this model of SPAD [3]. The difference in linearity is 

attributed to the 8.5 times smaller active area of the PKI SPCM that used SLIK device. A 

linear range of ~2MHz has been achieved, which is ~2 times higher than the maximum 

PCR to be counted from the DNA-sequencer (typically 500 KHz to 1MHz) and hence is 

more than satisfactory for the intended application. One of the goals was to achieve 

highest possible sensitivity from this module and it was shown that to achieve highest 

sensitivity, the SPAD needs to be operated at sufficiently high VOV (~5% of VBR for this 

SPAD). It was found that the optimum VOV to obtain the best combination of sensitivity, 

SNR, dynamic range and linearity is 10V. This is best large area SPAD commercially 

available. Since the behavior of different SPADs of the same type should be more of less 

same, these results provides the user of this SPAD to select the optimum operating point 

for any particular application based on the acceptable DCR and required sensitivity and 

SNR. Fiberization of the S-SPCM facilitates integration of this module into any other 

application that requires detection of ultra-weak fluorescence signals. Table 3.1 provides 

the summary of important results of the designed S-SPCM with PKI SPCM. 

 

 



 115

Table 3.1 Summary of important performance parameters of the designed S-SPCM 
and comparison with PKI SPCM. 

 

Specification PKI SPCM Designed S-SPCM Unit 
SPAD active area 0.023 0.196 µm2 

Time to quench the 
avalanche (TA) 

NA ~10-12  ns 

Optimum VOV for 
best sensitivity 

NA 10 V 

Linearity ~ 4MHz ~ 2 MHz MHz 
Temperature on 

SPAD 
NA -20 ºC 

Sensitivity Best Comparable with PKI 
SPCM 

 

Stability of 
temperature control 

NA ±0.001 ºC 

Temperature control 
range 

NA +30 to -25 °C 

Dynamic Range (DR) 15  ~10  MHz 
Dead time *1 40 50 50ns 

Cost ~4500 Lower than 4500 USD 
Fiberized Yes Yes  

*1: Required dead time may vary for different device of the same type. This is the dead-time for the device 
mounted on the designed S-SPCM.  
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CHAPTER 4 

MULTI-CHANNEL SINGLE PHOTON COUNTING MODULE 
(M-SPCM): DESIGN, IMPLEMENTATION AND 

CHARACTERIZATION 
 
 

 

      One of the approaches to increase the efficiency and hence cost of DNA-

sequencing is to increase the throughput of the DNA-sequencer. Throughput can be 

increased by increasing the number of DNA-sequencing channels to perform DNA-

sequencing in parallel. 16 and 32-channel multi-lane DNA-sequencers have been 

designed in our lab that requires M-SPCMs. 10-fold increase in sensitivity of DNA-

sequencing was obtained with the designed S-SPCM based on the SPAD model 

C30902S-DTC; hence array of large-SPAD with similar performance would be the ideal 

choice for designing a M-SPCM, both cost and area-wise. Such arrays were not available 

then and are still not available commercially. To our knowledge there is commercial 

source of SPAD array, [106] but it is based on small area SPAD (40x40 µm). Hence, 

there was no choice but to design M-SPCMs based on individual SPADs. Research on all 

types of SPAD arrays can be found in [56] [64]-[67] [69] [105]-[107]. 

      Cheaper, un-cooled version (C30902S) of the same SPAD model was tested since 

it has the exact same detector chip (active area) as the cooled version, except that the 

detector chip is not mounted on a TEC. Hence, although it will have high DCR (5-10 

KHz), it is expected that it would have the same levels of sensitivity and linearity. This 

level of DCR would not increase the over-all noise of the DNA-sequencer. But, it is 
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known that diode heating is a major limitation with this model since it was designed 

initially for low-power operation in the linear mode [25]. In the packaging of this device, 

the detector chip is mounted upon the end of a central contact pin and heat is conducted 

to the outside world through this pin. This is a problem of the heat sink and not of the 

diode itself; the same diode, mounted upon a temperature-regulated heat sink may 

perform better [25]. Keeping in mind all the above problems, this device was tested 

(section 4.1). Although device exhibited similar sensitivity and linearity as the cooled 

version, heating effects were found to be a major problem. It was concluded that this 

device could not be used for our application. Since single fluorescent molecule sensitivity 

and excellent DNA sequencing results were obtained with our designed S-SPCM based 

on the cooled version, (Chapter 3). M-SPCMs were designed with the same SPAD model 

as S-SPCM.  

      This chapter presents the design, implementation and characterization of two (16 

and 32-channel) M-SPCMs for our 16 and 32-lane DNA-sequencers respectively. Once 

again the goal was to design general purpose systems that can be integrated into any other 

application having similar photon counting requirements. The designed M-SPCMs [108] 

[109] are unique and had never been reported in literature before. Besides DNA-

sequencing, spectrography was performed in our lab with the designed 32-channel 

module, thus demonstrating its general purpose nature and its adaptability to other 

applications.  
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4.1 SPAD Model C30902S: Experimental Results and Discussion 

 

      The device was tested with the designed PCB (Section 3.5). The temperature 

controller on the PCB was not utilized. To minimize heating problems, the device was 

mounted on a large, thick metal plate (Figure 4.1) to provide sufficient heat-sink. The 

device is mounted on the back side, hence is not visible. 

 

 

Figure 4.1 Testing of un-cooled SPAD model C30902S. 

 

 

Dark Count Rate (DCR) 

      Figure 4.2 shows the variation of DCR with VOV. Similar to the cooled SPAD, it 

varies linearly. The DCR range is 20 KHz to 36 KHz for a VOV range of 8-14V. Since 

this DCR does not add much to the high background count rate (200-400 KHz) of the 

DNA-sequencer, the total increase in noise is negligible (Equation 1.3). But, while 
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performing this experiment it was found that although the device was mounted on a 

sufficiently large heat-sink, the DCR was not constant and decreased with time. The 

reason for this drift should be due to the decrease in VBias with time because of diode 

heating. 

 

 

Figure 4.2 C30902S: Variation of DCR with over-voltage. 
 

 

Sensitivity, Linearity and DR 

      These parameters were measured in the same way as described in section 3.6 and 

the results are shown in Figure 4.3. To filter out experimental non-linearities, all the 

curves are plotted against PKI SPCM (see experimental set-up sub-topic in section 3.6 

and Figure 3.29 explanation). Although the results show similar sensitivity and linearity 

performance as compared to that obtained with the cooled SiPM, following problems 

were faced: 
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• It was observed that even with such a large heat-sink, the count rates were not 

stable, especially as VOV was increased. The reason for this is that this device is 

not mounted on a ceramic and is just connected to the 2 pins (anode and cathode) 

that come out of the device and conduct heat to the heat-sink. This is not 

sufficient for such a large device that conducts large current (few mA).  

• Significant drop in VBias was observed as the VOV was increased (~4-6V for 

VOV≥8V). This means that the gain of the device decreased a lot. While 

performing this experiment, the SPAD was turned off after each reading and once 

the device was turned on the PCR were quickly recorded before the count rate 

started dropping. Three different SPADs were tested and similar results were 

obtained.  

• The above problem could be solved by monitoring the change in VBR and 

compensating each time it drifted. This would be a feasible task for a single 

channel system, but not for a multi-channel system since the change in VBR may 

not be the same for each device and hence each device would require its own VBR 

compensation circuit. This would mean increase in cost and size of the module, 

but no significant increase in performance.  

      It was concluded that this device may be a good choice of detector for 

applications requiring gated mode operation where the device is biased in geiger mode 

for short times. For DNA-sequencing applications, it is required to operate the device in 

free-running mode for few hours; hence this device cannot be used.  
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Figure 4.3 Sensitivity and linearity of SPAD model C30902S. 
 

 
 

 

4.2. Design of 16 and 32-channel Photon Counting Modules 

 

      Two different photon counting modules viz. 16 and 32-channel were designed for 

a 16-lane and a 32-lane DNA sequencer respectively. Some drawbacks were found in the 

design of 16-channel module and were eliminated in the design of 32-channel system. 

Further some new features were added to the 32-channel module.  
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System description 

      Figure 4.4 shows the block diagram of the designed 16-channel photon counting 

module combined with the optical detection module, Figure 4.5 shows the 

implementation of the 16-channel module and Figure 4.6 shows the block diagram and 

photo of implementation of the 32-channel module. Both the modules are designed 

keeping in mind its application to four-color fluorescence detection.  

 

Figure 4.4 Block diagram of the 16-channel single-photon counting module. 
 

 

      The optical detection module uses four band-pass filters attached to a constantly 

rotating filter wheel. The beam of the collected fluorescence passes through the sequence 

of filters. During each revolution of the wheel, the detector performs measurement of the 
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fluorescence light intensity that passed through each filter, producing four measurements 

per revolution, which allows estimation of concentration of each of four fluorescent 

markers in the sample, given the knowledge of the transmittance of the filters.  

      The 16 and 32 channels of the M-SPCMs comprise of 16 and 32 SPADs 

(C30902S-DTC) respectively, each connected to individual PCB that consist of QC and 

temperature controller which keeps the SPAD temperature at -20°C and five power 

supplies. The PCB in the 16-channel system was based on first design of the QC (Figure 

3.2 and 3.17). A new PCB (Figure A.7) was designed for the 32-channel system and is 

based on the improved timing and logic circuit described in section 3.2.2. The size of the 

new PCB is much smaller since the timing circuit has 2 less nand gate ICs and uses 

smallest size of the available SMD components (Figure 4.6c). Five supply voltages 

required are the same as described in section 3.4. For the 16-channel system one power 

supply was used to supply power to all the channels. Appropriate commercially available 

power supplies with high current ratings were selected. Two +5V supplies were used; one 

with low current rating for the logic ICs and one with high current rating for the 

temperature controller circuit. For the 32-channel system two power supplies were used, 

each powering 16-channels.  

      The output signal obtained from the PCB is a TTL level signal and has 

sufficient amplitude for further processing without any additional electronics. A high-

speed FPGA based N-channel (16 or 32 depending on module) counter designed in our 

lab counts the pulses from the comparator. The counter has N identical TTL-compatible 

counting inputs and is controlled by signals from two sensors. The two sensors form 

encoding signals using a 2-bit Gray code to identify the band-pass filters in the filter 
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wheel. The change of the code word at the sensor output indicates the change of the filter 

in alignment. The counter uses this filter code to assign the photo count to individual 

filters. The counting of the input photon pulses in each channel is performed by 

summation of pulses arriving to the channel input during the time intervals when a 

particular band-pass filter is in alignment with the photo detector.   

      In the 16-channel system data collected by the counter is transferred directly to a 

PC using standard IEEE 1284 Parallel Port Interface. The 32-channel system consists of a 

dedicated micro-computer (PC-104) that collects and processes the data from the 32-

channel counter. Further it consists of an ethernet port facilitating data access from any 

computer on the network. The data is transferred in samples using a binary format. One 

data sample is collected during one full revolution of the filter wheel. The frame consists 

of count values obtained in four fluorescence detection bands (four color filters) for each 

detection channels. The frames are sent in order of their generation, determined by the 

filter code on the wheel and the direction of its rotation. Each frame starts with a 6-byte 

header, which includes the following fields: 1-byte counter type, 2-byte frame number, 1-

byte color code (filter number) and a 2-byte counting period length. The frame number 

contains the number of the current frame. The number is incremented by 1 for each 

following frame thus forming a rising sequence with overflow. The frame numbers serve 

as synchronization marks and are used by the data processing software to find data 

frames in a continuous data stream. Frame numbers are also used for verification of data 

integrity and for finding errors introduced by interference in the transmission line. The 

duration of the counting period is measured in milliseconds and is represented by a two-

byte value. The time duration when the filter is “on” is measured separately for each filter 
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and is used by processing software to calculate the photon count rate. During the normal 

operation of the system the filter wheel performs 10 revolutions per second resulting in 

data transfer rate of 10 frames per second. Figure 4.5 and Figure 4.6 show 

implementation of 16-channel and 32-channel module respectively.  

 

 

Figure 4.5 Photos of the implemented 16-channel module; (A) front view of photon 
detection module and optical detection module for light collection, (B) 16 PCBs 

with output of each connected to 16-channel counter, (C) Top view. 
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Figure 4.6 32-channel module; (A) Block diagram, (B) photo (C) photo of 1-channel 
PCB. 

 

 

 

4.3 Features and Shortcomings of the Designed M-SPCMs 

 

Common features of 16-channel and 32-channel module 

• The designed modules are compact, general purpose, easily portable, robust and 

unique since such a system has never been reported in literature before.  

• All the required voltages are generated inside the module and it requires only 

120Vac for its operation.  
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• Fiberization of the SPAD facilitates use of the designed modules in any other 

application requiring multi-channel photon detection. For example, the 32-

channel module was used to perform spectrography (see section 4.5). 

