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Abstract of the Dissertation

Novel single photon sensorsfor highly sensitive
fluor escence detection systems
by
Lu Cheng
Doctor of Philosophy
in
Electrical Engineering
Stony Brook University

2009

This dissertation is focused on studies of two types of low cost solid-state
photodiodes working as single photon detectors and their applications for highly sensitive
fluorescence detection systems.

An operation of the commercial linear avalanche photodiode (Hamamatsu Si APD
S9073) has been studied in conjunction with a novel, unique quenching circuit. The
operation of the diode in Geiger-mode has been experimentally demonstrated with dead
time of ~50ns. Studies of the dark count of the un-cooled diode showed a very significant
enhancement of the dark count with increase of the over-voltage. It has been found that at
the over-voltages needed for sensitive photon detection, the dark count reaches 10/sec
that puts the diode in the saturation region due to a relatively long quenching delay. The
conclusion has been made that for an efficient single photon counting, one needs to cool

the diode and to decrease the quenching delay. The schematic of quenching circuit that



makes the dead time smaller and less area consuming has been designed in standard
0.6um CMOS technology and simulated using Cadence tools.

A novel type of single photon diode, Silicon Photomultiplier (SiPM), has been
studied in single photon counting mode. For the first time, the application of SiPM with
external amplifiers for single photon detection to DNA sequencing has been
demonstrated. A novel SiPM design, which requires neither external quenching nor
amplification for photon counting has been proposed utilizing the unique performance of
SiPM, optical cross-talk. A simulator has been developed based on the model of SiPM in
Python. The output pulse distribution with different cross-talk probabilities and
afterpulsing probabilities has been simulated. Experiments on SiPMs from two

manufactures have been done and presented in the dissertation.
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1. Introduction

1.1. Overview

Our group has been devoted to the development of high-throughput DNA sequencing
based on highly sensitive fluorescence detection systems. DNA sequencing instruments
use fluorescence detection systems for detecting the fluorescence emitted by the DNA
molecule. These fluorescence detection systems determine the sensitivity and the cost of
DNA sequencing.

The most important component of the fluorescence detection system, which decides
the sensitivity, the cost, and other performances of DNA sequencing, is the photodetector
for detecting the ultra-weak fluorescence signals. In this dissertation, two types of
semiconductor photon detector, avalanche photodiode (APD) and Silicon photomultiplier
(SiPM) worked as the single photon detector (SPD) in fluorescence detection systems
have been proposed and demonstrated.

Chapter 1 is an introduction to the concept of fluorescence detection (FD) based
DNA sequencing. The requirements of single photon detectors for FD are studied. The

choices of SPD: PMT, APD/SPAD, and SiPM are discussed briefly.



Chapter 2 explains two working modes of APD and quenching principle for
Geiger-mode APD, so called SPAD. Physics and features of SPAD are discussed in
details. Three types of quenching circuits are reviewed. And a novel and unique
quenching circuit developed by our group is demonstrated.

Chapter 3 proposes two research directions on SPAD based single photon counting
implementation. An operation of the commercial linear APD (Hamamatsu Si APD S9073)
has been studied in conjunction with our unique quenching circuit. The experimental
results of the diode working in Geiger-mode have been demonstrated for the first time.
The ASIC design of quenching circuit, which makes the dead time smaller, and less area
consuming has been presented in standard 0.6um CMOS technology and simulated using
Cadence tools.

Chapter 4 introduces a promising semiconductor device, SiIPM, which we are trying
to operate in photon counting mode. Its evolution, operating principles, and features are
discussed.

Chapter 5 shows the feasibility of using SiPM for DNA sequencing application. A
novel design of SiPM optimized for photon counting mode is proposed. Two simulators
are developed based on SiPM circuit model. Simulations of SiPM output pulse
distribution and noise analysis under different conditions are presented.

Chapter 6 describes the dark count rate (DCR) measurements, noise measurements,
and photo count measurements under different bias conditions for two types of SiPM.
Compare the experimental results with simulations. Low temperature experiments using
liquid nitrogen are done on SiPMs to obtain the optimum operating condition.

Conclusions and future works are presented in Chapter 7.



1.2. DNA sequencing based on Fluor escence Detection

In the fluorescence detection (FD) based DNA sequencing the FD system excites
fluorescence markers using a laser source and then captures fluorescence with a
photodetector. Usually either photomultiplier tube (PMT) or charged couple device (CCD)
was used as photodetector for detection of weak fluorescence signal. This signal was then
digitized, transferred to a computer, and analyzed to determine the sequence. Due to the
relatively low detection sensitivity and the relatively narrow dynamic range limited by
the analog-to-digital conversion circuitry, many efforts are needed to substantially reduce
the sequencing cost and improve the data quality.

A number of extremely sensitive fluorescence detection techniques are available based
on registering single photons. Commonly, they are referred to as the photon correlation
techniques. Until recently single photon counting techniques were mostly used for
specialized scientific applications, such as the detection of single fluorescent molecules
[54-58]. Though very sensitive, these techniques are not widely used in commercial DNA
sequencing for their complexity and the high cost per channel.

Figure 1.1A shows the photo of a single-lane DNA sequencer that utilized single
photon counting techniques and Figure 1.1B shows a typical scenario in which a DNA
sample is passing through a capillary (50-150pum 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 excited by a 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 photodetector 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 please refer to [53].

Optical
system
Photon Detector

\—| Fluoresce
{(Photon counting

system)
¥ \—‘ Capillary

Computer
B (—

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

1.3. Requirements of single photon detector for FD



The typical laser excitation power is in the range of milliwatt, whereas the typical
fluorescence in DNA sequencing is only femtowatt ~ picowatt. No linear photodetector is
able to detect weak signals in such range.

The power of one picowatt is equal to a photon flux of ~10” photons per second. So
if the response time of the photon detector to each incoming photon is much less than 107
second, the detector will see the photon flux as discrete particles. Responding to each
single photon, the detector gives an output pulse with amplitude that depends on the
internal gain of the detector. And the pulse should be in the window of less than 100ns.

The optimum photodetector is the one with largest signal noise ratio (S/N). How to
get the minimum noise is the goal for many detection systems. Minimum noise of photon
detection systems is defined by the Poissonian fluctuation due to the stochastic process of
avalanche multiplication. Only single photon detectors can approach this lower limit.
Other detectors can’t avoid additional noises from electronics.

Under this situation we can summarize the major requirements of the single photon
detectors for the highly sensitive FD as follows:

1. Low dark noise:

The dark count noise should be as low as possible. The dark count rate (DCR)
may vary from 1 to 10° counts/second. If the DCR is close to or higher than 10’
counts/sec, the detector will be operated in the saturation region; the useful
signals will be inundated in the dark noise. Noise of the system varies a square
root of the sum of all the noise components. For example, the fluorescence signal

is 107 photons/sec, using a detector with the DCR of 10° counts/second to detect



this signal; S/N of this system is 10’ / 10> = 10*, assuming DCR follows
Possoinian distribution.

2. Fast responsetime
In order to detect the photon flux as discrete particles using single photon
counting techniques, the response time must be less than 100ns and even in the
range of sub-nano second. And response pulse width is also ~ns.

3. High gain
With adequate internal gain, detectable pulse can be generated for even single
photon.

4. High sensitivity
Sensitivity of a detector can be defined as the ability to detect the incident optical
photons, which mostly depends on the quantum efficiency (QE). As we know the
QE of PMT is 5~20%, QE of semiconductor photodiode could be up to 70%.

5. Widelinearity range
The linearity range is very important if the variety of signal amplitude is expected.
And this is a typical case for biomedical applications. The detector is required to
have wide dynamic range such that it can measure the highest and the lowest of
peaks with high accuracy.

6. Spectral range
The desired spectral range is from ultraviolet to infrared.

Some additional requirements should be considered for the specific high-throughput

DNA sequencing application:

7. Largeactivearea



For very weak fluorescence detection, the large active area is preferred to obtain
relatively high collection efficiency. However the small area diode is chosen
sometimes for its low dark noise.

8. Low cost
Low cost is always preferred, especially when the multi-channel is desired for the
high throughput design.

9. Multi-channel operation
The possibility of multi-channel operation is a consideration for many
applications. The detection array or detection matrix would improve many
applications dramatically.

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

fluorescent signals in the order of femtowatts. Hence, there is an increasing need for

highly sensitive photon detection systems.

1.4. Choice of single photon detector

Although PMTs can detect low levels of light, they suffer from low photon detection
efficiency (PDE) (7-10% for a typical PMT), high noise, and the requirement of power
supply in KV range. 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.



It is known that DNA sequencing can be performed with a SPAD, but it is still not
used widely due to the complexity of the involved optics and electronics. To perform
high-speed photon counting, SPADs need to be used in conjunction with a special circuit
called quenching circuit (QC). 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. Both the detectors have numerous advantages as
compared to PMT. As we know so far, use of SiPM in photon counting applications has

not yet been investigated. The brief comparison of these three devices is shown in

Tablel.1.
Table 1.1 Comparisons. PMT, SPAD, and SiPM

Perfor mance par ameter PMT SPAD SIPM
Spectral responserange 200~900 nm 200~1000 nm 300 ~1000 nm
Photosensitive diameter large 0.1~0.5mm 0.1~3mm
Gain 10° 10° 10°
Power supply ~KV ~200V ~50V
Price ~$500 ~$1000 ~$100
Dynamic range M ~10M 10~100M
Temperatur e coefficient _ 0.7V/°C 0.05v/°C
Processing technology Vacuum tube Dedicated Standard CMOS
PDE 5~20% 20~70% 20~70%
Gain varieswith magnetic field | yes no no

This dissertation is to investigate solid-state detectors (SPAD and SiPM) for highly
sensitive fluorescence detection to achieve the goal of performing highly sensitive, high

through-put DNA sequencing at low cost.



2. Single photon avalanche diode and quenching cir cuit

For many applications where very low levels of light are to be detected, it is
desirable to use a detector with large sensitivity, that is, high optical gain. Avalanche
Photodiode has been developed for this purpose. This device is essentially a PIN diode
with high gain.

Until late1990s, solid-state avalanche detectors of single photon became available for
experiments. However, in the 1960s, thanks to the work of R. H. Haitz’s group, a basic
insight into the avalanche phenomenon in p-n junctions biased above the breakdown
voltage was gained. And a correct model of this device was presented [2]. In the 1970s,
during the early development of Si APD, fundamental contributions to the understanding
of the avalanche phenomenon and its statistical properties were given by R. J. Mcintyre
and P. P. Webb. And the single photon generated pulses were observed in their APDs
biased above breakdown voltage [3].

In an APD, if photogenerated carriers in the depletion region can acquire enough
energy from the electric field during transit, an ionizing collision with the lattice will
occur. The field necessary to start such an ionizing collision is usually in the range of
10*~10° V/cm, depending on the material. Secondary electron-hole pairs are produced,

which also drift in opposite directions; together with the primary carrier, and all or some



of them may produce new carriers. The process is known as impact ionization (shown in

Figure 2.1), which leads to avalanche multiplication and gain.

Space
Space

Y

Y

Time Time

Figure 2.1 Avalanche multiplication process. On the left, only electrons can initiate impact
ionization. On theright, electrons and holes are equally likely to initiate impact ionization.

The avalanche process is itself asymmetric. The probability for initiating an
avalanche is usually different for electrons and for holes. This asymmetry is characterized
by the ratio k = ah/ae, where ah and ae are the impact ionization coefficients for holes
and electrons respectively. As it may seem obvious from Figure 2.1, the value of ah/ae
should be as large or as small as possible. In these cases the recycling of carriers through
the depletion region is minimized. Consequently the noise is reduced for less fluctuation
in the ionization process compared to the case when both carriers participate. Meanwhile,
the response of the device is faster. The Slik™ device produced by PerkinElmer
Optoelectronics, which is applied to the highly successful single photon counting module
SPCM [6] represents a remarkable evolution of the reach-through avalanche diode

k™ stands ‘super low k’, where k is the ratio of impact ionization

structure. Sli
coefficients for holes and electrons.

Due to impact ionization process that leads to avalanche multiplication in an APD, it

can be sensitive enough for single photon detection. These kinds of APD which can be
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biased above breakdown voltage and generate macroscopic current pulse in response to
single photons are referred as single photon avalanche diode (SPAD). Their operation is
radically different from that of normal APDs that are biased near but below the

breakdown voltage.

2.1. Linear-mode and Geiger-mode

A diode working in the region near the breakdown voltage can be operated in two
different ways: 1. the reverse bias is below the breakdown point (APD); 2. the reverse
bias is above the breakdown point (SPAD). These two operation regions are shown in
Figure 2.2.