• Fiberization of each channel (SPAD) of the module allowed to couple light with 

maximum efficiency and facilitated easy integration into multi-lane DNA-

sequencing set-up.  

 

Shortcoming of 16-channel module 

      Couple of shortcomings was identified while working with the 16-channel 

module and are discussed below:  

• The structural architecture of this module is not very efficient. All the 16-channel 

PCBs and SPADs in the designed system are mounted on a common big metal 

plate (coated with black color) that also acts as the heat sink (Figure 4.5A). 

Therefore, in order to adjust or change a particular parameter or component the 

whole plate had to be removed. Further, it is not easy to remove or mount the 

PCB.  

• The system generates lot of heat and power because of the number of power 

supplies and huge currents required. The designed fan system was not enough to 

efficiently fan out the heat. Hence a bigger and more efficient fan out system was 

needed. This system was later added to the module. 
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Improvements and new features in the 32-channel module 

      The above described short-comings of the 16-channel system were eliminated by 

making the following changes: 

• The PCB in the 16-channel system was based on first design of the QC (Figure 

3.2 and 3.17). A new PCB was designed for this system and is based on the 

improved QC (section 3.2.2). The size of the new PCB is much smaller since the 

timing circuit has 2 less nand gates chip and smallest size of the available SMD 

components (Figure 4.6C) 

• Each of the 32 channels has its own heat sink as compared to a common big metal 

plate in the 16-channel system. Hence, each channel can be easily removed from 

the system for testing or tuning purposes (Figure 4.6C).  

• Much better fan out system for the power generated inside the module. 

• In the 16-channel system data collected by the counter is transferred directly to a 

PC using standard IEEE 1284 Parallel Port Interface, whereas the 32-channel 

module consists of a dedicated micro-computer (PC-104) and an ethernet port. 

The micro-computer (PC-104) collects and stores the data from the 32-channel 

counter. This data is then transferred to the database and the data bank through 

ethernet, facilitating data access and control from any computer on the network. 
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4.4 Experimental Results and Discussion 

 

      Designed M-SPCMs were characterized in the same way as S-SPCM. For 

consistent DNA-sequencing results, it was important to obtain consistent performance 

from each channel of M-SPCM; requiring individual tuning of each channel. These 

module were characterized using the same experimental set-up that was used to 

characterize the S-SPCM (section 3.6) was used.  

 

Comparator threshold (VTH) 

      Each channel was first tested individually to verify its operation. It was found 

that all the QCs did not operate satisfactorily for the same comparator threshold voltage; 

hence it had to be determined and set individually for each channel. A batch of PCBs was 

hand soldered and hence one of the reasons for such behavior was though to be difference 

in wiring capacitances at node Y in Figure 3.2.  

 

Quench and reset delay times 

      Based on the results obtained from the characterization of the designed S-SPCM, 

the quench and reset delay times were set to 35ns and 10ns respectively. It should be 

noted that the35ns quench includes the loop delay (TLD) and part of the time to quench 

the avalanche (TND, TON and TOFF in total TA) (section 3.2.1). It was found that most of 

the SPADs performed satisfactorily with these settings. For ~8-10 channels after-pulses 

were observed at very low count rates, which suggested that the quench or reset delay 

time or both were not enough. The problem was solved by appropriately increasing the 
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quench and reset delay times. The designed timing and logic circuit allowed easy 

changing of delay times as required. It must be noted that a RC based timing circuit 

would have been really difficult to tune for such multi-channel systems.   

 

Dark count rate (DCR) 

      A total of 50 SPADs of the same type (C30902S-DTC) were measured during the 

design and development of S-SPCM and M-SPCM. Figure 4.7 shows the DCR for all the 

SPADs at 10VOV. The average DCR for 48 devices was ~700 Hz, but two devices have a 

DCR of ~10 KHz. Since these are one of the very few large-area SPADs available, they 

are used in many applications, hence this data may be useful for some users.  

 

 

Figure 4.7 Comparison of DCR of 50 SPADs (T = -20°C, VOV=10V). 
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Tuning for consistent performance 

      To obtain consistent DNA-sequencing results from all the channels, it is required 

to tune each channel to the same performance level. This means that for a constant light 

level, each channel must output approximately same output counts. Since the best 

operating point from our application point of view was found to be 10VOV, VOV on all 

the channels was set to 10V. It was observed that at 10VOV, some channels had less and 

some had more output count rate for the same light level. This mismatch can be attributed 

to minor misalignments in fiberization system, minor temperature and VBR differences 

on the SPAD. The easiest way to match the count rate for each channel was to increase or 

decrease the VBR on the required channels to match the count rates of all the channels. 

Figure 4.8 and Figure 4.9 shows the results after this alignment was done for 16-channel 

and 32-channel module respectively. It shows the count rates at the output of each 

channel in dark and at different light levels and they are similar.  

 

Figure 4.8 Output count rates of each channel of the 16-channel module. 
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Figure 4.9 Output count rates of each channel of the 32-channel module. 

 

 

Linearity and DR 

      The linearity of both the modules was measured in the same way as the S-SPCM 

(section 3.6). Each channel was measured with the same fiber by switching the fiber to 

each channel and finally to PKI SPCM to ensure that same output light was focused on 

each detector. Figure 4.10 and Figure 4.11 show the linearity of each channel plotted 

against PKI SPCM for 16-channel and 32-channel module respectively. Uniform results 

were obtained from all the 48-channels.  
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Figure 4.10 Linearity of the 16-channel module.  
 

 

 

Figure 4.11 Linearity of the 32-channel module. 
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Noise 

      The noise was measured in the same way as described in section 3.6 for almost 

all the 48 channels of the designed M-SPCMs. The carried out noise analysis showed 

practically ideal fit of the measured distribution of photo-counts (blue bars) and Poisson 

curve (red solid line) for both the SPCM and all channels of the designed M-SPCM. 

Figure 4.12A shows the distribution at the output of the PKI SPCM and Figure 4.12B 

shows a typical distribution observed at all channels of both the M-SPCMs. This means 

that the only noise present in the system is due to the stochastic nature of the photon 

fluxes detected by the photon detectors. 

 

 

 

Figure 4.12 Noise of the designed M-SPCM. 
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4.5 Application of 32-channel Module to Spectrography 

 

      In the last decade several experiments have clearly demonstrated that, once 

illuminated, all biological systems emit for some time a very weak flux of photons, called 

Delayed Luminescence (DL) [110]. All these experimental findings highlight the 

importance of building devices with single photon detection capability, in order to 

measure DL up to ~1000 nm [110]. Arrays of high-performance SPADs are needed for 

such applications [110] [111]. It is speculated that such devices should be able to resolve 

the few detected photons both in time and in wavelength, and possibly obtain a matrix for 

imaging purpose. The resulting devices are called Single Photon Spectrographs. The 

above discussed requirements make the designed M-SPCMs an excellent contender for 

such an application because of its high sensitivity and very low DCR. Further the 

fiberization system facilitates easy integration into any other application. Spectrography 

was performed in our lab with the designed 32-channel module; Figure 4.13 shows block 

diagram (top) along with the photo (bottom) of the actual experimental set-up. 
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Figure 4.13 Application of the designed 32-channel photon counting module to 
spectrography. 

 
 

      The sensor system is developed to measure, with single photon sensitivity, 

radiation emitted by mixtures of minute amounts of multiple fluorescence dyes and to 

determine very accurately the content of individual dyes in the dye mixture. In Figure 

4.13, the fluorescence comes to the spectrometer through the input fiber coupled to the 

collimator (F810SMA-543, Thorlabs Inc, NJ, USA) which produces a parallel 

polychromatic beam of ~10mm diameter. The polychromatic fluorescence collected by 

the input fiber passes through the spectral separation module that performs the separation 

and the measurement of fluorescence in the range of wavelengths from 480nm to 630nm. 

The parallel beam passes through laser rejection filters and undergoes separation on the 

diffraction grating (GR13-1850, Thorlabs Inc, NJ, USA) into constituent wavelength 

components. The separated monochromatic beams are focused onto channels of the 32-
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channel photon counting module. The obtained photo-counts are transferred to computer 

for recording and data processing.  

      DNA-sequencing was performed with the developed sensor based on 

spectrograph. For the decomposition of the entire measured spectrum, the spectral 

components which describe individual dyes must be obtained experimentally by 

measuring fluorescence emitted by each dye separately and by normalizing the measured 

vector of photocount rates. The determination of concentrations of individual dyes in the 

mixture is performed for each time frame. The obtained sequence of dye concentrations 

forms four sequencing traces, which are further used for base calling. The obtained four 

sequencing traces undergo standard processing [7] that includes noise filtering 

(smoothing), baseline subtraction, crosstalk removal, mobility shift correction, peak 

height and spacing equalization. After re-sampling to 7-15 points per peak the traces are 

stored in .SCF format and processed by standard base calling PHRED software. The 

result of the processing is returned as a sequence of base-calls with their positions and 

quality scores. Figure 4.14 shows the system color matrix, Figure 4.15 shows the DNA 

sequencing traces and Figure 4.16 shows the base calling quality scores obtained with the 

spectrometer. For understanding DNA-sequencing results refer to section 1.2.  
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Figure 4.14 System color matrix  
 

 

 

Figure 4.15 DNA sequencing traces obtained with the spectrometer 
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Figure 4.16 Base calling quality scores obtained with the spectrometer. 
 

 

 

4.6 Summary 

 

      This chapter presented the design, development and characterization of two 

different M-SPCMs (16 and 32-channel) based on SPAD model C30902S-DTC. The 

designed systems are unique, robust, general purpose, easily portable and require just 

120Vac for their operation. These modules can be easily integrated into any other 

application with similar photon counting requirements. Spectrography was performed in 

our lab with the designed 32-channel photon counting module demonstrating its 

adaptability to different applications. We believe that due to extremely high sensitivity in 

conjunction with broad detection dynamic range, the developed spectrometer may be 

very useful for various applications which require a highly accurate analysis of biological 
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samples labeled with multiple fluorescent markers. Fiberized optical input of the 

spectrometer allows an easy and efficient coupling to any measurement system based on 

fiber collection of the analyzed fluorescence. The DNA sequencing experiments carried 

out with the spectrometer demonstrated an applicability of the spectrometer to highly 

accurate sequence detection.  
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CHAPTER 5 

INVESTIGATION OF SILICON PHOTOMULTIPLIERS AS 
HIGH-SPEED PHOTON CONTERS AND THEIR 

APPLICATION TO DNA-SEQUENCING 
 
 

 

5.1 Introduction 

 

      The concept of solid-state SiPM has been known for over 30 years, but due to 

number of problems their progress was relatively slow. Probably the reasons were 

technology related. It was known that few years back, SiPM suffered from very high 

DCR. But, the SiPMs progressed with technology and have started to become 

commercially available only in the past one year or so from very few selected companies 

[6], [72]-[74]. They still suffer from high DCR, but in their current state, they have 

become usable in many applications. Further they have relatively low PDE (25-40%) as 

compared to SPAD, but 2-4 times better than PMT.  Although they have some dis-

advantages, they have certain unique advantages that make them an attractive choice of 

detector for a large number of applications and are listed below. 

Features of SiPM 

1. Low operating voltage (20-70V) as compared to PMT and even large area SPAD 

and hence low power consumption. 

2. High gain (~105-107) 
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3. SiPMs are fabricated using standard CMOS processes which offer several 

advantages such as possibility to integrate the driving and read-out electronic 

circuit on the same chip, low-cost of fabrication, reproducibility of the dark 

current and gain characteristics. Further arrays of SiPM are relatively easy to 

design and fabricate (CMOS). 

4. Relatively low cost (low resistivity Si, relatively simple technology) 

5. Compact and rugged 

6. Insensitivity to magnetic fields 

7. Excellent photon resolving capability 

8. Very low charge particle sensitivity (negligible nuclear counting effect) 

9. Very good timing (≤100 ps) 

10. Small recovery time 

11. Good temperature and voltage stability 

12. Simple requirement of associated electronics (no need for QC). 

           Being analog in nature, they have mainly been used in applications in which the 

signals are rare and where a bunch of photons are expected to be received simultaneously 

i.e. photon number resolving applications. But given the nature of the device combined 

with the above mentioned features, although few, they can be used as detectors in certain 

high-speed photon counting applications and these conditions are discussed in the next 

section.  
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5.1.1 Why SiPM can be used as Detectors in Certain High-speed 
Photon Counting Applications 
 

      It is known that high-speed photon counting is possible with a SPAD. The 

principle difference between a SPAD and a SiPM is that a SPAD is a digital device and 

SiPM is an analog device. Further SiPM is a matrix of small area pixels connected in 

parallel where each pixel is basically acts as an independent photon counter i.e. each 

pixel is basically a small area SPAD.  