In the case 1, the device is called APD. Each absorbed photon creates in average a
finite number M of electron-hole pairs exploiting the impact ionization process. This
mode is called /inea- mode because a linear amplification of the primary photogenerated
electrical signal is produced. But due to the avalanche process there is an intrinsic
positive feedback in the amplification. This positive feedback loop strongly enhances the
statistical fluctuations of the multiplication process, which increases much more than
proportionally to the gain. Hence, whereas Photomultiplier Tube provides a gain with a
mean value around 10° and moderate fluctuations, the mean value of the gain obtainable
in APD with acceptable fluctuations is lower than 1000 in the best cases.

So 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.
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Figure 2.2 Regions of APD operation and SPAD operation in
thereversel-V characteristics of a p-n junction

In the case 2, the device is usually referred to as SPAD or Geiger-mode APD. Under
this bias condition, the electric field is so high that a single carrier injected into the
depletion region can start a self-sustaining avalanche. So the drawback of intrinsic
positive feedback for APDs is exploited in SPADs to obtain a different operating mode,
unlike an amplifier, but like a bistable circuit.

In the quiescent state the SPAD device is biased at voltage Va above the breakdown
voltage Vpp and no current flows (OFF-state): in the junction depletion layer the electric
field is very high but no free carriers existing. When a single charge carrier is injected
into the high-field region, it is strongly accelerated and can impact and generate a
secondary electron-hole pair, to trigger a self-sustaining avalanche multiplication process.
The current then swiftly grows until the space charge effect limits its value to a constant
level. This level is proportional to the over-voltage Vo, = Va - Vpp, hence an avalanche
resistance can be defined. The SPAD device is thus switched to the ON-state, where a
constant macroscopic avalanche current flows (in the milliampere range). The fast onset
of the current marks the time of arrival of the photon that generated the initial charge

carrier. The device remains in this ON-state until the avalanche is quenched by an
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external circuit, which drives the applied voltage down to breakdown or lower. The
circuit then completes the operating cycle by resetting the voltage to the quiescent level.
An avalanche current pulse with standard amplitude is thus generated. The detector is
insensitive to any subsequent photon arriving in the time interval from the avalanche
onset to the voltage reset, which is the dead time. So in this case, SPAD is a digital

device.

2.2. SPAD Structures

What structure of the p-n junction can be worked as a SPAD? The factors to make
local field concentration are necessary to be avoided to attain Geiger-mode operation,
such as edge effects or local defects of the material [2]. The higher electric field lowers
the breakdown voltage in this restricted area. Then the device may work as a SPAD only
in the restricted area with a correspondingly a low current or it may not work as a SPAD
at all, going into steady breakdown as soon as biased.

There are two types of structure designed for photon counting [7]:

(1) Planar structure with a thin junction depletion layer (1~5um) and a low

breakdown voltage (15~50V), a deep diffused guard ring defined a small
sensitive area (diameter 10~50um), see Figure 2.3 (this APD is developed in S.

Cova’s lab).
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Figure 2.3 Schematic cross-section of planar epitaxial silicon APD

(2) Reach-through structure with a thick junction depletion layer (20~100um) and a
high breakdown voltage (100~500V), a p+ implanted enrichment to avoid edge
effects defined the active area (diameter 50~500um).

The first reach-through structure is patented by [15]. The structure in Figure 2.4
is a very successful evolution of the structure from PKI. This reach-through thick
layer SPAD requires an ultra-pure high resistance Si substrate and a dedicated
fabrication process incompatible with CMOS technology. So it is almost impossible
to produce chips that integrate detectors and the associated circuitry. And there is no
perspective on arrays.

| _100- 200 um

Figure 2.4 Schematic cross-section of reach-through Slik ™ device
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Figure 2.5 shows a simplified reach-through structure along with the field profile,

3t
1

where intrinsic layer is the absorption region and “p” is the multiplication region

designed to sustain very high electric fields. Photon enters the device through the p” side

31 31
1 1

as shown in the figure and drifts to the region. The electric field in the region
separates the photo-generated electrons and holes and sweeps electrons towards the
multiplication region. The multiplication region provides internal photocurrent gain by
the process of impact ionization and is called the gain region. The length of this region

determines the value of gain and hence must be selected large enough to provide

sufficient gain.
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Figure 2.5 A simplified reach-through structure along with thefield profile

The thick junction APD model C30902S-DTC from PerkinElmer Photoelectronics
designed with reach-through structure had been tested and applied to our multi-channel
single photon counting system [8]. The advantages of this device are thick depletion layer
(20~90um) and large active area (diameter up to 500 pum). The disadvantage is an
expensive dedicated fabrication process, with low yield and high voltages (200-500V).

To reduce the cost of our system is the motive for me to do the experiments on the
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Hamamatsu Silicon APD. The experimental results and discussions will be presented in

the chapter 3.

2.3. SPAD physics and features

2.3.1. Detection efficiency

The detection efficiency of a SPAD is the product of two factors: the quantum
efficiency (QE) and the turn-on probability (triggering probability, Pt).

The quantum efficiency (QE) represents the probability for a photon to be absorbed
and generate a primary carrier (an electron-hole pair) in the active thickness of the device.
If the incident light energy is higher than the band gap, electron-hole pairs are generated.
So the light energy E (eV) and the wavelength A (nm) have a relation: A = 1240/E (nm).
For the silicon with a band gap 1.12 eV at room temperatures, it is sensitive to light
wavelengths shorter than 1100 nm.

Actually, there is a finite probability for the primary carrier to trigger an avalanche
when it is generated and passing through the high field region. The avalanche triggering
probability increases with the over-voltage V,,, because it is enhanced by a higher
electric field. For moderate values of over-voltage above breakdown, the triggering
probability can be approximated by,

Pt=1-exp (-Vo/Vc)
Where characteristic voltage Vc, depends on the depletion layer thickness and on keff

[10], which is a weighted average of the ratio of the ionization coefficient of holes to that
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of electrons. For example, the Slik structure from PKI with keff = 0.002 to 0.004
(depending on wavelength) has a Vc 8-9 V.

Detection efficiency of thin SPAD and thick SPAD has been studied in [9]. Figure2.6
is the relationship between photon detection efficiency and the light wavelength with the
over-voltage Vg for the PKI Slik thick SPAD (25um junction width, Vg = 420V, active
arca diameter 250um).
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Figure 2.6 Detection efficiency versus wavelength for different over-voltages

For the thin depletion layer diode (typically lum thick) devised in S. Cova’s lab, the
corresponding photon detection efficiency is high in the visible and declines in the red
and near infrared (NIR) spectral range: typical values are over 40% at 500nm, 30% at
630nm, 15% at 730nm, 10% at 830nm and a few 0.1% at 1064nm [11]. For the thick
depletion layer diode (Slik™ from PKI), the photon detection efficiency is very high in
the visible region and fairly good in the NIR up to about lum wavelength. The typical
value is remarkably higher than 50% over all the range from 540 to 850nm wavelength

and is still about 3% at 1064nm [6].
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2.3.2. Dark count rate

Even in the absence of illumination, free carriers are generated thermally. The dark
count rate in SPAD has the same role as the dark current in ordinary photodiodes. Its
Poissonian fluctuations are the internal noise source of the detector.

Dark count rate includes primary pulses and secondary pulses. Primary dark counts
are due to thermally generated carriers in the SPAD junction. So the dark count increases
with the temperature. And this rate also increases with over-voltage Vg for two reasons:
field-assisted enhancement of the emission rate from generation centers and an increase
of the avalanche triggering probability.

Secondary dark counts are due to afterpulsing effects. Impurities and crystal defects
causes not only GR centers at mid-gap, but also local levels at intermediate energy
between mid-gap and band edge, called deep levels. During avalanche some carriers are
captured by deep levels in the junction depletion layer and subsequently released with a
statistically fluctuating delay. 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. The after-pulsing depends on the time required to quench the
avalanche since it was initiated and the current intensity which is proportional to
over-voltage Vg, both of which are a feature of the associated quenching circuitry.
Therefore, a trade-off has to be established between acceptable after-pulsing, the desired
photon-detection efficiency and acceptable dead time. Figure 2.7 is a result tested by [9]

on a thick SPAD at room temperature with 40 ns hold time.
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Figure 2.7 Dependence of the dark count rate on over-voltage Vg

2.3.3. Thermal effects

Breakdown voltage Vgp strongly depends on the junction temperature. The thermal
coefficient value depends on the SPAD device structure and is fairly high, typically
around 0.3%/K. At constant supply voltage Va, the increase of Vpp causes a decrease of
over-voltage Vg. The resulting percent variation of Vg is very strong at a low Vg level,
about 30%/K. And the resulting percent variation is fairly high at a high Vg level, could
be 3%/K. The decrease lowers the photon detection efficiency, causing non-linear

distortion in photon counting. The effects on device performance are significant.

2.4. Quenching Circuits

2.4.1. Principle of quenching

As I mentioned in the chapter 2.1, the APD operated in Geiger-mode (called SPAD)
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behaves like a bistable-type switching circuit. When avalanche occurs, macroscopic
current (milliamps range) flows through the device, switching to ON-state. The device
remains in this ON-state until the avalanche is quenched by an external circuit, which
drives the applied voltage down to breakdown or lower. The circuit then completes the
operating cycle by resetting the voltage to the quiescent level (OFF-state). Figure 2.8

illustrates the principle of quenching in the diode reverse I-V characteristics.

GEIGER MODE
NO_EMAL MODE ™

CURRENT

QUENCHING

DISCHARGE
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Figure 2.8 Principle of quenching

There are two basic types of external circuit to shut off the avalanche in the junction:

passive quenching and active quenching.

2.4.2. Passive quenching

Let’s have a look to the circuit model describing the APD behavior during passive

quenching. It has been studied by several groups [12, 13, 9].
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Figure 2.9 Circuit model of SPAD in Geiger-mode

The SPAD is charged up to a bias above breakdown, and then left it open (in Figure
2.9a). Once the SPAD is turned on by the incident photons, it discharges its own
capacitance until it is no longer above breakdown voltage, at which point the avalanche
dies out (in Figure 2.9b). The corresponding model is a voltage source equal to the
breakdown voltage in series with the internal resistance R of the SPAD. The model
predicts exponential decay of the current to zero and voltage to the breakdown with a
time constant RC.

Now put the SPAD reverse biased through a high ballast resistor Ry, of 100K Ohms
or more, as shown in Figure 2.10, where Cqis the internal capacitance of the diode, it
depends on the active area of the diode and varies proportionally with it; Ry is the internal
resistance of the diode, generally in the range of ~ 500 Ohms for large area SPADs; R is
a small value series resistor in order to get the output pulse; Cqis the stray capacitance or
the wiring capacitance due to the circuit design and layout.

Then the avalanche current will quench itself by developing a voltage drop on the
high impedance load. When the load resistor is much larger than the internal resistor of

SPAD, the load resistor is working as a virtual open circuit during the discharge.
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Figure 2.10 Equivalent circuit of passive quenching

Once the avalanche has been quenched, corresponding to opening the switch in the
diode equivalent circuit (Figure 2.9), Cd and Cs are recharged slowly by the small current
in the load resistor RL. The diode voltage recovers toward the bias voltage exponentially
to get the correct over-voltage. A photon that arrives during the recovery time is almost
certainly lost, because the avalanche triggering probability is very low during that time
interval.

For the slow recovery transient, passive quenching circuit (PQC) is not a good choice

for high counting rate applications though it is very simple.

2.4.3. Active quenching

Though the drawbacks of passive quenching mentioned above can be overcome by
circuit technology to reduce the stray capacitance Cs and so as to make the recovery time
shorter. Cs could be a few picoFarads and the recovery time well below lus. For high
counting rates of million of counts per second, the passive quenching is still not
applicable.

In 1975, the active quenching circuit (AQC) was devised to completely avoid the
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drawbacks of passive quenching circuit firstly by S. Cova’s group [14].

QUENCHING
DRIVER

SPAD COMPARATOR

Figure 2.11 Principle of active quenching

Figure 2.11 illustrates a basic active quenching circuit. The circuit is composed of a
comparator and a voltage driver circuit. The comparator is used to detect the avalanche
rise for photon counting or timing. The output pulse from comparator must be shaped to
be processed by signal processing circuitry. Generally, a line driver is used to boost the
amplitude of this pulse before sending it to appropriate circuitry for registering the
photon. The comparator also sends a command to the voltage driver, which will lower the
bias across the SPAD to a voltage below breakdown. And, after a precisely controlled
hold-off time, the bias voltage is restored back to the bias voltage Va which is above
breakdown and the SPAD is ready to detect the next photon. At this point, one quenching
cycle is completed. The time when the avalanche happens to the moment it is again
restored back to the quiescent state is defined as dead time for this circuit and during the
dead time the diode is insensitive to detect incoming photons. The dead time feature leads
to the non-linearity of the circuit.