      SPAD is a digital device and hence can only resolve one photon at a time. This 

implies that SPAD can only be used in applications where it is expected that the 

probability of receiving two or more simultaneous photons is negligible. Now, since 

SiPM is essentially a matrix of SPADs, it implies that if a SiPM is used with the same 

source where the probability of receiving two or more photons is negligible it will 

essentially behave as a SPAD. In this case SiPM can be imagined as one big SPAD and if 

the comparator threshold of the counter at the output of SiPM is set below the amplitude 

of the pulse due to 1p.e. then irrespective of whether one or more simultaneous photons 

are received at the input, only one photon will be registered at the output. Figure 5.1 

shows such a set-up. 
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Figure 5.1 Typical system configuration for photon counting with SiPM. 

 

      

      Some of the problems of using SiPM as high-speed photon counter can be 

thought as (i) it was shown that high sensitivity can be achieved by operating a detector at 

high VOV. Since SiPMs have already high DCR, increasing the VOV further may 

significantly increase the DCR (up to few MHz). In this case, although SiPM have high 

gain, it is possible that SiPM may not be able to detect real light above the DCR because 

of the limit imposed by the dynamic range of the detector; (ii) the response of SiPM to 

light may not be highly non-linear due to the same problem discussed above and (iii) high 

level of non-linearities (noise) due to cross-talk and afterpulsing effects.  

      Therefore it can be concluded that in principle, SiPM can be used as a photon 

counter if the above mentioned parameters such as sensitivity, dynamic range, linearity, 

noise and DCR are within acceptable levels for a particular application.  



 145

5.1.2 Advantages of using SiPM as Detector for Photon Counting 
Applications as Compared to Large-area SPAD 
 
 

      First, it is very important to note that SiPMs come into consideration only for 

applications that require large area devices since the standard or rather smallest size of 

currently available SiPMs is 1mm2. Further very low DCRs have been achieved with 

small area SPADs and they are available commercially at low-cost from a few companies 

[70]-[73], but non-availability of good, large-area SPADs is a known problem. 

Advantages of using SiPM as detector in photon counting applications as compared to 

large area SPADs are as follows: 

1. SiPM offers the combined advantages of both, small-area and large-area SPADs: 

Speed of a photon-counter depends on the speed of the quenching circuit. A large-

area SPAD cannot be used without an active quenching circuit since with passive 

quenching it can achieve count rates of up to only few hundred KHz. Further, 

design of an active quenching circuit is not an easy task. A small area SPAD can 

achieve count rates of up to few MHz with passive quenching because of low RC 

time constants. Since SiPM consists of many small area pixels combined to make 

a large active area, it can provide high speed operation with a large active area 

without the need for a quenching circuit. Although, a SiPM will require an output 

amplifier, but range of amplifiers are easily available commercially, which is not 

the case with QCs.  

2. Large area SPADs based on standard technologies suffer from high DCR because 

of problems with un-efficient gettering mechanisms as well as technology related 
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problems [44]. SiPMs use small area devices which have efficient gettering 

mechanism, but the high DCR is mostly due to the use of low-cost silicon as well 

as technology related problems. Hence, low DCR has currently been achieved in 

SiPMs at room temperature with the use of purer silicon [6]. Further DCRs can be 

significantly reduced by cooling the detector. Also, DCRs will further decrease as 

the technology progresses.  

3. Arrays of large-area SPADs are currently needed for some applications [7], [110]-

[111], but are un-available. Multi-channel photon counting systems based on 

individual large-area devices have been designed [108]-[109], but are high in cost. 

Hence, if SiPMs can replace SPADs for such applications, they have the potential 

to significantly reduce the cost of photon detection. 

4. Current unavailability of low-cost large area SPADs and the current low-cost of 

SiPMs. 

 

5.1.3 Feasibility of Using SiPM as Detector for DNA-sequencing 

 

      Based on the requirements of a detector for DNA-sequencing discussed in section 

1.4, the feasibility of using SiPM for this application is analyzed as follows: 

- Large active area: The typical active area of a standard SiPM is 1mm2. The 

SPAD that were used in the design of S-SPCM and M-SPCM have an active area 

diameter of 0.5mm. Therefore the active area of SiPM is ~5 times larger than the 

area of a large area SPAD. This means the active-area is sufficient for this 

application and moreover larger area can facilitate the use of a large diameter 
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fiber for collecting light from the capillary, increasing the light collection 

efficiency of the optical system.  

- Dark Count Rate: It was shown in section 1.5 that the SNR of the DNA-

sequencer does not degrade much with increase in DCR, but it does affect the 

minimum detectable signal. But SiPM should have a very wide dynamic range 

such that it can detect actual photon due to the signal above the DCR with good 

linearity. 

- High Gain:  The gain is comparable with that of a large area SPAD and hence it 

can be expected that same sensitivity levels can be achieved with SiPM as long as 

the dynamic range does not pose an upper limit. 

- Speed and Dynamic Range (DR): Maximum frequency of photons emitted from 

the capillary (photon source) in our (and most other) DNA-sequencing 

instruments range from 500 KHz to 1.5 MHz. Because of the small size of the 

pixel, it is expected that SiPM will have small capacitance and hence sufficient 

DR for this application.  

- Linearity: For good sequencing results, it is extremely important that the SiPM be 

linear. If the SiPM has sufficiently wide DR, then it can be expected to be linear.  

Most of the above parameters needs to be investigated and are investigated in this thesis 

in the following sections. 
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5.1.4 Summary      

 
      Based on aforementioned discussion it is clear that SiPMs have the potential to 

count photons and used in certain fluorescence detection applications where high DCR is 

not a problem, DNA-sequencing is one such application. For DNA-sequencing, although 

SiPM satisfies the criterion of large active-area, some key parameters such as sensitivity, 

DCR, linearity and dynamic range need to be thoroughly investigated. In order to answer 

some of the above questions, this chapter investigates the use of SiPM as high-speed 

photon counters in general and the feasibility of using them as detectors for DNA-

sequencing. 

      Three different SiPMs from two different manufacturers were selected 

(introduced in section 1.6). Following sections present the characterization of the selected 

SiPMs. Although the behavior and specifications of SiPMs from both the manufacturers 

is completely different, the results show that under certain conditions all the three SiPMs 

can be used as high-speed, highly sensitive photon counters and can be used for weak 

fluorescence measurements. Finally the SiPM based photon counting set-up was 

integrated into our single-lane DNA-sequencing set-up and excellent DNA-sequencing 

results were obtained (chapter 6).  
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5.2 Cooled SiPM: Experimental Results and Discussion 

 

5.2.1 The Device 

 

      Voxtel-Inc in Beaverton, Oregon [72] provided us with this unique SiPM for 

evaluation purposes and is referred to as cooled SiPM since this SiPM is mounted on a 3-

stage TE cooler and can be cooled to lower temperatures. Figure 5.2a and 5.2b show the 

photo of the SiPM and Table 5.1 summarizes important specifications of this device; 

more details can be obtained in [72]. The six output pins of the detector are anode, 

cathode, TEC (+), TEC (-) and two pins for the thermistor. The anode and cathode leads 

are used to bias the detector and the rest of the four leads are used for temperature 

control. The method of temperature control is described in the next section. 

 

Table 5.1 Specifications of the cooled SiPM at +25ºC. 

Specification Value 
Chip Size (mm2) 1.1  
No of pixels/mm2 1024 

Operating Voltage (V) 40-46V 
Gain (M) 1E+6 
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Figure 5.2 Photos of the cooled SiPM (a, b). TEC is clearly visible in (b). 

 

 

5.2.2 Temperature Control & Biasing Circuit 

 

Temperature Controller 

      The resistance of the peltier element (TEC) and the thermistor are ~1Ω and 

1.2kΩ respectively at room temperature (+25°C). Figure 5.3 shows variation of the 

thermistorF4F

1
F resistance with temperature. A temperature controller was designed for the 

SPAD and is described in detail in section 3.3. Since both the TEC had similar ratings as 

shown in Table 5.2, same temperature controller could be used for controlling the 

temperature on the SiPM with minor modification. The value of the thermistor in SPAD 

model C30902S-DTC and cooled SiPM are 5.1kΩ and 1.2kΩ respectively; therefore in 

order to balance the bridge shown in Figure 3.14, the value of the high precision resistor 

(see R21 in Figure 3.11 and A.2) was changed from 5.11kΩ to 1.2kΩ. 

                                                 
1 Thermistor sits on the peltier element inside the hermetically sealed cooled SiPM. It senses the 
temperature on the peltier and sends feedback to the temperature controller circuit that takes appropriate 
action. SPAD model C30902S-DTC from PKI has the same arrangement.  
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Table 5.2 Comparison of TEC specifications of SPAD model C30902S-DTC and 
Cooled SiPM. 

 
Specification C30902S-DTC Cooled SiPM 
ΔT Max 83°C 110°C 

Imax 1.4A 1.4A 
Vmax 2V  1.9V 
Qmax 0.92W 0.4W 

 
 

      The values of the voltage required to set different temperature were calculated 

using the bridge circuit shown in Figure 5.4 by using the values of R(t) from Figure 5.3 

(refer to section 3.3 for more details). Table 5.3 shows the calculated values of voltage 

that need to be set on TP4 (FB+) in order to set a particular temperature on the peltier.  

 

 
 

Figure 5.3 Cooled SiPM: Variation of thermistor resistance with temperature 
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Vref=1.5V

TP4

FB+

TP3

FB-

R24 1.2kΩ

R(t)

 
 

Figure 5.4 Bridge circuit formed in Figure 3.11 used to calculate the voltages to 
set different temperatures on SiPM. 

 

 

Table 5.3 Calculated values of VTP4 to set different temperatures on the cooled 
SiPM. 

 
Required Temperature 

on peltier (ºC) 
Resistance on 

thermistor, R(t) 
(kΩ) 

Voltage to be 
set on TP4 (V) 

25 1.2 0.75 
20 1.42 0.813 
15 1.69 0.877 
10 2.03 0.943 
5 2.44 1.005 
0 2.95 1.066 
-5 3.60 1.125 
-10 4.41 1.179 
-15 5.45 1.229 
-20 6.77 1.274 
-25 8.49 1.314 

 
 

      The designed PCB for S-SPCM (see Figure 3.17) consisted of quenching circuit 

and the temperature controller circuit on the same board. Instead of designing a new 

controller especially for this purpose, only the temperature controller from one of those 
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boards was utilized and it was connected as shown in Figure 5.5 and 5.6 (photo). The 

thermistor (pins 10, 11) and TEC (pins 1, 4) leads from the cooled SiPM were connected 

to the respective pins on the PCB. These four pins are shown in Figure A.1. To obtain 

desired results, the board was connected as close as possible to the SiPM with smallest 

possible wires as shown in Figure 5.6.  

 

Biasing circuit   

      The detector is biased using the circuit shown in Figure 5.5. Since the device is 

already passively quenched internally, it does not require any external quenching 

circuitry.  

 

 

Figure 5.5 Cooled SiPM: Biasing circuit 
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5.2.3 Experimental Set-up 

 

      While testing the cooled SiPM, three optical set-ups were built at various stages 

for performing different experiments. Figure 5.6 shows photo of the final optical set-up 

that was used for electrical characterization of the detector, except that instead of the 

fiberization system as shown in the picture, a grin lens system was used. The photo of the 

grin lens is shown separately on the bottom of Figure 5.6. The fiberization system was 

built for performing DNA-sequencing experiments after performing the electrical 

characterization with the GRIN lens based system (photo not available). The GRIN lens 

on the left was adjusted to focus light onto the maximum active area of the detector. The 

SiPM is mounted right in front of the GRIN lens on a thick metal plate that acts as the 

heat sink and is connected to the biasing circuit and the temperature controller circuit 

described in the previous section. The output from the detector is a low amplitude signal 

and is connected to a fast preamplifier (model VT120C from EG&G Ortec) that has a 

gain of 20. The amplifier is connected as close as possible to the detector and the output 

from the amplifier is connected simultaneously to oscilloscope and high speed photon 

counter (Stanford photon-counter SR 400). It should be noted that unless otherwise 

mentioned, all the output counts were recorded with this counter. To isolate the device 

from the ambient light, the optical set-up was placed in a specially designed black-box. 

Figure 5.7 shows a photo that gives a general idea of the experimental set-up. It should be 

noted that that photo shows one of the three built optical set-ups placed inside the black-

box and not the described optical set-up (photo not available); the optical set-up used for 

characterization was placed in the same box.  
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Figure 5.6 Cooled SiPM: Optical set-up used for characterization. 
 

 

 

 

Figure 5.7 Photo of the experimental set-up used for characterizing all SiPMs. 
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5.2.4 Electrical Characterization 

 

      This section presents detailed electrical characterization and analysis of the 

obtained experimental results. Block diagrams of the experimental set-ups with important 

parameters are presented in the respective sections, if necessary. 

 

Breakdown Voltage (VBR) 

      Figure 5.8 shows the variation of the breakdown voltage with temperature. The 

voltages required to set different temperatures are shown in table 5.3. The VBR of this 

device varies by 107mV/ ºC and VBR at -20ºC is ~ -37.57V.  

 

 

 
Figure 5.8 cooled SiPM: Variation of VBR with temperature. 
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Dead Time  

      Dead time of a passively quenched detector can be determined by the associated 

RC time constant (refer to section 1.8) and approximately equal to the width of the output 

pulse. Figure 5.9a and 5.9b shows output pulses at the output of the amplifier at low and 

high VOV respectively. The amplifier itself has a fast rise time of ~1ns [115]. The pulses 

shown in Figure 5.9 have a FWHM of ~20-25ns. At higher VOV (right), non-linearities 

such as after-pulsing and cross-talk are clearly visible and are discussed separately in 

section 5.4. It can be seen that the amplitude of the pulse increases at high over-voltage, 

but the pulse-width remains almost the same. Hence, theoretically, the maximum 

achievable count rate with this device should be ~ 40 MHz (Deadtime-1). Even if the 

largest width of the pulse is considered (~ 35-37ns), theoretically, it should be able to 

count up to a maximum frequency of ~ 27MHz.  

 

 

Figure 5.9 Cooled SiPM output pulses; (a) Low VOV (b) High VOV (~8V). 
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Dark Count Rate (DCR) 

(a) Variation of DCR with VOV at different temperatures 

      Quality of a detector can be judged by studying its behavior in the dark. Variation 

of DCR with VOV at +25ºC and -20ºC is shown in Figure 5.10 and Figure 5.11 

respectively. Comparator threshold (VTH) was set to -4mV which is ~0.5 photo electron 

level (p.e) in order to count all the incoming photons (photon counting mode) and can be 

seen in Figure 5.13. For -20ºC, the DCR shoots from ~200 KHz at 10 Vov to ~3MHz at 

11Vov; hence, to accommodate this sudden change it is also plotted on a log scale as 

shown in Figure 5.12. This sudden rise in DCR was not observed at +25ºC. Similar to the 

DCR of SPAD (see Figure 3.24) significant decrease in DCR was observed when the 

detector was cooled to -20ºC. The DCR dropped by ~50 times for 5V to 10V over-

voltage range when the temperature was changed from +25ºC to -20ºC.  

 

 

Figure 5.10 Cooled SiPM: Variation of DCR with VOV at +25ºC. 
 



 159

 

Figure 5.11 Cooled SiPM: Variation of DCR with VOV at -20ºC (linear scale) 
 

 

 

Figure 5.12 Cooled SiPM: Variation of DCR with Vov at -20ºC (log scale) 
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(b)Variation of DCR with comparator threshold (VTH) 

     Next, the variation of DCR with the comparator threshold was studied at T=-20°C 

for five different over-voltages and the results are shown in Figure 5.13.  

 

 

Figure 5.13 Variation of DCR with comparator threshold at T=-20ºC. 
 

 

     It can be seen that the count rate decreases as the comparator thresholdF5F

1
F is 

increased. Further a step like behavior is observed as reported in few literatures [89] 

[116]. In this device, steps started becoming clearly visible only at VBR+5 volts. This step 

like behavior is explained as follows: 

- Each step represents the pulses due to number of photos. Since the threshold at 

the first step is small, it means that it counts all the incoming pulse amplitudes. 
                                                 
1 Stanford counter SR400 was used as the photon counter to characterize all the SiPMs; hence the 
comparator threshold in this chapter refers to the threshold set on this counter. For characterizing S-SPCM 
(chapter 3), this threshold was set on the comparator IC U6 shown in Figure 3.2. 
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For SiPM, the output pulse due to one photon, 2 photons and so on are referred to 

as 1p.e, 2p.e pulses etc. and so on. Therefore, the first step represents counts due 

to all the output pulse amplitudes (1p.e, 2p.e, 3p.e and so on), the second step 

represents counts due to all the pulses expect the pulses due to 1p.e, the third step 

represents counts due to all the pulses expect the pulses due to 1p.e and 2p.e and 

so on.  

- Above point implies that count rates due to 1p.e pulses can be estimated by 

subtracting the counts at second step from the first and similarly 2p.e. pulses can 

be estimated by subtracting counts at third step from the second and so on.  

- If the steps are distinct and clear as in [89] [116], it would imply that each pixel 

generates same output charge corresponding to number of detected photons, 

suggesting that the device has uniform gain across the active-area of the device. 

This is not exactly the case with this device.  

- It would be expected that pulses at the level of 1p.e or at the max 2p.e would be 

observed in the dark, but Figure 5.13 and [89] [116] show that pulses at the level 

of up to 6-7p.e. are observed in the dark. Such high numbers of pulses (steps) in 

the dark were observed with the other two SiPMs characterized in this thesis and 

are discussed in section 5.3.2 (see sup-topic variation of DCR with comparator 

threshold). The reason for this is high level of non-linearities such as after-pulsing 

and cross-talk that are present in SiPMs and is well-known [50]. After-pulsing 

and cross-talk phenomena were introduced in section 1.4. Due to the nature of 

physical phenomena responsible for generation of after-pulsing, it can be 

speculated that after-pulsing at the level of 1p.e is the maximum and the 
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probability of after-pulsing decreases significantly at the level of 2p.e and almost 

becomes negligible at the level of 3p.e. and higher. On the other hand, cross-talk 

happens due to inter-pixel currents and optical photons [52].  Optical photons are 

more likely to generate high amplitude pulses (>2-3p.e) and hence it can be 

speculated that steps due to 3p.e, 4p.e, 5p.e are mainly due to cross-talk. It must 

be noted that since this thesis investigates the photon counting properties of 

SiPM, the threshold is set to less than 1p.e. in order to count all the photons. 

Therefore pulses with all the amplitude i.e. 1p.e, 2p.e, 3p.e. etc. are counted as 

one pulse. Hence, the effect of cross–talk on photon counting performance of 

SiPM will be different and is investigated in section 5.4. It must be noted that 

DCR is referred to as noise in some literatures [84], [49], [83],  but since DCR is 

known and can be easily subtracted from the obtained PCR, in this thesis DCR is 

classified as back ground and only above mentioned non-linearities (after-pulsing 

and cross-talk) are classified as noise. Therefore, from now on, after-pulsing and 

cross-talk are referred to as noise of the SiPM in this thesis. 

-  It can be noticed that the drop in count rate from setp1 to setp2 and step2 to step 

3 is higher at VBR+5V and smaller at VBR +7 and VBR +8 volts. This means that (i) 

noise increases with increase in VOV and (ii) noise decreases much faster at low 

VOV as compared to high VOV. Hence, noise can be decreased significantly by 

operating at low VOV and high comparator thresholds. But in photon-counting 

mode it is required to operate at minimum threshold and highest feasible over-

voltage.  
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- The comparator threshold that needs to be set in order to operate this device in 

photon counting mode is ~ -4 to -7mV depending on VOV (< 1p.e threshold). 

  

Sensitivity, operating point and SNR 

  Sensitivity of this SiPM was characterized using the same method described in 

detail in section 3.6 (refer to sub-topic Sensitivity, optimum operating point and SNR). 

The main difference between this experimental set-up and the experimental set-up in 

Figure 3.27 that was used to characterize S-SPCM is that the cooled SiPM is not 

fiberized. The light was adjusted using the XYZ positioner such that maximum light was 

focused onto the active area of the SPAD. To compare the results with PKI SPCM, it is 

important that the output light power from the fiber going into both the detectors be same. 

Light onto the SiPM is focused using a fiber (core diameter of 62.5µm) that has GRIN 

lens assembly on one end as shown in Figure 5.14. Since the same fiber cannot be used 

for PKI SPCM (requires FC connector), a different fiber with same core diameter and FC 

connector that had the same output power was used. The power levels were measured 

using a power meter before and after the experiment. PCR were measured with VTH on 

Stanford counter set to -6mV (<1p.e.). Figure 5.15 shows the obtained results; it should 

be noted that DCR has been subtracted from all the plotted PCR. It can be seen that for 

the same light level, the count rate increases with increasing VOV and the count rate 

approached that of the PKI SPCM at 10VOV. Attenuation versus PCR was not measured 

beyond 10 VOV due to the sudden increase of DCR by ~10 times as VOV was increased 

from 10 to 11V (see Figure 5.12), the reason for which is unknown. Further, it is 

interesting to note that even after the SPCM count rate saturates, the count rates of the 
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cooled SiPM keep increasing, suggesting that is has much wider dynamic range than the 

PKI SPCM.  

 

 

 
Figure 5.14 Cooled SiPM: Block diagram of the experimental set-up for sensitivity 

measurement.  
 

. 

 

Figure 5.15 Cooled SiPM: Attenuation versus PCR at different VOV. 



 165

 Figure 5.16 shows the attenuation versus PCR of cooled SiPM plotted against that 

of PKI SPCM for each VOV to filter effects due to non-calibrated filters as discussed in 

section 3.6 (refer to sub-topic Sensitivity, optimum operating point and SNR). From 

Figure 5.16 it can be seen that that cooled SiPM is highly sub-linear at low VOV and 

becomes more and more linear as VOV is increased. The red-line in Figure 5.16 is the plot 

of PCR of PKI SPCM plotted against itself representing the ideal linear curve. The 

cooled SPCM curves increase vertically around ~15MHz (point where the topmost red 

curve intersects the VBR+10 curve in Figure 5.15), since the PKI SPCM reaches 

saturation, suggesting that the cooled SiPM has more DR and linearity than the PKI 

SPCM. This is the  

 

 

 
Figure 5.16 Attenuation versus PCR of PKI SPCM versus Cooled SiPM for 

increasing VOV. 
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  Figures 5.15 and 5.16 suggest that 10VOV is the best over-voltage for cooled 

SiPM in order to obtain similar sensitivity levels as PKI SPCM. Figure 5.17 shows the 

plot of SNR (calculated using Equation 3.6) at each over-voltage plotted for different 

light levels and it shows that best SNR is obtained at 10VOV.  

 

 

Figure 5.17 Cooled SiPM: Signal-to-Noise ratio. 
 

 

Linearity and Dynamic Range (DR) 

 DR and linearity of a SiPM when used as photon counter is different as compared 

to when it is used as photon number resolver and is discussed in section 1.4. From the 

above results it was found that the cooled SiPM has the best combination of sensitivity 

and SNR at 10VOV. Figure 5.18 shows the comparison of attenuation versus PCR curves 

of the cooled SiPM and PKI SPCM, both tuned to optimum parameters. The shape of the 
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curve is due to the non-calibrated filters. The aim of Figure 5.18 is to show that both PKI 

SPCM and cooled SiPM have similar PCR for same attenuation suggesting that cooled 

SiPM can match the sensitivity of PKI SPCM when biased appropriately. Further the 

higher DR of cooled SiPM is clearly visible in this figure. Figure 5.19 shows the 

attenuation versus PCR of cooled SiPM plotted against attenuation versus PCR of PKI 

SPCM. It can be seen that the device has good linearity since curve is quite linear on the 

log-log scale. The DR of the cooled SiPM is ~28MHz which is almost 2 times higher 

than the DR PKI SPCM (15MHz) and ~3 times higher than S-SPCM. The obtained DR is 

in very good agreement to with the DR predicted on the basis of dead-time from Figure 

5.9. It must be noted that maximum count rate measured with this device was ~36MHz, 

but the device started saturating at ~28MHz.  

 

 

Figure 5.18 Comparison of cooled SiPM at 10Vov with PKI SPCM. 
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Figure 5.19 Comparison of linearity of cooled SiPM at 10Vov with PKI SPCM. 
 

 

Sensitivity at different wavelengths 

 For the cooled SiPM, PDE or QE was not known; hence it was necessary to study 

its response to different wavelengths of interest. The block diagram of the experimental 

set-up is shown in figure 5.20. In this set-up the white-light lamp and the attenuator box 

from the set-up show in Figure 5.14 are replaced with a monochromator. The 

monochromator has the facility to select different wavelengths (0-1000nm) and the 

attenuation levels can be changed using a shutter that controls the amount of light that 

can pass through the window. Since the attenuation levels are un-calibrated, for each light 

level, count rates are recorded at the output of cooled SiPM and PKI SPCM. It is known 

that PKI SPCM has very good sensitivity in the visible spectrum and its PDE is known 

too, hence if similar count rates are obtained with the cooled SiPM, it could be concluded 

that cooled SiPM has good sensitivity to these wavelengths. Results of last section 

showed that this SiPM has the best combination of sensitivity and linearity at VOV =10V, 
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VTH = -6mV, hence the SiPM was adjusted to these settings for this experiment. Figure 

5.21 show the obtained results. It is clear that this SiPM has good sensitivity in the visible 

spectrum (count rates similar to SPCM) and that it is more sensitive at shorter 

wavelengths (400nm) than the SPCM. 