Since S. Cova’s group introduced the AQC, several configurations of AQC design

are contributed by various laboratories. [16~23]
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2.4.4. Mixed passive-active quenching

The quenching and reset transitions do not necessarily have to be both passive or to
be both active. And even a single transition can be implemented partly in active and
partly in passive ways. As the name indicated, there are active quenching with passive
reset, passive quenching with active reset, mixed passive-active quenching, and mixed
active-passive reset. These mixed solutions can be chosen to satisfy specific application
requirements.

Here, we discuss the mixed passive-active quenching circuit [18, 19] only.
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Figure 2.12 Mixed passive-active quenching
Mixed passive—active quenching is convenient for minimizing the charge in the
avalanche pulse, particularly for SPAD’s having small diode resistance and small stray
capacitance. A passive load Ry can provide a prompt drastic reduction of the avalanche

current. An active loop can complete the task after loop delay by forcing the SPAD
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voltage well below the nominal Vg, with sufficient margin to ensure final quenching and
avoid resignation that is due to non-uniformity of Vg over the SPAD active area. The
active loop also forces a fast reset transition and makes it possible to introduce a
controlled hold-off time. By minimizing the pulse charge, trapping and SPAD power
dissipation can be minimized.

Furthermore, this mixed approach appears particularly suitable for developing
compact circuits. It is worth stressing that it gives flexibility in the choice of the passive
load. Since a quasi-quenching action is sufficient, load resistance Ry can be smaller than
the minimum value required for passive quenching. An inductive load can also be
employed to enhance the reduction of the avalanche current for a short time, covering the
delay of the active feedback loop. However, to obtain satisfactory results and avoid
overshoots and ringing that are due to the unavoidable combination of inductance and

capacitances, such a circuit must be accurately analyzed and carefully implemented.

2.5 Unique quenching circuit designed in our lab

A successful single photon counting module (SPCM) is developed and implemented
in our lab. Please refer to “Single Photon Counting Module Based on large area APD
and novel logic circuit for quench and reset pulse generation” 1EEE Journal of Selected

Topics in Quantum Electronics. The system block diagram is shown in Figure 2.13.
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Figure 2.13 Block diagram of the single photon counting system developed in our lab

This system was designed for universal purpose at the start point so that different
devices can be plugged in and tested with a few modifications. The system has been
implemented by using the large area APD (C30902S-DTC model) from PerkinElmer
Optoelectronics as the single photon detector. Satisfactory results have been obtained for
DNA sequencing tests. We can divide the system into five parts: power supply,
temperature controller, APD, quenching and reset circuit, and counter. The Single Photon
Counting Model (SPCM) includes three parts: temperature controller, APD, quenching
and reset circuit. The connectors going to the power supply and temperature controller
are mounted on the module. The part which needs most complicated and creative design

is the quenching and reset circuit. The schematic of this part is illustrated in Figure 2.14.
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Figure 2.14 Quenching and reset circuit with NAND gates

To explain how the circuit work, we assume that S1 (quench switch) is a P-channel
device that turns on when a 0 is applied; and S2 (reset switch) is an N-channel device that
turns on when a 1 is applied.

Case 1: No photon is detected
When no photon is detected, the comparator output remains zero, the outputs of UlA,
Ul1B and U1D are 1, 1 & 0 respectively, and hence S1 and S2 both are off. The output
states of all other gates and devices are shown in Figure 2.14. The circuit continues to
remain in this state until a photon is absorbed in the active region of the device and
initiates an avalanche.

Case 2: Photon is detected and avalanche is initiated
When a photon is detected and an avalanche is initiated, large current flows through the

SPAD. This current is partially quenched to a very low value due to the voltage drop
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across the large resistor Rp.. When the voltage at the positive input of comparator crosses
Vref (threshold of comparator), the comparator’s output goes to a high level. Output of
U1A and hence U1D remains same, hence S2 continues to remain off. U1B output goes
low, hence S1 is turned on and Vquench is applied to the anode of the SPAD, quenching
the avalanche. The output of U1B is also applied to UIC and the reset delay IC US. The
output from U1C propagates further through U2B, quench delay IC U6, U2A, UlA 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 UlA 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 and so the SPAD is ready to detect another photon. Therefore,
the quench delay is generated by U6 and reset delay is generated by U5 and they are
adjustable. This loop action takes place each time the SPAD fires and the current is large
enough to trigger the comparator.

Figure 2.15 is the picture of final PCB module design composed of SPAD,
quenching circuit, and temperature controller. The power supply and the counter are

mounted on a separate board respectively.
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Figure 2.15 Final PCB mounted on heat sink

Testing results of the PCB single photon counting module (SPCM)

Dark Count Rate

Figure 2.16 shows the measured dark count rate of the PKI C30902S-DTC model 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 Voy, which
clearly showed that DCR can be significantly reduced by operating the device at lower
temperatures. For -20°C, the DCR does not increase much with Voy and even at Voy =

15V the DCR is just 500 Hz, which can be negligible for DNA-sequencing.
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Figure 2.16 PK1 C30902S-DTC: dependence of dark count rate on over-voltage

Dead Time

The dead time is the time for which the detector is insensitive to incoming photons.
Beginning of the dead time can be considered to be the time when the detector starts
generating an avalanche and the ending time can be considered when the bias voltage is
restored above the breakdown. Therefore for our quenching and reset circuit the dead
time is approximately equal to the sum of three times: time to quench, quench delay time,
and reset delay time. Based on the component delay and the selected delay time, the dead
time of our SPCM is 50~60ns. This means that theoretically a maximum saturation count

rate of 16-20 MHz is possible.

Sensitivity and linearity

The optical attenuation versus photo count rate (PCR) curve for each Voy is plotted
in Figure 2.17. And the attenuation versus PCR curve of PKI SPCM plotted as a
benchmark is also shown in Figure 2.17. The PKI SPCM is known as the best

commercial photon counting module on the market. The experiments are taken under the
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same condition for both our SPCM and PKI SPCM. Our SPCM is approved comparable

with the PKI SPCM in sensitivity and linearity.
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Figure2.17 Our SPCM: Attenuation versus PCR at different over-voltages

Sensitivity of a SPAD can be increased by increasing the Voy since the avalanche
triggering probability increases with Voy. But since increasing Voy also has the effect of
increasing the DCR and after-pulsing, operating at high Voy is not feasible in many
applications. And the maximum count rate was found to be ~4.3 MHz at Voy= 17V.
Comparing to the theoretical maximum saturation count rate of 16-20 MHz, this means
that either the SPAD was not capable of operating at such a high frequency or the
quenching circuit was not capable of working at high speed.

To solve the existing problems and to improve the performance of the current SPCM

was the research which I have worked on.
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3. Resear ch on new SPAD selection and ASI C quenching

circuit design

Though the single photon counting system has been implemented in our lab, there
are still chances to optimize it in many aspects: circuit complexity, dead time, sensitivity
and linearity, area, portability, and cost.

There are two research directions to do the improvements. One is to find a cheaper
and smaller photon detector to replace the expensive and bulky PKI C30902S-DTC
model, so as to make upgrading the single channel module to multi-channel module much
easier. The other is to implement the quenching and reset circuit with ASIC design to

make the dead time smaller and to make the detector array possible.

3.1. Experiments on Hamamatsu Si APD S9073

3.1.1. Motivesto select Hamamatsu Si APD S9073
Our existing SPC module uses the C30902S-DTC model from PerkinElmer
Photoelectronics as the single phone detector. It has a good performance on dark count

rate and sensitivity, but it is built with cooler and it is very expensive (~$2000). The
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cooler with heat sink and temperature controller covers almost half area of the PCB (see
Figure 2.15). So the high price for a single device and the large area covered is an
obstacle for us to upgrade the single channel to multi-channel system or to upgrade to a
detector array. This encouraged me to test Hamamatsu Si APD on our quenching circuit.

There are not so many available SPADs in the market. Hamamatsu Si APD S9073
series interests us for its cost (~$10) and performance. It is without cooler, and much
smaller than the C30902S-DTC model. But it is designed for linear mode application.
Actually, the C30902S-DTC model is also designed for linear mode applications at the
beginning. But we approved that it is working well for Geiger-mode applications in our
lab for DNA sequencing if it can be quenched well.

For above reasons, to test the Hamamatsu Si APD S9073 with our successfully

designed quenching circuit is a meaningful experiment.

3.1.2. Experimental results

Table 3.1 Specifications of Hamamatsu Si APD S9073

Effective active area 0.2 mm diameter
Spectral range 200~1000 nm
Quantum efficiency 80%
Breakdown voltage 150~200 V
Dark current 0.2~5 nA

Gain 50

Cutoff frequency at RI=50  [900M
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In Table 3.1 are the specifications of this APD taken from the data sheet [24]. Under
50 gain, 0.2~5 nA dark current is equivalent to 25~600MHz DCR. It is a huge DCR.
Cutoff frequency of 900M means that this APD can be used in very high speed
applications potentially. It is the fastest detector which I have known so far. The

Hamamatsu APD has been characterized as follows:

Output pulse

The breakdown voltage of this series is ranged from 150V to 200V which is
specified in the datasheet. Breakdown voltage is different for individual APD. It is
marked in the passport which comes with each APD. As I mentioned in chapter 2, the
breakdown voltage depends on temperature due to the thermal effects. The temperature
coefficient is also specified in the datasheet. So the breakdown voltage in our room
temperature can be measured or calculated.

The temperature coefficient of the model is 0.14V/C. The breakdown voltage on the
passport Vb = 160V at 25C. The natural room temperature in which experiments are
undertaken is 20C. So the calculated breakdown voltage is 159.3V.

This Hamamatsu Si APD is without cooler, so the temperature controller on our PCB
is jumped. The first step is to measure the breakdown voltage in the room temperature.
And a metal heat sink is also attached to the surface of APD to avoid the temperature
rising from circuit heating. A three pin connector is used to plug the APD into our
quenching circuit board. The high voltage bias should be increased slowly starting from a
voltage much below breakdown, just to make sure the diode will not be damaged by a
suddenly applied very high voltage. Until the bias voltage adjusted to 159.2V, the output
pulse (see Figure 3.1) can be observed. So we can determine that 159.2V is the

breakdown voltage at which the avalanche process can be observed.
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Figure 3.1 Output pulsefrom thelinedriver

The breakdown voltage 159.2V is much lower than the breakdown voltage of the
C30902S-DTC model (224V at 20C). It is an advantage for reducing power dissipation.

The standard output pulse can be observed from this small Si APD as seen in Figure
3.1. So we can conclude that it is able to be operated as a single photon detector

potentially.

Dark count rate

Dark count rate is one of the most important parameters, usually the first
measurement to take on any APD. For the details about dark count rate, please refer to
chapter 2. Hamamatsu Si APDs are designed for linear applications, so in the datasheet
there is no dark count rate but only the dark current. Nobody had quenched it and used it
for photon counting so far.

The Stanford counter SR200 was used to record the count number per second. Before

testing, it is important to make sure if all the connections are correct and if the diode is
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properly biased. The dependence of dark count on the over-voltage with different
reference voltage of comparator (Vcomp) is illustrated in Figure 3.2.
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Figure 3.2 Dependence of dark count on bias voltage of Hamamatsu Si APD S9073

In the range of 159.3~160.5V, the dark count depends on the bias voltage linearly
with a large slope. In the range of from 160.5~161.5V, the dependence is linearly with a
small slope. When the bias voltage is higher than 161.5V, the dark count saturates to 10
million counts per second. The expected DCR is 25~600MHz as described before. It
means that the traps in the APD have never been exhausted. More over-voltage is
required to obtain enough gain.

As described in the chapter 2.5., even in the temperature 22C and over-voltage 10V,
the dark count of the PKI C30902S-DTC model is just about 10,000 counts per second.
But for the Hamamatsu Si APD S9073, in the temperature 20C and over-voltage 1V, the

dark count is 100,000 counts per second.
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Testing with light sour ce

Though the dark count is high, I still expect the Hamamatsu APD could “see” the

light. The experiment is setup according to the block diagram shown in the Figure 3.3.
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Figure 3.3 Block diagram of experimentswith light source
The optical fibers used are standard fibers with a core of 62.5um. The attenuator box
consists of 2 adjustable neutral density filter wheels for selecting filters with different

optical density (OD) from 0 to 5 OD.
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Figure 3.4 Photo-count versus attenuation with different thresholds of comparator
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Unfortunately, the Hamamatsu Si APD is almost “blind” to our light source. See the
results in Figure 3.4. At OD = 10, the photo-count is the dark count. When the OD is
decreasing, the intensity of the light increasing, the photo-count is decreasing instead of
increasing. After OD = 5, the photo-count drops to zero, saturation point is hit.

Actually for each over-voltage, the photo-count should saturate at a point and then
the count drops fast when more light is applied. After the saturation point, the APD goes
to “blind”. There is supposed to be a linear increasing region of the photo-count
according to the increase of light intensity. But in Figure 3.4, for the Hamamatsu APD
which is operated in reverse biased 1V above the breakdown voltage, there is no such a
linear increasing region. Hamamatsu APD keeps counting the dark count until hitting the

saturation point at OD=5.
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Figure 3.5 DCR vs. Comparator threshold (a) Hamamatsu APD (b) PKI C30902S-DTC model
For PKI C30902S-DTC model, in the curve of PCR vs. Comparator threshold there
is a flat region can be found. The PCR doesn’t change with the readout comparator
threshold. It means that all the traps are exhausted and the device is able to count photons.

This is the operating region which we need to find out. But for Hamamatsu APD, we
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can’t find this region. DCR of this APD keeps changing with comparator threshold. So
under the current condition, Hamamatsu APD is not able to count single photons. What

we observed on oscilloscope could be the pulse of more than 1 photon electron.

3.1.3. Discussion
Let me analyze the situation using Poisson distribution. During the 50ns deadtime,
there are more than 1 release from the traps happened. And we count all the release as

one pulse. Using Poisson probability mass function, we can get the distribution of DCR.

Meg=
k!

fk;A) =
Assume total count is 10MHz; K = 0~15 events happen in 50ns, average occurrence

during 50ns is A = 5. Now calculate the distribution as shown in Figure 3.6.
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Figure 3.6 Poisson distribution of DCR
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So at I0MHz, what we count is 8 photon electrons, not single photons. At least 8
times of gain is required for this APD to count single photons. The higher over-voltage
can be applied to obtain enough gain for counting single photons. But our quenching
circuit (50ns deadtime) is not fast enough for Hamamatsu APD.

Hamamatsu Si APD S9073 is a linear-mode device. It is not supposed to work in a
very high reverse bias voltage. But for Geiger-mode APD, the very high electric field in
the avalanche multiplication region is necessary to accelerate carriers. If the over-voltage
is not enough for a high field in this region, some carriers are captured by deep levels.
Subsequently released carriers can trigger the avalanche, generating afterpulses correlated
with previous avalanche pulse. These afterpulses increase the thermally generated dark
count as a positive feedback. So we can say that Hamamatsu APD still need to be fined to
remove all generation-recombination centers so that the after-pulsing introduced dark

count can be reduced.

3.2. ASIC Design of Quenching Circuits

3.2.1. Motives

The PCB design of single photon counting module based on the PKI large area APD
has been described in the chapter 2.5. The performance of this module, such as dark
count rate, dead time, dynamic range, and linearity has been discussed. The 32-channel

SPCM based on the single-channel PCB module is shown in Figure 3.7.
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Figure 3.7 32-channel single photon counting module based on PCB design

You see from the above picture how bulky the module is. And it is not feasible to
develop more than 100 channels based on the PCB design. To implement the quenching
and reset circuit in ASIC design is an idea to make the module more compact. And it is
also a very good approach to make the dead time smaller if a high-speed circuit can be

designed.

3.2.2. ASIC design specifications
Firstly we need to decide what component will be in the ASIC design and what
processing technology we are going to use. The block diagram of the single-channel

module is seen as Figure 3.8.
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Figure 3.8 Block diagram of the single-channel module

The bias voltage for SPAD is usually 100~200V. The drain source voltage of
transistor can be up to 100V for some high voltage CMOS process. So to implement the
photodetector and the switch S1 and S2 in CMOS technology is not practical. I prefer to
leave them off chip. Then only the comparator and the timing logic part will be on chip.
The standard 0.6um CMOS technology is enough to implement the design. The
quenching logic, reset delay, and quenching delay can be designed using the logic gates
from the standard digital library. The critical part is the comparator design.

There are two approaches to sense the avalanche: one is to sense the voltage drop on
the load resistor; the other is to sense the current change. To sense the current change is
more sensitive and high speed. I am going to design a charge comparator other than a
voltage comparator, so low input impedance is necessary.

The specifications of the charge comparator are as follows:

® High speed
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Propagation delay should be less than 10ns
® High sensitivity (small offset)

Minimum detectable current is ~10uA
® [ ow input impedance
® Moderate gain amplifier with low input noise

® [arge bandwidth

3.2.3. Schematic design and simulations
The schematic of the comparator has been designed in 0.6um CMOS technology and
simulated using Cadence tools. Three main parts are in the comparator design: input stage,

feedback OPAMP, and the output stage. Please see the schematic in Figure 3.9.
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Figure 3.9 Schematic of comparator

® [nput stage

Two common gate transistors are designed to sense the input current of both
polarities and to have low input impedance;
® Feedback OPAMP

To amplify the voltage change due to input current, and is also a negative

43



feedback to reduce the input impedance and enlarge the bandwidth;
® Qutput stage
A latch is designed to speed up the output and make the output a square wave

from ground level to power rail according to the input current change, then going to

the external counter.

The transient simulation with a 10uA input current pulse is done in Cadence Spectra
simulator, and the results are shown in Figure 3.10. A standard output pulse which can be
registered by external counter is observed from the simulation. The simulated

propagation delay is around 6ns.
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Figure 3.10 Simulation results of comparator in Cadence
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3.3. Summary

To improve the existing design of single photon counting module, we put effort on
two research directions. One is to replace the expensive and cooled large area PKI
C30902S-DTC model by a more compact and cheaper SPAD; the other is to implement
the quenching and reset circuits in ASIC design.

For the first time, Hamamatsu Si APD S9073 has been studied thoroughly. A
detectable output pulse has been obtained from this small diode by working with our
unique quenching circuit. So we can conclude that this linear photodiode is potentially
can be used as a SPD (single photon detector) if quenched well. More gain is required to
detect single photon by increasing over-voltage or by adding micro-circuit for
amplification. Being cooled to -60C, it is believed to reduce DCR by at least 100 folded.
Then with moderate DCR and detectable output pulse, Hamamatsu Si APD S9073 will be
a very good candidate for many single photon detection systems.

For the second direction, a high speed charge comparator and the timing logic have
been designed in the standard 0.6um CMOS technology. The simulations have been done
in Cadence. The results are presented and meet the specifications. Due to the high voltage
issue the quench and reset switches can not be implemented on chip. And the detector
itself can not be fabricated in CMOS technology either. So we believe the ASIC design is
more suitable for another promising device, SiPM. The details about this device are

presented in the following chapters.
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4. Introduction to Silicon Photomultiplier (SPM)

4.1. Need for novel single photon detectors

In the recent decade, an emerging attention has been devoted to a solid-state version
of photomultiplier, usually referred to as Silicon photomultiplier. This semiconductor
photo sensitive device is built from an avalanche photodiode matrix on common substrate.
The dimension of each single APD microcell can vary from 20 to 100 micrometers
depending on the mask used, and their density can be up to 1000 per millimeter square.
Every microcell operates in Geiger mode and is decoupled from the others by a
polysillicon quenching resistor. Even if the microcell works in a digital mode, the SiPM
is an analog device because all the microcells are read in parallel making possible to
generate signals with a dynamic range from single photon to 1000 photons per millimeter
square. The operating voltage supplied on SiPM depends on junction type and vary from
a minimum of about 30V up to 70V, much less than that of the one needed for a PMT or
APD.

SiPM has been developed for ten years and there is still room for improvement. It is
a very promising device for many applications. Many parameters can be tailored and

optimized for special needs. The operating principles, evolution, applications and
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characteristics parameters of SiPM will be discussed later.

4.2. Structure and technology

A standard CMOS technology fabricated APD can be operated in Geiger-mode to
work as a single photon detector. But the dark count, the dead time and recovery time
after avalanche limit the area to ~100 square micrometers. When large areas are needed, a
brilliant solution came up, which is to subdivide the large area into many micro-pixels
and connect them all in parallel via individual quenching resistors. Every micro-pixel is
an APD working in Geiger-mode which is passively quenched by the individual resistor.
This kind of APD has properties similar to PMTs, therefore they are called Silicon
Photomultiplier (SiPM), sometimes referred to avalanche micro pixel diode (AMPD),
metal-resistor-semiconductor (MRS), and limited Geiger mode photodiode (LGM). Its

equivalent circuit can be seen in Figure 4.1.
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Figure 4.1 Equivalent circuit of SIPM
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The first devices of this type were developed in the late 1990s in Russia and since
then several more institutes and companies involved in SiPM production.[37,38] Figure
4.2 illustrates the most well-known MRS structure SiPM from CPTA (Center of
Perspective Technology and Apparatus), Moscow. In the MRS structure of this SiPM, the
resistive load is a special technology layer deposited on the diode surface. By using the
high-resistivity material SiC, the resistor element can be made small whilst providing
adequate quenching. A semi-transparent metal contact layer on top of the quenching
resistance forms the electrode.

The MRS SiPM structure divides the silicon-diode surface area into a large number
of regions called microcells, each of which acts like an independent and identical
Geiger-mode APD. Thus, the avalanche region is localized to individual cells. If the
outputs of all these microcells are summed together then the output signal is proportional

to the number of microcells activated.

signal

-_| semitransparent
metal electrode

SUN

Figure4.2 MRS SIPM structurefrom CPTA, M oscow

The MRS SiPM is pioneered by Obninsk State University/CPTA, Moscow and JINR,
Dubna. The other type of SiPM, the polysilicon resistor structure SiPM is pioneered by

MIPHI/PULSAR, Moscow [5]. The structure of this type of SiPM is illustrated in
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Figure4.3. The example of SiPM has pixel size 42x42 um’, and a total pixel number
m=576 on the area of 1 mm?”. The SiPM topology is shown in Figure 4.3b. A few micron
epitaxy layers on low resistive p substrate forms the drift region with low built-in electric
field (see Figure 4.3¢). The thin depletion region (0.7~0.8 um) between the p+ and n+
layers with very high electric field (~10° V/cm) is created, where the conditions for
Geiger mode discharge take place (Vbias > Vbreakdown). The electrical decoupling
between the adjacent pixels is provided by polysilicon resistive strips and uniformity of
the electric field within a pixel by the n- guard rings around each pixel. All 576 pixels are
connected by common Al strips, in order to readout the SiPM signal. The results of SiPM
from MEPhI with 1000 pixels on the Imm?” sensitive area have been also reported [43].
And the SiPM of 3*3mm? active area is carried out by the two competitors, CPTA and

MEPhI & PULSAR. 5*5 mm? is available and 10*10mm?is planned.
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Figure 4.3 Polysilicon resistor SiPM from MEPhI & PUL SAR®
(a) SIPM microphotograph, (b) topology and (c) electric field distribution in epitaxial layer

Since 2005, Paul Scherrer Institute (PSI) and Hamamatsu Photonics worked together
for the development of a radiation-hard APD for CMS ECAL and had very good success.

The development continued based on a similar design for a multi-cell avalanche
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photodiode operated in Geiger-mode. Hamamatsu produced several prototypes of SiPM
with an area of Imm?®. Some of them are made with different masks on the same wafer.
They have different cell areas and different quenching resistors, but all other parameters
like the doping profiles and the thickness of the various silicon layers are identical. Some
of the properties of the devices have been measured and reported by D.Renker et al [44].
On July, 2007, Hamamatsu Photonics released MPPC and its datasheet. The size is
more compact, the number of pixel is available at 100, 400, and 1600, which is much
more than the old version of 100 pixels. Figure 4.4 shows the picture of Hamamatsu

MPPC.

Figure 4.4 Photograph of MPPC (left) and the close-up view of the active area (right)

We ordered a SiPM with cooler, which is the only SiPM with cooler as knowm so far,
from Voxtel, Inc. Its parameters can be obtained from http://www.voxtel-inc.com/.

At the beginning of 2005, within the collaboration between the Italian National
Institute for Nuclear Physics (INFN) and the Center for Scientific and Technological
Research of Trento (ITC-irst), a 3-year project aimed at the development and application
of silicon photomultipliers was launched. The structure as seen in Figure 4.5, which can

be fabricated in CMOS technology, is presented by ITC-irst in [49].
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Figure 4.5 Sketch of a microcell composing the SiPM fabricated in I TC-irst

Unlike normal SPAD which has to be produced in a dedicated processing technology,
such as the reach-through Slik APD from PerkinElmer mentioned before, SiPM can be
produced in standard CMOS processing technology. That means its price is much
cheaper, and more available. It is a great advantage for integrating the photodiode with

the readout electronics, especially for multi-channel readout applications.