 

 

 

 
Figure 5.20 Cooled SiPM: Block diagram of the experimental for measuring 

sensitivity to different wavelengths. 
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Figure 5.21 Cooled SiPM: Sensitivity at four different wavelengths.  
 

 

Summary  

 From the results obtained with this SiPM it can be concluded that: 

- DCR can be significantly lowered (~50 times) by operating at lower temperatures.  

- Similar (un-cooled) detectors were tested in our lab few years back and it was 

found that the DCR of those detectors were so high that it practically occupied the 

whole DR of the device. Hence, although those devices might have been 

sensitive, the DCR was such that it became impossible to detect any useful signal 

above noise. This could have been the case with this SiPM too (DCR = 13MHz at 

+25°C, 10VOV), but cooling the detector made it practically usable. 
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- Maximum SNR is achieved by operating the detector at high VOV and low VTH. 

Although it has the effect of increasing the DCR, it increases the signal much 

more than the noise.  

- If DCR is not a problem for a particular application, sensitivity levels similar to 

that of PKI SPCM can be achieved by operating this detector at voltages much 

higher than VBR. Although, MDSF6F

1
F is affected by the increased DCR (section 3.6). 

It is important to note that all the recorded PCR include contribution of noise 

whose contribution is unknown and needs to be studied. Noise in SiPM is 

discussed in detail in section 5.4. 

 

                                                 
1 MDS (Minimum Detectable Signal) is the minimum signal that can be detected by a single photon 
detector.  For SPAD and SiPM, Absolute value of DCR can be counted as background since it is known 
and can be subtracted. But, fluctuation of the DCR represents the noise due to DCR; hence, assuming 
poisson statistics, square root of DCR can be defined as the MDS. 
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5.3 Hamamatsu MPPCs: Experimental Results and Discussion 
 

      This section presents the electrical characterization of two SiPMs (MPPCs) from 

Hamamatsu photonics [6] as high-speed photon-counters and investigates their feasibility 

for DNA-sequencing application. The two devices were introduced in section 1.6 and 

their important specifications are shown in table 5.4; more information can be obtained 

from [6]. MPPC1 and MPPC in Table 5.4 are referred to as 100-pixel device and 1600-

pixel device respectively. 

 

Table 5.4 Specifications of the characterized Hamamatsu MPPCs [6]. 
 

Specification MPPC 1 MPPC 2 
Type/Model S10362-11-100U S10362-11-25U 

Chip Size (mm) 1.5 x 1.5 1.5 x 1.5 
Size of 1 pixel (µm) 100 x 100 25 x 25 

Effective Active Area  (mm) 1 x 1 1 x 1 
Fill Factor*1 (%) 78.5 30.8 
No of pixels/mm2 100 1600 

Operating Voltage, VOP (V) 69.72 70.89 
DCR 

0.5 p.e. thr 
1.5. p.e. thr 

 
716K 
125K 

 
438K 
12.5K 

Gain (M) 2.4E+06 2.74E+05 
Temp (ºC) +25ºC +25ºC 

Wavelength (λ) (nm) 655 655 
         *1: Ratio of active area of the pixel to the entire area of the pixel. 

 

5.3.1 Experimental Set-up 

 

      Figure 5.22 shows the optical set-up used for characterizing the devices. Since the 

gain of one amplifier was not enough for this device, two amplifiers (EG&G Ortec 
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VT120C) each with a gain of 20 were used as shown in Figure 5.22. Unlike cooled SiPM 

(was not fiberized for electrical characterization), these devices were already fiberized 

using the same fiberization system described in section 1.7. The fiberization system for 

SPAD was permanent and adjusted for maximum light coupling efficiency. For these 

SiPMs the assembled fiberization system was temporary, hence a XYZ micro-positioner 

was used to focus the light with maximum efficiency. The detector (not visible in photo) 

is mounted on the heat-sink and the light is focused from the fiberized connecter as 

shown in Figure 5.23. A fiber with core diameter of 200µm is used for all the 

experiments. The optical set-up was placed in a black-box (similar to Figure 5.7) for 

isolating the detector from ambient light. Similar to cooled SiPM, the output from the 

amplifier is connected simultaneously to oscilloscope and Stanford counter SR400. 

 

 

Figure 5.22 Optical set-up for characterizing 100-pixel and 1600-pixel MPPCs. 
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Figure 5.23 Fiberized connecter used for focusing light on MPPCs. 

 

 

5.3.2 Electrical Characterization 

       

Same experimental methods as cooled SiPM (section 5.2.3) were used for 

characterizing these devices. The devices were biased using the circuit shown in the 

datasheet [6].  

 

Breakdown voltage (VBR) 

      Usually, manufacturers provide VBR specification of a device, but instead of VBR, 

operating voltage (VOP) along with the gain at this operating voltage is specified with 

each MPPC. Table 5.4 shows the specifications in which VOP, DCR and Gain at VOP are 

specific for our device and may vary for different devices of the same type. Since the 

gain is already high at VOP, it implies that VOP is already a few volts above the VBR.  VBR 

for these devices was measured and found to be 68.92V and 69.29V for the 100-pixel and 
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1600 pixel device respectively, which means that the 100-pixel device is biased ~0.8V 

above VBR and the later device is biased ~1.6V above VBR. It must be noted that VBR 

varies with temperature and hence depending on the experimental conditions and method 

of measurement, these numbers may vary.  

 

Dead time  

      Dead-time is determined as described in section 5.2.4 (see Dead Time). Figure 

5.24 shows the output pulses for 100-pixel (a, b) and 1600-pixel (c, d) device 

respectively. The FWHM for 100-pixel and 1600-pixel device is approximately 20ns and 

18ns respectively, but it must be noted that the 100-pixel device has a longer tail as 

compared to the 1600-pixel device and this difference is noticed in the maximum pulse 

width.  Maximum pulse width for 100 and 1600-pixel device is 35-40ns and 25-30 

respectively. Therefore the expected maximum achievable count rate should be in the 

range of 25-30 MHz for 100-pixel device and 33-40 MHz for the 1600-pixel device. 

Pulses due to 1p.e. 2p.e. etc. are distinctly visible with these devices as shown in Figure 

5.24a and 5.24d, which was not the case with the cooled SiPM (see Figure 5.9).  
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Figure 5.24 Output pulses, (a, b) 100-pixel device, (c, d) 1600-pixel device at low 
(left) and high (right) VOV. Note: (c) was recorded in the averaging mode. 

 

 

Dark Count Rate (DCR) 

 

(a) Variation of DCR with VOV 

     Figure 5.25 shows the variation of DCR with VBias for 100-pixel (top) and 1600-

pixel (bottom) device respectively. Instead of VBR, DCR was measured starting with 

minimum bias set at VOP. VTH was set at ~0.5p.e which is approximately -20mV as seen 
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in Figure 5.26.  The recorded values of DCRs are comparable with the values specified in 

Table 5.4 for these particular devices at 0.5p.e, which means that the selected VTH (-

20mV) actually corresponds to 0.5p.e. These results also confirm that it was necessary to 

provide more gain (2 output amplifiers) for these devices, since the count rates matched 

the count rate provided in the passport for these specific devices only after providing 

more gain. It can be seen that the DCR for 100-pixel device is much higher than the DCR 

for 1600-pixel device and it was observed that the increase in DCR when the bias is 

changed from VOP to VOP+1V is much higher (6.9 times) for 100-pixel device as 

compared to 1600-pixel device (1.68 times). This implies that the increase in gain with 

VOV is higher for 100-pixel device as compared to1600-pixel device. Since the gain at 

VOP for these devices is already high (Table 5.4), they can be expected to achieve high 

sensitivity at comparatively lower VOV. Hence the DCR was not measured at higher over-

voltages. Other reason for not measuring DCR at high VOV was the fear of damaging the 

device since it was not known if they could be biased to high VOV.  
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Figure 5.25 Variation of DCR with VBias for 100-pixel and 1600-pixel device. 
 

 

(b) Variation of DCR and PCR with comparator threshold (VTH) 

      Figure 5.26 shows the variation of DCR with VTH at VBias = VOP for both devices.  

Step like characteristics were observed for both the devices. The meaning of these 

characteristics are explained in detail in section 5.2.4 (refer to Variation of DCR with 
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comparator threshold). From Figure 5.26 it can be seen that the steps in both the devices 

are much more distinct as compared to the cooled SiPM (see Figure 5.13) which implies 

that the these device have uniform gain across the active-area of the pixel as compared to 

the cooled SiPM. It can be seen that the number of steps in 100-pixel device are much 

more distinct and larger in number as compared to the 1600-pixel device. It was 

speculated in the DCR section of section 5.2.4 that 3p.e, 4p.e, etc. pulses is mainly due to 

cross-talk. Since the 100-pixel device has large number of steps as compared to the 1600-

pixel device, it implies that it has higher cross-talk as compared to the 1600-pixel device. 

This can also be confirmed from the fact that the fill factor of 100-pixel device (78.5) is 

much greater than that of 1600-pixel device (30.8) (see Table 5.4). Further, for the 100-

pixel device, the ratio of counts from the first step to the second, second to the third and 

so on is approximately constant which is not true in case of 1600-pixel device. This 

means that for the 100-pixel device the percentage of pulses corresponding to 1p.e. 2p.e, 

3p.e.and so on is approximately constant (at VBias=VOP).  
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Figure 5.26 Variation of DCR with comparator threshold for 100-pixel and 1600-
pixel device (VBias = VOP). 

 

 

 

Figure 5.27 100-pixel device: Variation of DCR and PCR with comparator threshold 
(VBias=VOP). 
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Figure 5.28 1600-pixel device: Variation of DCR and PCR with comparator 
threshold at VBias =VOP and VOP+1V. 

 

 

      For 1600-pixel device, the ratio of drop in count rate from step1 to step 2 is also 

approximately constant for both DCR and PCR for same VBias (Figure 5.28). For this 

device, the same curves were also measured at higher bias voltages and it was observed 

that the rate of drop in count rate is different (smaller) at higher VBias. For example, from 

step1 to step2, the count rate decreased by ~ 20 times at VBias=VOP and only 3.5 times at 

VBias=VOP+1V. Also, for VBias>VOP, the behavior of the steps changed. It can be seen that 

the over-all count rate drops much more slowly as compared to when VBias=VOP curve 

and the number of visible steps almost decreases by half (Figure 5.28, Dark-70.89V=VOP 

& Dark-71.89V). This means that the percentage of pulses due to 2p.e. increases 

significantly at VBias=VOP+1V. Further, the number of distinctly visible steps almost 

decreased by half at VBias=VOP+1V (Figure 5.28, PCR-71.89V curve). Similar behavior 
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was observed with the cooled SiPM in the dark (Figure 5.13). It was found that the 

behavior of these steps is related to the noise of the SiPM and is discussed in section 5.4. 

 

Sensitivity, Operating Point, Linearity and DR 

      Sensitivity measurements for this device were performed similar to the cooled 

SiPM and the results are shown in Figure 5.29 and Figure 5.30 for 100-pixel and 1600-

pixel device respectively. The minimum bias voltage was selected to be VOP and was 

increased in steps of 0.5V, until improvement in sensitivity levels were observed. The 

black line in each figure represents the most linear curve.  

 

 

 

Figure 5.29 100-pixel device: Sensitivity, DR and linearity.  
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Figure 5.30 1600-pixel device: Sensitivity, DR and linearity. 
 

 

Based on the obtained results, following conclusions can be made: 

- PCR are sub-linear and much less sensitive at VOP for both devices and become 

more and more linear and sensitive as the VBias is increased beyond VOP. 

- For 100-pixel device, good improvement can be seen at VBias =VOP+0.5V, but not 

much improvement is seen when VBias in increased further to VOP+1V (Figure 

5.29). The reason for this is that the DCR of this device increases much faster 

when VBias is increased from VOP+0.5V to VOP +1V (Figure 5.25 (top)). 