4.3. SIPM characteristics

4.3.1. Gain

SiPM produces a standard signal when the avalanche takes place in any micro-cell.
The amplitude Ai is proportional to the capacitance of one cell times the over-voltage
Ai~C (Va—Vbr),
where Va is the bias voltage, Vbr is breakdown voltage. The bias voltage is usually

10~20% higher than the breakdown. Therefore, the over-voltage for ~45 Volts
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breakdown is of the order of a few volts, the capacitance is typically 50fF, the charge of
one pixel is ~200fC, or 10° electrons. So the gain is usually in the range of 10° ~ 107
When more than one cell are fired at the same time, the output is the sum of the standard
pulses

A= YAl

The gain depends on the reverse bias almost linearly. And it also depends on temperature.

As the temperature rises, the gain at a fixed reverse bias drops.

Gain measur ement

Figure 4.6 below shows a typical connection for gain measurement (taken from
Hamamatsu Photonics). Pulsed light is reduced in intensity by the optical attenuator and
is irradiated onto the SiPM. The output of SiPM then processed by the PC to obtain a
frequency distribution for that output charge. Examples of the frequency distribution are

shown in Figure 4.7.
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Figure 4.6 Block diagram for gain measurement setup
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Figure 4.7 Pulse height spectrafor four different biasvoltages (taken from [44])

In Figure 4.7, the horizontal axis is the ADC channels that represent the amount of
digitized output charge from the SiPM. The vertical axis is the frequency (count of events)
at each channel (output charge). The distance between adjacent peaks exactly equals the
output charge of one detected photon. The gain therefore can be expressed by the
following equation:

Gain = Number of channels between 2 peaks * ADC conversion rate / one electron charge.

You also can see the dependence of gain on the bias voltage from Figure 4.7. Figure
4.8 shows the linear relationship with different temperatures and different wavelengths

more obviously. This result is reported by MEPhI & PULSAR in [46].
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Figure 4.8 SiPM single pixel gain for different temperatures: T1=+220C, T2=-220C, T3=-610C

The amplitude of output signal (depends on the gain of SiPM) versus the bias
voltages is also tested on the MRS from CPTA with a ~150Hz green LED and reported
by D. Beznosko in [45]. From Figure 4.9, you can see that after some value of bias
voltage, a further increase in the bias doesn’t yield an increase in amplification,

indicating that gain is limited.
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Figure 4.9 Signal amplitude as a function of the bias voltage for MRS excited with LED
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4.3.2. Dark count rate

As a solid-state device, SiPM produces dark counts which are initiated by thermal
generation or field assisted generation of free carriers. This dark count rate could exceed
IMHz/mm?”. The first effect can be reduced by cooling. The second effect can be reduced
by a smaller field, a lower applied bias voltage. The dark counts can be reduced in SiPM
production process by minimizing the number of generation-recombination centers, the

impurities and crystal defects.

Dark count measurement

To measure dark count, the connection in Figure 4.6 can be used but no light source
is needed. The dark count rate dependent on temperature for Hamamatsu SiPM with cell
size 70*70um’, pitch 100um, and pixel number of 100 has been tested by [44]. The gain
of the device was kept at a constant value by an adjustment of the bias voltage. The one
photon peak in the pulse height spectra was kept at the same position. The measurement
is shown in Figure 4.10. It is good to know that the dark count is weakly dependent on
the temperature. That means there are only a few impurities and lattice defects where
carriers can be generated thermally. Most of the dark counts are probably due to

field-assisted generation.
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Figure 4.10 Dark count of Hamamatsu SiPM 0-100-1.5 at different temperatures

Figure 4.11 shows the linear dependence of the dark count rate on the bias voltage.
And two threshold levels are tested: 0.5 and 1.5 photoelectrons. The measurement is for

Hamamatsu MPPC series released by Hamamatsu Photonics on July, 2007.
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Figure 4.11 Dark count of Hamamatsu MPPC for different bias voltages
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Figure4.12 Dark count of Hamamatsu SiPM 01-100-2 for different threshold levels

Figure 4.12 is the dark count of another Hamamatsu SiPM with 70*70um2 and pitch
100um for different threshold levels taken from D. Renker’s paper. The horizontal axis is
the amplitude of different number of photoelectrons which can be obtained by the method
mentioned in the gain measurement. The count rate falls dramatically with increasing of
the readout threshold. For high energy applications, such as PET, threshold
corresponding to 5 photoelectrons is still extremely low. Under such a threshold, the dark
count rate is well below 100counts/second. But for our application, the high dark count
rate is a concern.

The dark count signals correspond not always only to a single electron signal, but
because of cell to cell crosstalk, quite large amplitudes can sometimes occur. About the

crosstalk, we will discuss later.

4.3.3. Detection efficiency
As I mentioned in the chapter 2, for the SPAD, the photon detection efficiency (PDE)

is the product of quantum efficiency (QE) and the avalanche triggering probability (Pt).
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For SiPM, a matrix of SPAD, one more factor is added, which is called geometrical
efficiency (Pgeo). Pgeo is the fraction of total SiPM area occupied by active cell areas,
which is so-called fill factor sometimes. Then we have PDE = QE * Pgeo * Pt.

The QE is maximal 80~90% depending on the wavelength. The geometrical
efficiency (fill factor) is limited by the dead area around each cell since some space is
needed between cells for the individual resistors and to reduce the optical crosstalk. And
the fill factor needs to be optimized for specific applications. Some needs large number
of small cells, but some needs small number of big cells. So the fill factor can be in the
range of 20~80%. The triggering probability Pt is probability that the primary carrier to
trigger an avalanche when it is generated and passing through the high field region.

(Please refer to section 2.3.1.)

Photon detection efficiency measur ement
Figure 4.13 is the setup from Hamamatsu for the MPPC photon detection efficiency

measurement. A monochromator is used.
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Figure 4.13 M easurement setup for MPPC photon detection efficiency

First, a well known photodiode is prepared. The ratio of its photocurrent to the
incident light intensity is known. So the number of incident photons can be calculated

from the output photocurrent. Next, the MPPC is installed at the same position. The gain
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at the fixed bias voltage is already known. The number of photons detected by MPPC can
be obtained by dividing the photocurrent by the electric charge of electron. So the MPPC

photon detection efficiency is calculated by the following equation:

Number of photons detected by MPPC Photodiode active area
Number of photons incident on photodiode © MPPC active area

POE =

The measurement is shown in Figure 4.14.
Note: this measurement obtained by above method also take into account the effects from

crosstalk and afterpulsing.
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Figure 4.14 Photon detection efficiency ver sus wavelength for Hamamatsu MPPC

I doubt that the photon detection efficiency could reach ~70% at the peak.
Figure 4.15 is the photon detection efficiency of Hamamatsu type 0-100-1.5 tested

by D.Renker’s group.
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Figure 4.15 Photon detection efficiency vs. wavelength for Hamamatsu 0-100-1.5
They explained that Light with shorter wavelength is absorbed in the first layer of
silicon, which has a high dopant concentration and is therefore not depleted. Carriers
generated there have a high probability for recombination. Light with longer wavelength
penetrates deeper and might generate carriers in or even behind the high field region. The

avalanche probability is reduced because electrons have a higher chance to trigger an

avalanche.
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Figure 4.16 Photon detection efficiency versus bias voltage for Hamamatsu 0-100-1.5

Figure 4.16 shows the dependence of photon detection efficiency on bias voltage.
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4.3.4. Linearity and dynamic range
The total number of pixels determines the dynamic range for the simultaneously

incident photons.

o ‘-Nphomn » PDE ] ]

1-ex
MNtotal

Mtired = Mtotal =

Where, Nfired is the number of excited pixels; Ntotal is the total number of pixels;
Nphoton is the number of the incident photons.

The photon detection linearity lowers if the number of incident photons becomes
large relative to the total number of cells because two or more photons enter individual
cell. The high density of cells (100-10 000/mm? are available) makes the response of a
SiPM linear over a wide range of light intensities. The finite number of cells results in a
deviation from linearity of the SiPM signals with increasing light intensity, as shown in

Figure 4.17. The average number of photoelectrons per cell should be less than 50%.
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Figure 4.17 Nonlinear responses for SiPM with different number of cells. Taken from [39]
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4.3.5. Optical cross-talk

In general, reverse biased silicon diodes emit light when they are operated in
Geiger-mode. The photon emission rate is 2.9%107 photons with energy higher than
1.14eV per carrier crossing the p—n junction [40]. Photons emitted by a cell could travel
to a neighboring cell and trigger an avalanche there. This effect leads to photon-assisted
crosstalk between the cells and has a small but not negligible contribution to the SiPM
output signals. This is a stochastic process.

Photons could be emitted towards an attached crystal and reflected there and trigger
an avalanche in additional cells. This effect has been seen but it is small and can be

neglected in most applications.

Cross-talk measur ement
Method 1:

During the avalanche, photons generated due to microplasma could travel inside the
silicon (or even retransmitting and reflecting materials, such as the case of small crystals),
where they may be reflected and may trigger the avalanche of additional cells. In [47] this
was tested by mounting directly in front of a SiPM a diffuse Teflon block acting as an
additional reflector for photons escaping towards the front side. Figure 4.18 shows the

pulse height spectrum of dark counts.
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Figure 4.18 Crosstalk of the SiPM from Photonique without ()
and with a Teflon reflector ( *).

With the particular SiPM used in this test the probability that cells fired was 19%
without the reflector and the probability went up to 24% when the reflector was mounted.
The difference of 5% was caused by photons generated in the avalanched pixels which

were reflected and have triggered an additional avalanche in another cell.

Method 2:

Because cross-talk only occurs when an avalanche happens in a certain pixel, the
fraction of pedestal events is independent of cross-talk. Therefore the fraction of 1 p.e.
events estimated from the fraction of pedestal events is the value when there is no
cross-talk. If there is cross-talk, the observed fraction of 1 p.e. events must be smaller
than the estimated fraction of 1 p.e. events. This difference is attributed to cross-talk. The
cross-talk rate estimated by the above method is written as:

Cross-talk rate = 1 — Fobserved / Festimated,

where Fobserved is the observed fraction of 1 p.e. events and Festimated is the estimated
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fraction of 1 p.e. events. Fraction of pedestal events is calculated from the ADC
distribution. Fraction of 1 p.e. events is estimated from the fraction of the pedestal events
assuming a Poisson distribution.

This method is described in [48] and the results will be used for the datasheets of
Hamamatsu MPPC. Figure 4.19 is one of results for Hamamatsu SiPM series with 100

pixels and 400 pixels respectively.
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Figure 4.19 Crosstalk rates of 100 (left) and 400 (right) pixel devices
as afunction of the applied voltage.

4.3.6. Recovery time

The rise time for all types of SiPM is less than 2ns. The time to recharge a cell after
avalanche clearly depends on the capacity and the individual resistor (RC). The capacity
is proportional to the cell area. The fastest recovery time could be obtained by small cells
and small resistors.

If polysilicon resistors are used, their resistance changes with temperature. Therefore
there is a dependence of recovery time on the temperature. Afterpulses can prolong the

recovery time because the recharging starts again.
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Figure 4.20 is the output pulses from 4 types of Hamamatsu SiPM which were

observed on 500hm input resistance oscilloscope.
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Figure 4.20 Signals from Hamamatsu 0-100-1.5 (70_70mm?2, upper left) and Hmamatsu 0-50-1.5
(20_25mm2, upper right) and signalsfrom typeswith smaller resistors (0-100-2, lower left and
0-50-2, lower right) directly fed into the 500 input of an oscilloscope. (Taken from [44])

As we can see that devices with smaller cells show shorter pulses. The last digit of

the device name stands for the width of the polysilicon resistors. Devices with wider

polysilicon, which makes the value of the resistors smaller, are faster.

65



4.4. Possible applications

For its high gain, insensitivity to magnetic fields, stability and durability, low bias,
radiation hardness, compactness and much cheaper price, SiPM is a very promising
candidate for replacing PMT and APD to be the detector of light in high energy physics
experiments, medical instruments and astrophysical applications.

Experimental studies of SiPM based scintillator fiber detector, plastic scintillator plus
wavelength shifter readout, and imagining Cherenkov counters have been illustrated in
[41, 42], and the preliminary results are compared to other photodetectors. The
conclusions show that after the tuning of some parameters (photon efficiency, gain,
timing, dynamic range, etc.) the SiPM can be considered as a very promising
photodetector for scintillator imaging applications. Such application is so called Photon
Number Resolving application.

Up to now there is no reported result of SiPM for single photon counting applications
though it is promised to have the ability for single photon detection. For the photon
number resolving applications, a bunch of photons (more than 100 photons) go to the
active area of SiPM. The readout threshold could even be set at some tens of
photoelectrons to eliminate any contribution from dark counts altogether. But in our
application we can not use high threshold to avoid large DCR because we are detecting

discrete single photons.
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4.5. Optimum choice of parameters

For SiPM, there are many different design possibilities for specific applications. In

Table4.1, the design choices are listed with their consequences on some operating

parameters.
Table 4.1 Design choices versus SIPM operating parameters

Design choices Operating parameters
semiconductor material PDE and the range of wavelengths
p-silicon on a n-substrate highest PDE for blue light
n-silicon on a p-substrate highest PDE for green light
thickness of the layers range of wavelengths, optical crosstalk
doping concentrations operating voltage

impurities and crystal defects | dark counts, afterpulses

area of the cells gain, geometric factor, dynamic range, recovery time
number of cells dynamic range, linearity, geometric factor

value of the resistors recovery time, count rate/cell

type of resistors temperature dependence

optical cell isolation (groove) | crosstalk

A circuit model of SiPM will be presented in the next chapter; the circuit parameters
will be extracted. A novel design of SiPM which is desired for our specific application

will be demonstrated and discussed.
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5. SPM modeling and simulation

It is known that high-speed photon counting is possible with a Geiger-mode APD
which is so called SPAD. A successful single photon counting module (SPCM) has been
implemented in our lab using the large area APD model C30902S-DTC from PKI. PKI
C30902S-DTC is too expensive for its unique SLIK technology and bulky for the
mounted cooler. So it is not a good choice to be used for upgrading to multi-channel
photon counting system. It is also impossible to be made a detector array because the
associated temperature controller and quenching circuit is complex. Another choice,
Hamamatsu Si APD S9073, has been developed and tested with our unique quenching
circuit. When it worked in the Geiger-mode, a standard output pulse was observed from
this Si APD which was supposed to work in Linear-mode. Then the high dark count due
to the impurity made our quenching circuit can not quench it very well. This diode reach
saturation region with only dark count. So it was not sensitive to incoming photon.
Summarily, the complexity of quenching and reset circuit, the unavoidable dead time, the
difficulty to be made large area, and the required high bias voltage (~200V) limit the
APD/SPAD working as a perfect photon detector. Recently SiPM attracted our attention
for its passive quenching, high frequency, low bias voltage (30~70V), and the matrix

structure which makes any active area possible.
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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. Being analog in
nature, SiPMs 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. Further SiPM is a matrix of small area microcells connected in
parallel where each cell basically acts as an independent photon counter i.e. each cell is a
small area SPAD. This 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 like a
small area SPAD. In this case SiPM can be imagined as one large area 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. So SiPM offers the

combined advantages of both small-area and large-area SPADs.

5.1. Feasibility of using SiPMsfor Single Photon Counting

The feasibility of using SiPM for single photon counting applications has been
proved successfully in our lab. The commercial SiPMs, Hamamatsu MPPC series have
been characterized and tested with our single lane DNA sequencer. The specifications of

these two Hamamatsu devices are shown in Table 5.1. More information about
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studied in our lab: 100-pixel device and 1600-pixel device.

Hamamatsu MPPC series can be found in [51]. Two devices of different pixel sizes were

Table 5.1 Specifications of the characterized Hamamatsu MPPC

Specification 100-pixel 1600-pixel
Type/Model S10362-11-100U S10362-11-25U
Chip Size (mm) 1.5x 1.5 1.5x1.5
Size of 1 pixe (um) 100 x 100 25x 25
Effective Active Area (mm) 1x1 1x1
Fill Factor* (%) 78.5 30.8
No of pixelsmm? 100 1600
Operating Voltage, Vop (V) 69.72 70.89
DCR
0.5p.e thr 716K 438K
1.5. p.e thr 125K 12.5K
Gain (M) 2.4E+06 2.74E+05
Temp (°C) +25°C +25°C

* Ratio of active area of the pixel to the entire area of the pixel.

The sensitivity to the light source, dynamic range and the linearity are measured on
both 100-pixel and 1600-pixel devices and compared to the PKI SPCM. The measured
results are seen in Figure 5.1. It shows that the 1600-pixel device is more linear than the
100-pixel device. And its dynamic range is even better than PKI SPCM. The reason may

be the small dead-time due to much smaller size of the microcell.
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Figure 5.1 Comparison of sensitivity and linearity for 100-pixel and 1600-pixel device

The dark count rate, linearity, and dynamic range of SiPMs were proved to be good
enough for DNA sequencing. High quality DNA traces (shown in Figure 5.4) have been

obtained by SiPMs with the setup shown in Figure 5.2 and Figure 5.3.

ArgorHon or
Green Laser V2
Posltioner
Sinal Oscille
ngle 4 -8CO
Lane Filter Fiberized SIPM vgl'“nh:f' 1z pe
Automated —@_ whoel _@. with biasing |- : Al'tgtnu- channel
DNA EoC1 | Box | Focz sireui ator20dB) counter
Sequencer "EGAS Oriec Pro-amp 32ch ampifig
# VT30 [ =
Compdes
Temperature FOC1=200um SMASMA, FOC2=400um FCFC
controller{50°C)

Figure 5.2 Block diagram of the complete DNA-sequencing set-up used for SIPMs.
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Figure 5.4 Hamamatsu MPPCs: (a) Typical sequencing traces (Laser power = 17mW)
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So we were confident to continue the research on SiPMs based photon counting
system development. Now what is the optimal SiPM required for our application is the

first question we want to answer.

5.2. Novel SIPM design for photon counting mode

As we discussed in the previous section, high quality DNA sequencing traces can be
obtained by SiPMs and even without any associate quenching and reset circuit. The SiPM
is a good photon counter itself. Moreover, the operating voltage of SiPM is only around
70 Volts. Comparing to ~150 Volts bias voltage required for large area APD, SiPM is
much easier to be utilized for multi-channel design or upgrading to detection array.

One thing is worthy to be noticed. For all the measurements which have been done
so far, fast external amplifiers are necessary. Or the output pulse is too small to be caught

by any digital counter. In our experiments, the ORTEC VT120C fast-timing preamplifier
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is used. Its gain is 20 times; bandwidth is 350MHz. The rise time is promised to be less
than 1ns. According to our experiments, the 1600-pixel device needs more external
amplification to obtain the detectable output pulse. Because the pixel area is smaller, the
internal gain is smaller. This is the same drawback as small area APDs. To design a high
frequency, wide bandwidth, and low noise amplifier is an obstacle to develop the SiPM
based photon counting system.

But for its matrix structure, SiPM has a unique performance which the APD doesn’t
have, optical cross-talk. As described in chapter 4, reverse biased silicon diodes emit
photons at the rate of ~ 10™ photons per electron crossing the p—n junction when they are
operated in Geiger-mode [40]. The rate of ~ 10™ photons per electron is really a huge
number for an avalanche process which generates a considerate number of charging
carriers. These photons may or may not initiate an avalanche in the neighboring
microcells depending on where they are absorbed as shown in Figure 5.5. Since the travel
time of these photons is much faster (speed of light) than the dead time (pulse width) of
the already fired cells, even if they initiate a discharge, this discharge probably takes
place in the same time frame as the original fired cell (pulse width 10-30ns). As a result,
the cross-talk generated pulse is slightly shifted in time, but the time is so small that
charge generated by both pulses is summed up in the same cycle, thus generating an

output pulse with amplitude equal to the sum of all the fired cells.
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Figure5.5 Effect of cross-talk on photon counting performance of SPM

The cross-talk is usually not welcome because SiPM is usually used in photon
number resolving applications. In photon number resolving, cross-talk is absolutely a
noise resource, because the original photon is registered as two or more photons in this
case. But in photon counting mode, only one pulse is registered for one originally fired
cell as well as other cells fired due to cross-talk. Therefore no additional counts are
generated due to cross-talk but a larger pulse is obtained.

Now, imagine that more than 10 microcells are fired simultaneously due to cross-talk
for only one incoming photon. There is a possibility for this situation to happen. Then the
output pulse is 10 times larger in amplitude than the original 1 p.e. output pulse. For
example, if we can make all the cells in 100-pixel device to be fired simultaneously due
to cross-talk, a 100 p.e. output pulse will be registered for the original incoming photon.
With the extra 100 times internal gain, the external amplifiers will not be necessary any
more.

The cross-talk mechanism has a counterpart in the Probability Theory: Randomized
Broadcasting. Let G = (V, E) be a connected, undirected graph on N vertices. One vertex
initially knows of a "rumor" that has to be conveyed to every other vertex in V. The

rumor is propagated as follows: at each step, every vertex that knows of the rumor
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chooses one of its neighbors in G uniformly at random, and informs it of the rumor. The
number of steps elapse before every vertex knows the rumor is O(logN) steps.[52] The
“rumor” is like the original photon which fires the first pixel. Each pixel is a vertex in the
graph G. As said in this theory, to fire all the pixels in the SiPM needs O(logN) rounds.
For example, a 1600-pixel device needs only 10 rounds of cross-talk to fire more than
1000 pixels simultaneously.

The optimal SiPM which we desired for the photon counting application is the SPAD
matrix which doesn’t need any quenching circuit or any external amplification circuit. If
we can design a device like this, it will be a perfect photon detector for many photon
counting applications. Then multi-channel and detection array will be implemented very
easily. We really want to know if the perfect situation can really happen to SiPMs and
how to implement it. The circuit modeling of SiPMs and its output signal simulation
under many conditions will be presented in the following sections. The perfect situation

will be simulated and discussed.

5.3. Circuit model of SPM and parameters

The circuit model of a Geiger-mode operated APD and the equivalent circuit of
passive quenching are described in the chapter 2.4. As introduced in the previous chapter,
the SiPM is an APD matrix built on a common substrate. And each single microcell of
SiPM is operated in Geiger-mode and quenched passively by an individual quenching

resister. So the circuit model of SiPM can be illustrated in the Figure 5.6.
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A cell consists of an APD and a quenching resistor Rq. The part inside the diode is
the same as the circuit model of APD described in the chapter 2. During avalanche the
junction is low ohmic with a varying conductivity and is behaving like a voltage source
Vbd equal to breakdown voltage of the diode. For simplicity it is assumed that the
conductivity 1/Rd and the output of the voltage source are constant during avalanche. The
onset of the avalanche is described as a switch that is being closed, and then opened again
at quenching. The condition for quenching is satisfied once the current that flows through

the junction drops below a critical value of ~10 yA.
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Figure 5.6 Circuit model of a SIPM

Parametersin the SPM model:

Cd s the internal capacitance of the microcell, depending on the active area of the cell
and varies proportionally with it;

Rd is the junction resistance of the microcell; typical value is 10K~100KOhm;

Rq is the quenching resistor, usually ~100KOhm;

Rn is a small series resistor and Cn is a parasitic parallel capacitance due to the routing of
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the bias voltage to the N microcells, realized with a metal grid,

Rl is the load resistor, which is either the input resistance of the preamplifier or any other
combination of parallel resistors, connected in series between the output of the SiPM and
ground. Typically a value of 50Q is chosen.

The measured output signal is the discharging current that flows during avalanche
and after quenching through Cq and Cd. The avalanche current can be approximated as a
short pulse containing the total amount of charge delivered by the firing microcell
Q=dV(Cd+Cq), with dV=Vbias — Vbd.

There are two time constants in this circuit:
One is related to the sharp onset time of the avalanche current: R1*Ctot, where Ctot is the
total capacitance of Cn, Cd, and Cq;
The other is related to the slow recovery time: Rq*(Cd+Cq).

In this model the voltage across the load resister Vout, quenching resister Vg, and the

diode Vd are related by three coupled differential equation according to the avalanche

process:

dvd/dt=(Vbd - Vd)/Rd*Cd - (Vd + Vout + Vq — Vbias) / Rn*Cd (1)
dVout / dt =-Vout/ RI*Cn — (Vd + Vout + Vq — Vbias) / Rn*Cn (2)
dVq/dt=-Vq/Rq*Cq - (Vd + Vout + Vq — Vbias) / Rn*Cq 3)

The above three differential equations can be solved numerically. One of the solutions of

Vout for reasonable resistance and capacitance values looks like Figure 5.7.
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time of quenching

Figure 5.7 Simulated output pulse of a SIPM

The avalanche is quenched if the current flowing through Rd drops below ~10uA.

The time of quenching is marked by the vertical line in the Figure 5.7.