- For the 1600-pixel device, similar level of improvement is observed for every 

0.5V increase from VOP to VOP+1V (Figure 5.30) and it is also consistent with the 

linear increase in DCR curve from VOP to VOP+1V (Figure 5.25 (bottom)). 
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- For the best VOV, the DR for 100-pixel device is ~14 MHz and ~28 MHz for the 

1600-pixel device. This large difference is because the area of one pixel in the 

100-pixel device is 16 times larger than the area of one pixel in the 1600-pixel 

device. Further, the measured DR for 100-pixel is much lower than the value 

estimated on the basis of output pulse widths (25-30 MHz) from Figure 5.24. This 

implies that the actual time it takes for the pixel to recover is longer than the 

output pulse width or since the DCR of this device is rather large at VOP+1V 

(5.4MHz), the output count rate saturates much faster.  

- Figure 5.31 compares the 100-pixel and 1600-pixel device at best VOV. It shows 

that the 1600-pixel device is more linear than the 100-pixel device. The reason for 

this should be the small dead-time because of much smaller size of the pixel.  

 

 

Figure 5.31 Comparison of sensitivity, DR and linearity for 100-pixel and 1600-
pixel device. 
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      As was the case with cooled SiPM and S-SPCM, above results show that highest 

sensitivity is achieved by operating a detector at highest feasible over-voltage and 

minimum feasible threshold. This was also confirmed using the SNR results described in 

next section. It is very important to note that although these devices are operated at room 

temperature and have much higher DCR as compared to the cooled SiPM, they are very 

sensitive since their PCR is comparable with that of PKI SPCM at much lower over-

voltage. More importantly, even with such high DCR they are able to measure actual 

signal above the DCR. Further, the DR of 100-pixel device (14 MHz) is comparable with 

that of PKI SPCM, whereas DR of 1600-pixel device (28MHz) is ~2 times greater as that 

of PKI SPCM and two ~3 times greater than S-SPCM (10MHz). Next section analyzes 

the after-pulsing and cross-talk in all three SiPM from the point of view of their use as 

photon counter. 

 

Signal to Noise Ratio 

      SNR for the 100-pixel and the 1600-pixel device was calculated using Equation 

3.6 and the results are shown in Figure 5.32 and Figure 5.33 respectively. SNR was 

calculated using the calculated mean for DCR and PCR for different conditions from the 

results described in section 5.4. For the 100-pixel device, it can be seen that the SNR is 

the best for VBias = 70.22V and does not improve when the bias is further increased. For 

1600-pixel device, similar SNR improvement is seen for each 0.5V increase in VBias from 

VBias = 70.89V (VOP) to VBias = 71.89V (VOP+1V). These results are in very good 

agreement with the sensitivity results obtained for 100-pixel (Figure 5.29) and 1600-pixel 
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(Figure 5.30) device respectively, where similar trend was observed for increase in 

sensitivity. 

 

 

Figure 5.32 100-pixel device: Signal-to-Noise ratio. 
 

 

 

Figure 5.33 1600-pixel device: Signal-to-Noise ratio.  
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      Further, for the 100-pixel device it can be seen that the SNR is better at 70.22V 

as compared to 70.72V; the reason for this is the small dynamic range (14MHz) and very 

high DCR of this device at these bias voltages. Basically, the DCR of this device is so 

high (5.4 MHz) at VBias=70.72V that it occupies significant portion of the dynamic 

range (14 MHz) of this SiPM, therefore as soon as the light level is increased a little, the 

count rate already approaches saturation, thus limiting the SNR. This (very high DCR) 

was one of the prime reasons that SiPM were practically un-usable up to few years back. 

The DCR practically occupied whole DR making it impossible to detect any signal above 

noise, especially in photon counting applications. But it can be seen that these devices 

have progressed fast as the technology progressed and have become practically usable in 

photon counting applications.  
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5.4. After-pulsing and Cross-talk in SiPM (Noise Analysis) 

 

      This section studies the noise in SiPMs from the point of view of its application to 

photon counting. It was mentioned and discussed in section 5.2.4 (see variation of DCR 

with comparator threshold) that after-pulsing and cross-talk in SiPMs are referred to as 

noise in this thesis. Being analog in nature, SiPMs have only been used in photon number 

resolving applications where the incoming signals are rare and where a bunch of photons 

are expected to be received simultaneously. Some of these applications include PET 

scanning in nuclear medicine [29], scintillating fiber readout in high energy physics [29] 

and imaging atmospheric Cherenkov telescope (IACT) in Astroparticle Physics [30]. In 

these applications, the signals to be detected are very strong; hence the threshold 

(comparator threshold) of the read-out electronics is set above the noise level, thus 

eliminating most of the contribution of DCR and noise and still is able to detect the actual 

signal. Hence, although the effects of noise have been studied, they are not studied in 

great detail.  

      On the other hand, when SiPM is used as a photon counter, it cannot be biased at 

high VTH; hence effects of noise and DCR cannot be bypassed by setting high thresholds 

of read-out electronicsF7F

1
F. Further, SiPM is essentially used as a digital detector; hence the 

effects of after-pulsing and cross-talk will be different since pulses of all amplitudes 

(1p.e, 2p.e, 3p.e, etc.) are registered as one pulse.  

                                                 
1 In photon number resolving applications, the expected incoming signal is very strong, i.e. a bunch (few 
tens-few thousands) of photos are expected to be received simultaneously. Therefore the comparator 
threshold of the readout electronics is usually set very high, thus high DCR, afterpulsing and cross-talk 
effects are usually bypassed.  
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      Noise in a photon counting system is determined by the distribution of photo 

counts. A correctly operating photon counting system follows a Poisson distribution 

where the variance of the photo counts (the number of photons counted over the given 

time interval) is equal to its mean value. In this case, match between the measured photon 

count distribution and the Poisson distribution determines the quality of the counting 

circuit. In order to characterize the noise, output counts from all the three SiPMs were 

recorded for approximately 10mins with an integration time of 10ms. For each SiPM, 

counts were recorded at 2-4 different over-voltages and for each over-voltage; counts 

were recorded at 2-4 different comparator thresholds. These threshold values were set 

somewhere near the center of each plateau (steps) observed in Figure 5.13 (cooled 

SiPM), Figure 5.27 (100-pixel device) and Figure 5.28 (1600-pixel device). It was though 

that in the centre of the step (plateau), the SiPM counts all the pulses due to 1p.e, 2p.e etc 

depending on the step the threshold is set at, and hence it was selected as the 

measurement point. The Stanford counter was used for measurement and it was 

controlled using Lab View through GPIB interface. The counts were recorded onto a text 

file and then processed in excel. Histograms of all the recordings for all the devices were 

plotted. Figure 5.34 shows the plot of one such recorded points and Figure 5.35 shows the 

obtained histogram. Similar processing was done and plotted for all the SiPMs. Finally, 

the mean and variance of the recorded counts were calculated and plotted and are 

discussed below for each SiPM.  
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Figure 5.34 Recording of counts for noise analysis (integration time is 10ms). 
 

 

 

 

Figure 5.35 Histogram of the recorded counts shown in Figure 5.32. 
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Figure 5.36 Cooled SiPM: Variation of mean and variance with VOV and VTH. 
 

 

 

Figure 5.37 100-pixel device: Variation of Mean and Variance with VOV and VTH. 
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Figure 5.38 1600-pixel device: Variation of Mean and Variance with VOV and VTH. 
 

 

      Figure 5.36, Figure 5.37 and Figure 5.38 show variation of mean and variance of 

the registered dark counts at the output of cooled SiPM, 100-pixel device and 1600-pixel 

device respectively. Following observations and conclusions are made based on the 

obtained results: 

- For all three SiPMs, it was observed that the mean and variance converge with 

increasing comparator threshold and decreasing over-voltage and they become 

equal for some optimum combinations of VOV and VTH. This implies that under 

certain conditions SiPM follows a poisson distribution and hence acts as a 

noiseless photon counter. 
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- For all the three SiPMs, it was observed that the difference between mean and 

variance is much higher when VTH is below 1p.e. and decreases much more at 

VTH>1p.e as compared to the drop from 2p.e to 3p.e and so on. This implies that 

the contribution of noise is maximum when VTH<1p.e and this is expected. 

Further, this also suggests that after-pulsing contributes very high percentage of 

1p.e pulses as compared to pulses greater than 2p.e. 

- From Figure 5.36 it can be seen that mean and variance of cooled SiPM at 5VOV 

is the same for all thresholds suggesting that it follows Poisson distribution. This 

implies that there is no after-pulsing and cross-talk in the cooled SiPM at 5VOV. 

Further it is known and discussed in section 5.2.4 (see variation of DCR with VTH 

section) that the number of steps basically represents the number of simultaneous 

pulses that a SiPM is able to resolve. For cooled SiPM, 3 steps were observed at 

5VOV (see VBR+5 curve in Figure 5.13) suggesting that the SiPM registered up to 

3p.e pulses in dark. Since, due to the nature of generation of after-pulsing 2 or 

more counts are registered for one photon and hence it would definitely affect the 

Poisson distribution (Variance > Mean). But the fact that 3 pulses were observed 

by the SiPM at 5VOV (Figure 5.13) and Poisson distribution is observed for all 

thresholds at the same VOV suggests that these steps are only due to cross-talk and 

more importantly it implies that cross-talk does not affect Poisson distribution 

and hence does not contribute additional noise when SiPM is used as a photon 

counter. Further this result implies that there is a relation between the step-like 

behavior of SiPM and its noise. The same behavior was observed in all three 

SiPMs; see Figure 5.37 (noise) and Figure 5.26 (DCR steps) for 100-pixel device 
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and Figure 5.38 (noise) and Figure 5.26 or Figure 5.28 for 1600-pixel device. 

From these results a very important conclusion can be made, i.e. cross-talk does 

not affect the Poisson distribution when used as a photon counter i.e. cross-talk 

does not add any additional noise in photon counting mode. 

-  The mean and variance of 1600-pixel device (Figure 5.38) is same for most of the 

conditions, suggesting that it has much less noise as compared to the 100-pixel 

device (Figure 5.37). This is confirmed by the fact that in 1600-pixel significant 

drop in DCR was observed when VTH was increased from less than 1p.e to greater 

than 1p.e (Figure 5.26). 

- The relation between number of steps and cross-talk is also confirmed by the fact 

that 1600-pixel device has almost half the number of steps (2-3) as compared to 

the 100-pixel device (5) (see Figure 5.26). Further, according to the data sheet [6], 

the fill-factor of the 1600-pixel device (30.8%) is significantly smaller (>50%) as 

compared to the 100-pixel device (78.5%), therefore it is expected that the 1600-

pixel device will have much smaller cross-talk. This further confirms the 

assumption. Based on aforementioned discussion, it can be speculated that the 

cross-talk happens only due to optical photons and is explained in section 5.4.1 

- The nature and shape of the steps is same in the dark and light (see Figure 5.27 

and 5.28), suggesting that the physical phenomena responsible for avalanche 

generation is the same in the dark and light and that the percentage of noise 

contribution is also the same in both conditions. Hence same, noise performance 

can be expected from the SiPMs in the light. Similar recordings as DCR were 
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made for the 100-pixel and the 1600-pixel device in light and the recorded values 

are summarized in Figure 5.39 and Figure 5.40 respectively.  

 

 

Figure 5.39 Mean and variance of 100-pixel device in dark and light.  
 

 

 

Figure 5.40 Mean and variance of 1600-pixel device in dark and light.  
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5.4.1 Cross-talk Mechanism and its Effect on Photon Counting 
Performance of SiPM 
 

           From the results and discussion in the previous sections (section 5.2.4 and 5.4) it 

was established that cross-talk does not affect photon counting performance of SiPM. It 

was also mentioned that cross-talk affects photon-number resolving and photon counting 

performance of SiPM in different ways since in photon counting applications 1p.e, 2p.e, 

3p.e.etc pulses are just counted as one pulse. The results suggest that cross-talk in these 

SiPMs mainly happens due to optical photons. Reverse biased silicon diodes emit 

photons at the rate of ~ 10-5 photons per electron crossing the p–n junction when they are 

operated in geiger mode [52]. These photons may or may not initiate an avalanche in the 

neighboring pixels depending on where they are absorbed as shown in Figure 5.41. Since 

the travel time of these photons is much faster (speed of light) than the dead time (pulse 

width) of the already fired pixel, even if they initiate a discharge, this discharge probably 

takes place in the same time frame as the original fired pixel (pulse width 20-30ns). As a 

result, the fired pixel (due to cross-talk) will generate a pulse slightly shifted in time, but 

the time is so small that charge generated by both the pulses is summed up in the same 

cycle, thus generating an output pulse with output charge (amplitude) equal to the sum of 

all the fired pixels. The amplitude of the output pulse is proportional to the number of 

fired pixel, but, since the VTH of SiPM is fixed and is <1p.e, it registers this pulse as just 

one pulse, i.e. effectively only one pulse is registered for one originally fired pixel as well 

as other pixels that fired due to cross-talk, thus no additional counts (noise) are generated 

due to cross-talk. Hence Poisson distribution is not affected by the cross-talk.  But, in 
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photon number resolving applications, cross-talk will affect the dynamic range of the 

SiPM, since dynamic range in this case is equal to the number of pixels of the SiPM.  