5.4. Output signal ssmulation of SiPM with enhanced gain

To study the effect of optical cross-talk on the internal gain of SiPM a single-trial
simulator and a multi-trial simulator have been developed in our lab. The simulators are

programmed in the script language Python. The shell program of the single-trial

simulator is shown as follows and the core program is not shown here:

import core
class settings:
def __init_ _(self ):
pass
settings.number_of_photons=100 #The number of photons

#size of sensor, iIn Pixels

settings.x_size=40
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settings.y_size=40

settings.DecayTau=10.0 #in ns
settings.AfterPulseDelay=5.0 #in ns
settings.CrossTalk_Maximum_Instigate _Time=0.3 #In ns

#We can iInstigate
forever.
settings.Afterpulsing Probability=0 #The afterpulsing probability.
settings.CrossTalk Probability=0
settings.Comparator_Delay=3 # In ns
settings.Comparator_Threshold _Start = 0.5
settings.Comparator_Threshold_Step

2
settings.Comparator_Threshold_Stop 0

0.
6.
#Run the simulation
core.run(settings)

In the shell program, parameters are provided to be set by users for simulating the
output signals of SiPM under different conditions:
X_Sizeand y_sizein pixel
We assume the SiPM is a square matrix. Its geometry can be described by x_size pixels *
y_size pixels. For example, x_size=40, y_size=40 is a 1600 pixel device.
DecayTau in ns
As we discussed in the previous section, there are two time constants in the avalanche
process. One is related to the sharp onset time of the avalanche current; the other is
related to the slow recovery time. In our simulator the very short onset time is ignored;
the recovery is described by the exponential decay of a fixed DecayTau in 10ns.
CrossTalk_Maximum_Instigate Time in ns
We assume that cross-talk happens only in the instigate time interval. Out of this interval
a fired cell will not trigger its neighbor cells.

Afterpulsing_Probability and AfterPulseDelay in ns
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As discussed in Chapter 2.3.2, during avalanche some carriers are captured by deep levels
in the junction depletion layer and subsequently released with a statistically fluctuating
delay. 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. We
used these two variables to describe the probability and delay time in which afterpulsing
happens.
CrossTalk_Probability
Please notice that the cross-talk probability here is a different concept from the cross-talk
rate discussed in Chapter 4. This is the probability in which a fired cell generated photon
triggers its neighbors to fire additional discharging. Each fired cell can trigger its direct
neighbor cells only. Each cell has four direct neighbor cells around it.
Comparator_Delay
This is the triggering delay of the external comparator.
Comparator_Threshold_Start and Comparator_Threshold_Stop
The threshold of comparator is set by the number of photoelectrons, such as 1p.e., 2p.e.....
Usually start from 0.5 p.e. to count all the pulses which are generated.
number_of _photons
In this variable we can set the number of primary avalanche which is triggered by
incoming photons or thermal effect. Both the incoming photons from illumination and the
dark count due to thermal effect are Poissonian process.

Based on above parameters, simulations with enhanced cross-talk and enhanced
afterpulsing have been done. The effect of cross-talk and afterpulsing on the output

signals will be presented in the next two sections.
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5.4.1. Single-trial simulations of enhanced cross-talk

To study the effect of cross-talk on the internal gain of SiPM, the simulations of
different values for cross-talk possibility and zero afterpulsing probability have been
done as follows. The graphic result of single-trial simulations has four windows: top left
window is the simulated output pulse, x-axis is time in ns, y-axis is the count in p.e.;
bottom left window is the list of variables to be set; top right window is the curve of pulse
count versus comparator threshold; bottom right is the histogram which shows the pulse
count distribution on different amplitude.

In this section, the afterpulsing probability is set to zero for all simulations. It means
that no afterpulsing happens at all. However this is impossible in the real world, I want to
study the only effect of cross-talk on output pulses. It is an ideal situation to enhance the
internal gain utilizing this unique characteristic of SiPMs.

And the size of SiPM is set to be 40 pixels * 40 pixels = 1600 pixels. To make the
computer running time reasonable number_of_photons is set to be 100 though SiPM can
count to million counts per second, even the dark count rate can be up to MHz.
number_of_photons = 100 is enough to obtain the information of output pulse
distribution.

As shown in Figure 5.8 when the crosstalk probability is very small, such as 0.004 in
(a), most of output pulses are 1 p.e. pulse. As shown in (b) (c) (d) when the crosstalk
probability increases from 0.01 to 0.05, more and more 2 p.e., 3 p.e., and 4 p.e. pulses can
be seen. The curve of pulse count versus comparator threshold in (d) is very similar to the

measured curve of dark count rate shown in the Figure 4.12. Both are step-like and 7

82



steps. From (e) to (h) when the crosstalk probability continues to increase, the steps
disappear. Until crosstalk probability is up to 0.4, almost all the output pulses have
amplitude of 1200. It means that the device has an extra internal gain of 60dB, 1000

times. The perfect situation we desired happened in the simulation.
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Figure 5.8 Simulation results of 1600-pixel SIPM with zer o afterpulsing

There is one phenomenon worthy to be mentioned. In the Figure 5.8 all the output
pulses are recovered in 40ns and the pulse width is less than 40ns. So I can conclude that
crosstalk doesn’t have effect on the dynamic range of photon counting system but have

effect only on the amplitude of the output pulses. It is really a good sign for us.

5.4.2. Single-trial simulations of enhanced after pulsing

In this section, the afterpulsing effect will be considered in the simulation. The
afterpulse delay is set to be 5ns for all simulations. For each afterpulsing probability
0.0007, 0.007, 0.07, and 0.7 shown in Figure 5.9, Figure 5.10, Figure 5.11, and Figure
5.12 respectively, different crosstalk probabilities are simulated as follows.

In Figure 5.9 (b) with afterpulsing probability=0.0007, crosstalk probability=0.03,

the steps in the curve of pulse count versus comparator threshold still can be observed. In
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the later figures when the afterpulsing probability increases, the steps disappear. This
means that the output pulse amplitude is not exactly 1p.e., 2p.e., 3p.e... It could be due to
the crosstalk induced afterpulsing.

When the crosstalk probability is up to 0.3, the flat curve of pulse count versus
comparator threshold can be observed. It means that more than 1000 pixels are fired
simultaneously. You may notice that with non-zero afterpulsing probability the situation
happens at a lower crosstalk probability and the pulse width could become much larger.
Afterpulsing reduces the dynamic range of SiPM seriously. It is a noise source.

In the next section, how the afterpulsing and crosstalk affect the noise analysis of

photon counting system will be discussed.
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(c) crosstalk probability = 0.1
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Figure 5.9 Simulation results of 1600-pixel SIPM with after pulsing probability=0.0007
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Figure5.11 Simulation results of 1600-pixel SIPM with after pulsing probability=0.07
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Figure5.12 Simulation results of 1600-pixel SIPM with after pulsing probability=0.7

5.5. Noise analysis of photon counting system

The noise is a very important parameter to evaluate the performance of a photon
counting system. The minimum noise of photon detectors in the photon counting system
is defined by the Poissonian noise which can be measured by the Poissonian fluctuation
of the dark counts. The ideal photon counting system follows a Poisson distribution
where the variance of the dark count rate is equal to its mean value. In order to
characterize the noise, the dark count is recorded during thousands of integration
intervals as in the Figure 5.13(a) and the distribution is calculated as in the Figure

5.13(b).
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Figure5.13 (a) dark count raterecorded during integration intervals
(b) dark count ratedistribution

Each microcell of SiPM is working as an SPAD, so SiPM suffers from the non-linear
noise of afterpulsing just as SPAD does. Due to the different nature, SPAD only suffers
from afterpulsing whereas SiPM suffers from both afterpulsing and optical cross-talk.

To study the effect of cross-talk and afterpulsing on the noise analysis of photon
counting system, a multi-trail simulator has been developed in our lab to simulate the
dark count rate distribution of SiPM on different comparator threshold. The shell

program of the multi-trial simulator is as follows:

import core
class settings:
def __init_ (self ):
pass

settings.number_of trials=100 #The number of trial.
settings.mean_experiments_per_trial=100 #The mean number of
experiments per

#trial . A poisson distribution centered around the mean will be used.
#This computes settings.number_of_photons

settings.x_size=40
settings.y_size=40

settings.DecayTau=10.0 #In ns
settings.AfterPulseDelay=5.0 #In ns
settings.CrossTalk Maximum_Instigate Time=0.3 #In ns
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settings.Afterpulsing_Probability=0.0007*0 #The afterpulsing
probability.

settings.CrossTalk_Probability=0.004

settings.Comparator_Delay=3 # In ns
settings.Comparator_Threshold_Start = 0.5
settings.Comparator_Threshold_Step 0.2
settings.Comparator_Threshold_Stop 6.5

#Run the simulation
core.run(settings)

As you can see, the parameters in the multi-trial simulator are the same as the
parameters used in the single-trial simulator which were introduced in the previous
section except two parameters number_of trials and mean_experiments per_trial. The
number_of trials is to simulate the number of integration intervals in which the dark
count rate is recorded in the experiments. The mean_experiments_per_trial actually has
the same meaning of the number_of_photons mentioned in the previous section and this
number is a poisson distribution centered on the mean value set by users. For each trail,
the simulator does the same thing as the single-trial simulation by setting the number of
photons programmedly. Then the mean and variance is calculated for all trials and plotted
on different comparator threshold values. The deviation between the mean value and the

variance value shows the level of noise.

5.5.1. Multi-trial simulations of enhanced crosstalk

Different from photon number resolving applications, in photon counting
applications only one larger pulse is registered for each photon even if crosstalk happens.
Due to the mechanics of crosstalk, theoretically it doesn’t have any effect on noise

analysis of photon counting system. It is very interesting topic to study.
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In this section, the afterpulsing probability is set to zero for all simulations.
number_of trials=100 and number_of trials=1000 have been simulated for the same
conditions. It is proved that number_of _trials=100 is large enough to obtain the accurate
distribution and much more time saving. All the following multi-trial simulations are run
and plotted on 100 trials.

The simulated result window is very like the measured curve of dark count rate
versus comparator threshold. But there are two curves in each simulated window: the
blue one is the mean values of photon count plotted on comparator thresholds; the green
one is the variance values of photon count plotted on comparator thresholds. The
mean_experiments_per_trial is set to 100 for all simulations, so the number_of _photons
for each trial is calculated by the program according to Poisonian distribution. Figure
5.14 and Figure 5.15 are the simulated results of crosstalk probability = 0.02 and 0.4
respectively.
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Figure5.14 multi-trial ssimulation result: crosstalk probability=0.02, after pulsing probability=0
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Figure5.15 multi-trial simulation result: crosstalk probability=0.4, after pulsing probability=0

As seen from the above figures when the crosstalk probability is small, most of the
output pulses are 1p.e; there are only 3 steps can be observed. When the crosstalk is up to
0.4, all the output pulses have the same amplitude which is larger than 6p.e (comparator
thresholds larger than 7p.e are not shown). This result is consistent to the single trial
simulations.

With zero afterpulsing probability there is only several count deviations between the
mean curve and the variance curve for both crosstalk probabilities. And with the
comparator threshold increases, the deviation is becoming smaller and smaller. That
mean the noise of this photon detector is very small or ignorable if afterpulsing doesn’t
happen at all. So I can conclude that with high enough crosstalk the SiPM will have
enhanced internal gain but no noise. We know it is perfect but not real. The effect of

afterpulsing has to be considered.
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5.5.2. Multi-trial smulations of enhanced after pulsing

For the moderate crosstalk probability of 0.02, afterpulsing probability of 0.0007,
0.007, and 0.07 have been simulated and the results are shown in Figure 5.16, Figure 5.17
Figure5.18 respectively. With the afterpulsing increases the steps disappear and the
deviation between the mean and variance is becoming larger and larger. It means that

afterpulsing is the dominating noise source of photon counting detector.
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Figure5.16 multi-trial ssimulation result: crosstalk probability=0.02,

after pulsing probability=0.0007
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6. Experiments on different types of SIPM

From the simulation results presented in the previous chapter, I am able to presume
that at a properly enhanced optical crosstalk all the microcells of SiPM can be totally
fired or partially fired simultaneously. Under this situation additional 100~1000 times
(proportional to the number of microcells) internal gain can be obtained by SiPM itself
and no external amplification is required.

However it is very hard to enhance the optical crosstalk of packaged SiPMs in the lab,
the optical crosstalk can be enhanced by increasing the bias voltage of the device. With
the bias voltage increasing the number of charge carriers crossing the junction increase so
that the afterpulsing increases accordingly. In the experiments, we can’t enhance
crosstalk probability or afterpulsing separately but enhance them both at the same time.

In this chapter, experimental results of SiPMs from two manufactures have been
presented and discussed. Three different pixel sizes of SiPMs called MPPC series are
from Hamamatsu; the so-called Russian SiPM (diode) is from Russia.