 

 

 

 
Figure 5.41 Effect of cross-talk on photon counting performance of SiPM. 
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5.5 Summary 

 
      So far, SiPMs were used only as photon-number resolving devices and in very 

limited applications due to their rather high dark count. Up to few years back, DCR of 

SiPM made them practically unusable in many applications, especially photon counting 

applications. DCR of SiPM practically occupied the complete dynamic range of the SiPM 

making it practically impossible to detect any photons above the DCR. SiPM is based on 

CMOS technology and technology and use of pure silicon is considered to be the main 

reason behind the high DCRs. As the technology progressed, these devices also 

progressed and a significant improvement in DCR of SiPMs has been achieved. This led 

to the recent commercialization of the SiPMs and devices with relatively low DCRs at 

room temperature became commercially available [6]. This chapter presented the need 

for investigating SiPMs as detectors for high-speed photon counting applications as 

opposed to photon number resolving applications and characterized the photon-counting 

performance of three different SiPMs from two difference manufacturers. Conditions for 

using SiPM as high-speed photon counter were studied and are summarized in Table 5.5. 

The results show that these devices have single photon sensitivity and can match the 

performance of best commercially available large-area SPCM.  

 

 

 

 

 



 199

    Table 5.5 Comparison and summary of important performance parameters of all 
the three characterized SiPMs. 

 
Parameter Cooled SiPM 

 
100-Pixel  

Device  
1600-Pixel 

Device  
Units 

Min amplification 
required (Gain) 

20 40 40 Av 

VTH  on Photon 
Counter (-mV) *1 

- 4 to 6 -20 -15 mV 

Optimum operating 
voltage for highest 

sensitivity *2 

 
VBR+10 

 
VOP+0.5 

 
VOP+1 

 
volts 

DCR for above 
conditions  

200  1870  737  KHz 

Dynamic Range (DR) ~30 ~14 ~28 MHz 
Minimum Detectable 

Signal (MDS)for 
above conditions*3 

 
450  

 
1367  

 
858 

 
Photons/sec 

Max SNR for above 
conditions 

6000 279 2200  

*1: This value is usually around 0.5 p.e. since it is important to count all the photons. 
*2: Optimum operating voltage may vary for different devices if the gain of the devices of same type varies 
a lot. 
*3: MDS of SPCM module is 22 photons/sec. 
 

 

     It was also shown that the SiPM needs to be operated at highest feasible over-

voltage and lowest possible comparator threshold for counting all the pulses and 

achieving maximum sensitivity. Although increasing over-voltage has the effect of 

increasing DCR, it was shown that the over-all SNR is increased much more than the 

DCR. SiPMs reported in literatures so far can be broadly categorized into two categories 

viz. the SiPM from Hamamatsu (MPPC) and all the other reported SiPMs. The 

Hamamatsu SiPMs have significantly lower DCR even at room temperature whereas the 

other SiPMs have much higher DCR.  This thesis investigated both types of SiPMs and it 
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showed that if the SiPM with high DCR (cooled SiPM in this thesis) is cooled to lower 

temperature, it can count photons with high sensitivity.  

       Further these results also show that SiPMs can definitely be used as detectors for 

sequencing the DNA and potentially other applications, for e.g. spectroscopy. Current 

SiPMs have a minimum active area of 1mm2 which is not needed for many photon 

counting applications. Hence, even if the area of SiPM is reduced by half, DCR of SiPM 

will significantly reduce, facilitating there use in many more applications. Noise of 

SiPMs was characterized in detail and it was found that cross-talk in SiPMs does not add 

noise when used as a photon counter. This is a very important result, since a lot of efforts 

are directed towards optimizing the SiPM structures to minimize the cross-talk. Non-

availability of large area SPADs and large area SPAD-arrays is a known problem, but 

this research shows that SiPMs have the potential to replace large area SPADs as high-

speed photon counters without the need for quenching circuits. Since SiPMs are based on 

standard CMOS technologies, it makes them much more attractive for design and 

development of integrated arrays at very low cost. 

      SiPM based photon counting set-ups were integrated into our single lane DNA-

sequencing set-up and excellent DNA-sequencing results were obtained. The results are 

discussed in next chapter.   
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CHAPTER 6 

DNA SEQUENCING WITH SOLID-STATE SINGLE 
PHOTON DETECTORS 

 

 

 

      This chapter presents and the results of DNA-sequencing performed with four 

different detectors that were characterized in this thesis viz. the SPAD model C30902S-

DTC, cooled SiPM from Voxtel-Inc (MAPD), 100-pixel device and 1600-pixel device, 

both from Hamamatsu Photonics.  

 

 

 

6.1 Experimental Set-up  

 

      Single-lane DNA-sequencing machine described in section 1.1 and shown in 

Figure 1.1 was used for these experiments. Detailed description of this DNA-sequencer 

can be found in [7]. Figure 6.1 shows the block-diagram of the DNA-sequencing 

experiment whose operation is similar to Figure 1.1B explained in section 1.1.  The 

cooled SiPM was not fiberized during the electrical characterization (Figure 5.5) and 

hence it was fiberized for performing DNA-sequencing whereas all the other detectors 

were already fiberized.  
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Figure 6.1 Typical set-up for DNA-sequencing experiment. 

 

 

 

6.2 Integration of Detector Modules into Single-lane DNA-
sequencer 

 

      In order to perform DNA-sequencing, it is necessary to use the counter circuit 

designed in our lab, since this counter circuit board has a parallel port connection to 

transfer the data on to a PC that consists of software that can access, record and process 

this data. Either the histogram of the output counts or the real-time DNA-sequencing 

traces can be viewed on the computer using the designed software.  

 

Single Channel Photon Counting Module (S-SPCM) 

      Since the output pulses from the S-SPCM are compatible with the counter circuit, 

the output from the S-SPCM could be directly connected to the counter input, thus 

making the integration an easy task. The sequencing traces can be viewed in real-time 
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through our base calling software. Since the S-SPCM is already fiberized, focusing of 

light was not a problem at all. The M-SPCMs are also integrated in the same way, except 

that they are connected to a 16 or 32-channel amplifier and counter circuit respectively.  

 

SiPMs 

      As mentioned earlier, to perform DNA-sequencing it is necessary to connect the 

output from the photon counting circuit to the specially designed high-speed counter that 

is connected to computer and the designed software. The negative going output pulses 

from the SiPMs (Figure 5.8 and 5.25) were not compatible with the counter circuit 

designed in our lab, hence, like S-SPCM the output from SiPMs could not be passed 

directly to the counter. We have a 32-channel amplifier whose output is connected to a 

32-channel counter that also can be connected to the computer via the parallel port. 

Further, the counter circuit is synchronized with the filter wheel that determines the 

integration time. Hence this circuit board was utilized. Since, we wanted to perform 

single-lane sequencing, only one channel out of the 32-channels was utilized; Figure 6.2 

shows the photo of the set-up. In order to make the output signal from the Ortec amplifier 

(output of SiPM is connected to Ortec amplifier VT120C as shown in Figure 5.5 and 

5.22) compatible with the input of the 32-channel amplifier, it was passed through a 

variable signal attenuator. Different attenuation was required for different SiPM and is 

discussed later. Figure 6.3 shows the output pulse from the 32-channel amplifier that was 

passed on to the counter for further processing. Figure 6.4 shows the block diagram and 

Figure 6.5 shows the photo of the complete experimental set-up that was used to perform 

DNA-sequencing with SiPMs.  
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Figure 6.2 Electrical set-up for performing DNA sequencing with SiPMs. 
 

 

 

 

Figure 6.3 Output pulse from the 32-channel amplifier circuit. 
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Figure 6.4 Block diagram of the complete DNA-sequencing set-up used for SiPMs. 
 

 

 

 

 

Figure 6.5 Photo of the complete DNA-sequencing set-up used for SiPMs.  
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6.4 Sequencing Results  

 

6.4.1 Sequencing with individual detectors (S-SPCM and SiPMs) 

 
Sequencing reagents and conditions 

      Industry standard DNA sample described here was used for all experiments: 100-

bp Fluorescein Ruler (100-1000bp range in 100bp increments, Bio-Rad, CA, USA), 

Internal Lane Standard 600 (ILS-600, 60-600bp range in variable 20-25-50bp increments, 

Promega, WI, USA) and four-color sequencing standard labeled with BigDye (BigDye 

Terminator v1.1 Sequencing Standard Kit, ABI, CA, USA). To prepare 100-bp 

Fluorescein Ruler for loading, 18µl Hi-Di Formamide (ABI, CA, USA) were added to 

2µl sample, denatured at 95°C for 3min and then chilled on ice. ILS-600 and Big Dye 

Sequencing Standard were prepared according to the corresponding manufacturers’ 

protocols. In some experiments ILS-600 and 100bp ruler were combined together to form 

a “mixed” ladder. All samples were electro-kinetically injected into uncoated fused silica 

capillaries (56cm total length, 50cm detection length LDET, 50µm ID, 365 µm OD from 

PolyMicro Tech., AZ, USA) filled with POP-7 separation polymer (ABI, CA). Buffer 

vessels were filled with ABI 310 running buffer with EDTA. The sequencing runs were 

carried out at running voltage of 6.8-11.2kV (120-200 V/cm) at 50°C.  

 

Sequencing traces and quality factors 

      DNA-sequencing traces for three types of detector viz. SPAD, cooled SiPM and 

MPPC are shown in Figure 6.6, Figure 6.7 and Figure 6.8 respectively. Figure 6.9 shows 
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the quality factor curves of all the four detectors. A green laser (NdYAG laser) was used 

for all the experiments. It must be noted that quality of DNA-sequencing depends on a lot 

of factors such as quality of the separation medium quality of the polymer etc. The 

primary goal of this research was to investigate if these detectors are feasible for 

performing DNA-sequencing at all. Further, DNA-sequencing with each detector was 

performed at different times under different conditions; hence DNA-sequencing 

performance such as QF cannot be accurately compared on the basis of these results. 

Although, similar results were obtained with all the detectors (SPAD and SiPMs) and 

these results are comparable to the standard QF results obtained with this dye which 

proves that all the detectors are suitable for DNA-sequencing application.  

 

Figure 6.6 S-SPCM (C30902S-DTC): DNA-Sequencing traces (Laser power = 
18mW). 
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Figure 6.7 Cooled SiPM: DNA-sequencing traces (Laser power = 17mW). 
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Figure 6.8 Hamamatsu MPPCs: Typical sequencing traces (Laser power = 17mW). 
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Figure 6.9 Quality factor curves for all four SiPMs obtained using universal Phred 
software; (a) S-SPCM (SPAD), (b) 100-pixel SiPM, (c) 400-pixel SiPM,(d) 1600-pixel 

SiPM. 
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Following conclusions are made based on the obtained DNA-sequencing results: 

- Obtained Q-20 read lengths obtained with all the devices are comparable with the 

results obtained with commercial DNA-machines for the same DNA-sample.  

- Dynamic range and linearity of the designed S-SPCM and all the three SiPMs is 

sufficient for this application. 

- Due to the much smaller DCR of the SPAD (500 Hz) and the Cooled SiPM (200 

KHz) as compared to the 100-pixel device (1.87 MHz) and 1600-pixel device 

(600 KHz) at the optimum operating point, the cooled SPAD and Cooled SiPM 

are able to resolve the smaller peaks much better (better read length) than the 100-

pixel and 1600-pixel device. This basically means that the cooling the detector 

(lowering DCR) improves the SNR of the sequence detection. 

- Read length largely depends on the quality of the polymer. If the quality of the 

polymer is not good, the resolution of the peak degrades i.e. they become wider. 

In case of cooled SiPM, we can see that the peak heights are still good near the 

570 bp, but the peak resolution degrades, which means that the quality of the 

polymer was not as good as other detectors and hence the resolved base pair 

number is smaller.  

- These results prove that noise in SiPMs does not affect the quality of sequencing. 

It was shown that cross-talk does not add additional counts, but due to the nature 

of after-pulsing it cannot be avoided and the noise results show that SiPMs do 

have after-pulsing. In simple terms, afterpulsing basically generates extra count 

for one photon and distorts the one-to-one ration between the received and 

registered photons. For example, let’s assume that for each detected photon, on an 
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average 1.1 or 1.2 counts are registered. In this case if the DNA-sequencer 

generates on an average 1 million counts/s, instead of 1 million counts/sec, 1.2 

million counts/s will be registered. If similar increase in counts in registered for 

all the wavelengths, it can be thought that the extra counts provide added gain to 

the sequencer, thus enhancing the sequencing performance.  

- To achieve the best sensitivity and linearity results, detectors must be biased at the 

highest over-voltage and lowest comparable threshold. Although the DCR 

increases, but the effective SNR increases even more.  

 

6.4.2 Multi-lane DNA-sequencing  

 

 

Figure 6.10 Fragment of the sequencing trace between 600 and 700 bases 
obtained with the 16-channel photon counting module. BigDyeTM Sequencing 

Standard (ABI, CA, USA) diluted to 1: 64 in formamide. 
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      The sequence detection sensitivity obtained with the 16-channel single photon 

counting module was more than 4 times higher than the sensitivity of the best commercial 

DNA sequencer ABI-3730.  

 

 

 

6.5 Summary 

 

      The primary goal of this research was to investigate the feasibility of solid-state 

detectors for DNA-sequencing applications. The results of this chapter showed that all 

the characterized detectors (SPAD and SiPMs) can be used as highly sensitive detectors 

for DNA-sequencing. Hence, these results provide, for the first time, experimental 

demonstration of the application of large-area SPAD and SiPMs to DNA-sequencing, 

and opening up a new field of application for SiPMs. Until recently, there was limited 

choice of available detectors for DNA-sequencing (PMT and CCD), but this research 

opens up many more choices. Approximately 10-fold improvement in sensitivity was 

obtained as compared to PMT based systems. Since the cost of consumables is the 

highest in DNA-sequencing, the sensitivity improvement of photon detection systems 

will facilitate the use of much lesser sequencing reagents (more resolved base pairs for 

same amount of DNA-sample). Further more diluted DNA-samples can be used and still 

be able to resolve same base-pairs. Both, less re-agents and use of diluted sample will 

provide significant cost reduction.  
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      Out of the four detectors that were used to perform DNA-sequencing two were 

cooled detectors (SPAD from PKI and cooled SiPM from Voxtel-Inc) and two were un-

cooled (100-pixel and 1600-pixel device from Hamamatsu). As expected, better results 

were obtained with the cooled devices due to much lower DCR and hence better SNR 

and the ability to detected smaller peaks towards the end of sequencing. The fact that it is 

possible to perform DNA-sequencing at room temperature with relatively low-cost 

devices and obtain comparable results implies that the cost of photon detection systems 

can be significantly reduced. This will enable the design of low-cost DNA-sequencers 

that will be affordable by the university labs. Further, unavailability of arrays of large-

area SPADs is a known problem. Since, SiPM is based on standard fabrication 

technology; arrays of SiPMs can be easily designed and fabricated, thus providing an 

excellent solution to unavailability of large area SPAD arrays for DNA-sequencing and 

some other applications at a significantly lower cost.  
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CHAPTER 7 

CONCLUSION AND FUTURE WORK  
 

 

 

      Detection of ultra-weak fluorescent signals is required in wide range of 

applications today and many new applications are still being realized. With the advent of 

Single photon counting technology, the way in which different problems are addressed in 

wide range of fields has changed dramatically. This technology has gained wide spread 

importance in fields such as molecular biology, medical diagnosis and forensic analysis 

etc. to name a few. Until a decade ago, PMT was the only choice of detector for more 

than 50 years and is now being replaced by solid-state single photon detectors due to the 

numerous advantages offered by the new solid-state devices. These new detectors are 

progressing fast with technology and will potentially replace PMTs in most applications. 

DNA-sequencing is one such application that requires detection of ultra-weak fluorescent 

signals. Hence, progress in DNA-sequencing technologies depends a lot on the progress 

in photon detection technologies. This thesis investigated the commercially available 

solid-state single photon detectors and their application to DNA-sequencing. Two types 

of solid-state detectors having single photon sensitivity available are SPADs and SiPMs; 

both the detectors were investigated. This work presented, for the first time, experimental 

evidence of the application of large-area solid-state single photon detectors to DNA-

sequencing. Thus large number of detectors can now be used for DNA-sequencing as 

compared to only two choices (PMT and CCD) that were available until recently. 10-fold 
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increase in sensitivity was achieved, thus facilitating significant cost reduction in DNA-

sequencing. 

 

 

 

7.1 Conclusions 

 

      Characterization of SiPMs a high-speed photon counters and application of large-

area SPADs and SiPMs to DNA-sequencing are the main contributions of this thesis. In 

order to accomplish these tasks, design, development, prototyping, testing and 

characterization of various modules was involved. Outcomes of this research are listed as 

follows: 

1. Feasibility of large-area SPAD for highly sensitive detection of DNA-sequences. 

SPAD is the best choice of detector for detecting ultra-weak fluorescent signals 

and a good choice of detector for DNA-sequencing. Still, it was not used due to 

the complexity of the involved optics. A stand-alone, compact, general purpose, 

portable, high-performance photon counting module was designed based on large-

area (0.5mm diameter) SPAD model C30902S-DTC from PKI. All aspects of the 

designed module such as temperature, stability, noise, speed were characterized. 

A dynamic range of 10MHz and a linear range of ~2MHz were demonstrated, 

which is the best possible result achievable with this SPAD and sufficient for 

DNA-sequencing. It was demonstrated that in order to achieve highest possible 

sensitivity, the SPAD needs to be operated at highest feasible over-voltage and 
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smallest feasible comparator threshold. Method of characterizing the sensitivity of 

a detector was shown. Sensitivity comparable with that of the best commercially 

available large-area SPCM module from PKI (costs USD 4500) was achieved at 

an over-voltage of 10V. Thus a high-performance photon counting module 

comparable with the best was designed at much lower cost. The designed module 

was successfully integrated into a single lane DNA sequencing instrument. Single 

fluorescent molecule sensitivity and excellent DNA sequencing results (~10 fold 

sensitivity improvement as compared to PMT) were obtained, experimentally 

demonstrating the feasibility of large-area SPAD to DNA-sequencing for the first 

time. 

2. Unique multi-channel photon counting systems for high-throughput DNA-

sequencing. It was found that the un-cooled SPAD model C30902S could not be 

used for DNA-sequencing even when sufficient heat sink was provided. Multi-

channel systems based on the same cooled SPAD (model C30902S-DTC) were 

designed. A dead-time range of 50-60ns was found to be sufficient for the cooled 

SPADs. For cooled SPADs (C30902S-DTC), it was found that the SPADs with 

unusually high dark counts also exhibited bad over-all performance. Tuning of 

SPADs to obtain consistent performance from all the channels was shown.  

3. Investigation and characterization of SiPMs for high-speed photon counting 

applications and its application to DNA-sequencing. So far, SiPMs have only 

been reported to have been used in high energy physics, nuclear medicine, 

astrophysics etc. applications, but in principle they can be used as high-speed 

photon counters. This work shows the advantages, detailed characterization in 
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particular noise analysis of SiPMs, when used as photon counters. The results 

show that, like SPAD, high sensitivity, linearity and dynamic range can be 

achieved when optimum operating conditions are set (see Table 5.5). All the three 

SiPMs have comparable or much higher dynamic (14-28 MHz for different 

SiPMs) and linear range as compared to PKI SPCM and S-SPCM. Once again it 

was shown that best photon counting results are obtained when the detector is 

biased at lowest feasible comparator threshold and highest feasible over-voltage. 

It was also found that cross-talk of the SiPM does not add noise to the photon-

counting performance of SiPM. Based on these results, optimum configuration of 

SiPMs for photon-counting applications can be formulated. DNA-sequencing was 

performed with all the SiPM and excellent results were obtained, which opens up 

a completely new field and application for this device. Further, since they are 

CMOS based devices, they offer all the advantages of CMOS technology. This 

research shows that they can definitely replace SPADs in DNA-sequencing 

applications, thus providing two important solutions to (i) un-availability of low 

cost large-area SPADs for DNA-sequencing and many other applications and (ii) 

extremely low-cost solution to un-availability of large-area SPAD arrays for many 

applications since arrays of SiPMs can be easily designed at low cost (based on 

CMOS). 
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7.2 Recommendations for Future Work  

 

      Solid-state single photon detectors have the potential and will replace tradition 

PMTs in most applications that require detection of ultra-weak fluorescence signals. 

SPADs have been available for a few years, but SiPMs were commercialized only 

recently. Although in principle, SiPMs can be used a photon counters, they have only 

been used as photon-number resolver in limited applications in high energy physics, 

nuclear medicine, astrophysics etc. to name a few. This thesis, characterizes the SiPMs 

for the first time. The results show that SiPM can be used as high-speed photon counters 

and further they have wide dynamic range, good linearity and simple requirements of 

associated circuits.  Further, this thesis also provides a proof of the use of SiPM as high-

speed photon counter by experimentally demonstrating its application to DNA-

sequencing. Based on this research, future work can be listed as follows: 

1. Most of the research, design and development effort of SiPMs concentrates on the 

use of SiPM in photon-number resolving applications. This work showed the 

SiPM can be used as a high-speed photon counter. It was also found that cross-

talk in SiPM does not contribute to noise when used as a photon counter 

Therefore, SiPMs can now be optimized and designed specifically for photon 

counting applications. Currently available SiPMs have a minimum active area of 

1mm2, which is not necessarily required in many photon counting applications. If 

SiPMs with smaller active area are designed, the dark count rate of such devices 
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will reduce significantly facilitating their use in many more photon counting 

applications. 

2. Application of SiPM for detecting weak fluorescence signals in DNA-sequencing 

was investigated for the first time in this thesis. These devices have the potential 

to be used in other bio-medical applications, one such application is 

spectrography. Hence, use of SiPMs in other photon counting applications need to 

be investigated. 

3. Arrays of large area SPADs are needed in many applications, but are not 

available. Since SiPM is based on CMOS technology, design of SiPM arrays 

should be relatively easy and very cost-effective. Therefore arrays of SiPM 

optimized for photon counting applications need to be investigated.  

4. Design of fully integrated, stand-alone single and multi-channel SiPM-based 

photon detection systems (SiPM + amplifier + counter). 
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LIST OF ABBREVIATIONS 
 
 
 

Abbreviation or Symbol                    Term 

 

APD                                           Avalanche Photodiode 

AQC                                          Active Quenching Circuit 

BP                                              Base pair 

CE                                             Capillary Electrophoresis 

DC                                       Dark Counts 

DCR                                          Dark Count Rate 

DL                                             Delayed Luminescence 

EO                                             Edmund Optics 

F                                                Electric Field  

GM                                            Geiger Mode 

HGP                                          Human Genome Project 

MDS                                         Minimum Detectable Signal 

MQC                                         Mixed Passive-active Quenching Circuit 

MRS                                          Metal Resistive Semiconductor 

M-SPCM                                   Multi-channel single photon counting module  

ND                                             Neutral Density 

OD                                             Optical Density 
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PCB                                           Printed Circuit Board                                                              

PCR                                           Photon/Photo-Count Rate 

Pde                                                                   Photoelectron Detection Probability 

PDE                                           Photon Detection Efficiency 

p.e                                             Photoelectron 

PMT                                          Photomultiplier Tube 

PKI                                            Perkin Elmer Optoelectronics 

PKI SPCM                                Single Photon Counting Module, SPCM AQ-1X from PKI 
 
PQC                                           Passive Quenching Circuit 

QC                                             Quenching Circuit 

QE                                             Quantum Efficiency 

SiPM                                          Silicon Photomultiplier 

SNR                                           Signal-to-Noise Ratio 

SPAD                                         Single Photon Avalanche Diode 

SPC                                            Single Photon Counting 

SPCM                                        Single Photon Counting Module 

SPCS                                         Single Photon Counting System 

SPCT                                         Single Photon Counting Technology 

VBias                                                                 Bias Voltage 

VBR                                             Breakdown Voltage 

Vov                                            Over Voltage (VBias - VBR) 
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APPENDIX A 

DETAILED CIRCUIT DIAGRAM AND LAYOUT FILES OF 
THE DESIGNED PCB 

 
 
 
 

 

Figure A.1 Detailed circuit diagram of the quenching circuit shown in Figure 3.2. 
S-SPCM and 16-channel M-SPCM are based on this circuit.  
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Figure A.2 Detailed circuit diagram of the temperature controller circuit for SPAD 
model C30902S-DTC. 
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Figure A.3 Layout of the implemented circuits. PCB consists of quenching circuit 
and temperature controller circuit. The thick blue and red tracks are for 

supporting the high current switching in temperature controller circuit. Photo of 
fabricated PCB is shown in Figure 3.17. 
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Figure A.4 Layout view showing component placements 
 

 

Figure A.5 Detailed circuit diagram of the Improved quenching circuit shown in 
Figure 3.10; 32-channel M-SPCM is based on this circuit. 
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Figure A.6 PCB layout consisting of improved quenching circuit and temperature 

controller. 
 

 

 

 

Figure A.7 Photo of fabricated PCB. 32-channel photon detection module is based 
on this PCB. 
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