To study the effect of enhanced optical cross-talk on the output signals, I measured
the dark count rate distribution of SiPMs with not only operating voltage but over
voltages (~10V above breakdown voltage), because to increase the bias voltage is the

only way to increase crosstalk probability on the packaged diodes in the lab.
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6.1. Hamamatsu MPPC series

The datasheet of Hamamatsu MPPC series is shown in the Figure 6.1. There are

three different pixel sizes of diodes in this series, so called 100-pixel device, 400-pixel

device, and 1600-pixel device. They are all Imm*mm device. The feasibility of this

series being used for DNA sequencing has been described in the chapter 5.1. Its linearity,

dynamic range, and dark count rate are measured in operating voltage and results are

presented in the chapter 5.

| Active area 1 x 1 mm type (Typ. unless otherwise noted, Ta=25 °C)

Parameter Symbol S10362-11 series Unit
y -025U, -025C | -050U,-050C | -100U,-100C
Chip size 1.5x15 mm
Effective active area 1x1 mm
Number of pixels 1600 400 100 -
Pixel size 25 % 25 50 x 60 100 x 100 pm
Fill factor *! - 30.8 61.5 78.5 %
310382-11-025U Spectral rf)s{p.onse range A 270 to 900 nm
1-050U/-100U Peak sensitivity wavelength p 400 nm
Quantum efficiency (A=hp) QE 70 Min. %
Photon detection efficiency *2 (A=hp) | PDE 25 | 50 | 65 %
Recommended operating voltage range - Jo£10" v
Dark count 300 400 600 keps
Dark count Max. - 600 800 1000 keps
Terminal capacitance Ct 35 pF
Time resolution (FWHM) - 200 to 300 ps
Temperature coefficient of reverse voltage - 50 mV/C
$10362-11-025C Gain M 275x105 | 75x10° | 2.4x10° -

/-050C/-100C

Figure 6.1 Datasheet of Hamamatsu MPPC series:

-025U is 1600-pixel device, -050U is 400-pixel device, and -100U is 100-pixel device

6.1.1. Experimental set-up and measured output pulses
Output pulses (illustrated in Figure 6.5) can be observed from the oscilloscope with
the setup shown in Figure 6.2. The bias connection for Hamamatsu MPPC series is seen

as in the Figure 6.3. The output signals from external amplifiers are going to the Stanford
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counter SR200 which is used to record the dark count number per second (see Figure

6.4).

XYZ Micro-positioner

g MPPC 2 EG&G Ortec Pre-amplifiers
for light adjustment . Bias Circuit l§ Gain of each amplifier = 20
‘f,_ﬂ' r
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Figure 6.3 Schematic of Hamamatsu M PPC bias cir cuit
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Figure 6.4 Experimental set-up used for characterizing all SIPMs

[100 pixel device

p.e. i

1600 pixel device 2 p.e. ;

Figure 6.5 Output pulses, (a, b) 100-pixel device, (c, d) 1600-pixel device at low (left) and
high (right) Voy. Note: (c) was recorded in the averaging mode.
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The FWHM for 100-pixel and 1600-pixel device is approximately 20ns and 18ns
respectively; maximum pulse width for 100-pixel and 1600-pixel device is 35-40ns and
25-30 respectively. Pulses due to Ip.e. 2p.e. etc. are distinctly visible with these devices
as shown in Figure 6.5a and 6.5d. 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. The expected dynamic range of SiPMs is better than that of large area
APD which is expected to be 16~20MHz, because dynamic range of SiPM is not limited

to the dead time of quenching circuit.

6.1.2. DCR measurement with operating voltage

The recommended operating voltage (Vop) of Hamamatsu MPPC series is 70.89V,
69.72V, and 69.72V respectively for 1600-pixel device, 400-pixel device, and 100-pixel
device. The dark count rate (DCR) has been recorded by the external Stanford counter
SR400 for the three devices at Vop, Vop+0.5V, and Vop+1V respectively. At this level
of bias voltage, two external amplifiers are required to register all the output pulses. The
gain of each amplifier used is 20 times, so the total external amplification is 400 times.

The relationship between DCR and the comparator thresholds of the counter is
demonstrated for each device in Figure 6.6, Figure 6.7, and Figure 6.8. Step like
characteristics can be observed for all the devices at around operating voltage. For the
step like characteristics of SiPM DCR, please see the explanation in Chapter 4.3.2. With
the bias voltage increasing, the steps disappear gradually. It is hard to observe the steps

when the bias voltage increases to Vop+1V.
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Hamamatsu S10362-11-025U (1600-pixel)
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Figure 6.6 1600-pixel device: DCR vs. Comparator threshold at Vop, Vop+0.5V, and Vop+1V

Hamamatsu S10362-11-050U (400-pixel)
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Figure 6.7 400-pixel device: DCR vs. Comparator threshold at Vop, Vop+0.5V, and Vop+1V
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Hamamatsu S10362-11-100U (100-pixel)
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Figure 6.8 100-pixel device: DCR vs. Comparator threshold at Vop, Vop+0.5V, and Vop+1V

You can see from above figures with same external amplification, at the operating
voltage the DCR and 1 p.e. pulse amplitude of 100-pixel device is largest. It means that
100-pixel device has a larger internal gain due to the largest pixel size. Using the method
described in Chapter 4.3.5, the cross-talk rate can be calculated by the ratio of drop in
count rate from stepl to step 2 for each device roughly. 100-pixel device has the largest
cross-talk rate maybe due to its largest fill factor. Obviously the cross-talk rate and
internal gain increase for all of the three devices when the bias voltage is higher than the
operating voltage.

Another thing worthy to be noticed is that with the bias voltage 1V above Vop the
DCR of 100-pixel device increases dramatically from ~700K to ~4M counts/sec;

however the DCR of 1600-pixel device increases from ~400K to 600K. Because the gain
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of 100-pixel device is 10 times larger than the gain of 1600-pixel device, the charge
flowing through 100-pixel device during avalanche is larger than what 1600-pixel device
does. This makes the afterpulsing probability of 100-pixel device larger and leads to

dramatically increasing DCR with 1V over-voltage.

6.1.3. DCR measurement with over-voltage

With only 1V above operating voltage, we can observe the DCR change due to the
change of cross-talk and afterpulsing probability. To study the effect of cross-talk and
afterpulsing, measurement with higher over-voltage is meaningful. For the over-voltage
measurement, only one external amplifier of 20 times gain has been used. The curves of
DCR vs. comparator threshold with bias voltage from Vop to Vop+10V are illustrated in

Figure 6.9 for 100-pixel device.

Hamamatsu S10362-11-100U (100-pixel)

——69.72 —70.72 ——170.22 —=—71.72 —e—=77.72
—79.72 —-—72.72 —¥—=73.72 ——74.72 —76.72

1.E+08

Vth (mV)

Figure 6.9 100-pixel device: DCR vs. Comparator threshold at Vop~Vop+10V
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The curves of DCR vs. comparator threshold with bias voltage from Vop to Vop+6V

are illustrated in figure 6.10 for 1600-pixel device.

Hamamatsu S10362-11-025U0 (1600-pixel)
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Figure 6.10 1600-pixel device: DCR vs. Compar ator threshold at Vop~Vop+6V

The over-voltage measurement shows that for 100-pixel device maximum DCR
increased from ~600K to ~10M counts/sec when the bias voltage changed from Vop to
Vop+2V; and more than 1M counts out of the 10M pulses are larger than 80mV when the
bias voltage up to Vop+8V. The pulse amplitude larger than 80mV means that the
original output pulse from SiPM without any external amplification is 4mV, which is a
detectable signal for many comparators and counters. For 1600-pixel device, the
maximum DCR increased from ~400K to ~10M counts/sec when bias voltage changed
from Vop to Vop+6V; and more than 1M counts out of 10M pulses are larger than 80mV.
However at around Vop 100-pixel device seems to have high cross-talk rate, 1600-pixel
has larger output pulses and lower DCR with same over-voltages. Comparable low DCR

is an advantage of 1600-pixel over 100-pixel and 400-pixel device.
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6.1.4. DCR measurement for noise analysis

As introduced in Chapter 5.5, the internal noise of photon detectors in the photon
counting system is defined by the Poissonian fluctuation of the dark (photo) counts. The
ideal photon counting system follows a Poisson distribution where the variance of the
dark (photo) count rate is equal to its mean value. And the noise is calculated by the
square root of the variance.

In order to characterize the noise, the dark count with different external amplification
is recorded during thousands of integration intervals by the 32-channel counter and
associate software developed by our group. The photo of the 32-channel counter,
32-channel amplifier and comparator, and a variable gain attenuator is shown in
Figure6.11. The block diagram of the connection for noise measurement is shown in

Figure 6.12.

Qutput connected via parallzl
port to computer for
recording and processing
using our software

= 32-channel -f.,
counter =

Figure 6.11 Experimental set-up of noise characterization for SIPM
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The output of SiPM is connected to Ortec preamplifier with 20 times gain. Then the
signal goes to a variable gain attenuator and 32-channel amplifier so that we can measure
the DCR with different external amplification. The 32-channel amplifier is connected to
the 32-channel counter that 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. Because we wanted to measure the fluctuation of dark count of only one
SiPM, only one channel out of the 32-channels was utilized. Figure 6.12 shows the block

diagram of the set-up.

hiaz circuit
Oscillo
'L Yariahle Scope
<iPM Signal 32
- ahannal
aﬁenua- counler
55 Ovte tor
VT — 1 e
32-channel p—
amplifier and
comparatar

Figure 6.12 Block diagram of noise characterization set-up for SIPM

The DCR during thousands of integration intervals are recorded by the software
BASE. BASE is the software developed by our group, which works with our single-lane
DNA sequencer. The measured data have been imported to EXCEL and the DCR
distribution has been calculated. The variations of the mean and variance of DRC to
different external amplification are shown in Figure 6.13 and Figure 6.14 for 1600-pixel
device and 100-pixel device respectively.

We can conclude from the experimental results: with more external amplification,
the deviation between mean and variance is larger, the noise is larger; for the same

amplification, the higher over-voltage, and the larger the noise.
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Hamamatsu S10362-11-025U (1600-pixel)
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Figure 6.13 1600-pixel device: DCR distribution vs. exter nal amplification

Hamamatsu S10362-11-100U (100-pixel)
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Figure 6.14 100-pixel device: DCR distribution vs. External amplification
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So the higher over-voltage and the lower noise is a tradeoff. Is that possible to
operate SiPM at a low over-voltage to obtain high cross-talk rate so that it can have a

large internal gain without increasing noise?

6.2. Russian SIPM (diode)

A SiPM from another manufacture, called Rissian diode has been measured under

the same procedure. The basic specification of Russian diode is shown in Table 6.1.

Table 6.1 Specification of Russian diode

Specification Value
Chip Size (mm") 1.1
No of pixels 1024
Operating Voltage (V) 56V

The close-up photo under microscope and the photo for the whole package are shown

in Figure 6.15.

Figure 6.15 Photos of Russian diode
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6.2.1. Measured output pulses
The experimental set-up for Russian diode is the same as the set-up for Hamamatsu

MPPC series except only one external amplifier with 20 times gain used.
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(b) Vbias = 55V
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Figure 6.16 Russian diode: output pulsesfor different biasvoltages

All of the observed output pulse width is not more than 10ns. Pulses due to 1p.e. 2p.e.

etc. are distinctly visible as shown in Figure 6.16. Therefore the expected maximum
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achievable count rate should be in the range of 100MHz. The expected dynamic range of
Russian diode is much better than that of large area APD, even better than that of
Hamamatsu MPPC series. With bias voltage increasing from 54V to 57V, the pulse width

doesn’t change; the number of observed afterpulsing is more.

6.2.2. DCR measurement with operating voltage
The operating voltage of Russian diode is 56V. Output pulses can be observed by
oscilloscope from 54V. The dark count rate has been measured with one ORTEC VT120

preamplifier for bias voltages of 54V, 55V, 56V, and 57V.

Russian diode

1.E+06 H\? —8— 55V
= 1 - - - - - - - -~ - - """ ”"”“”"Z“ZZZZZZ“zzZTzZT~zZzZz=Zz=Z‘<=-z¢%- 56V
1.E+05 — 57V

DCR

Vth (mV)

Figure 6.17 Russian diode: DCR vs. Comparator threshold at around Vop

The DCR curves for the four bias voltages start from the same level. I doubt that the
first step is from noise instead of real dark count. Noise pulses with amplitude of about

4mV can be seen from the snapshot of oscilloscope.
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6.2.3. DCR measurement with over-voltage

With the bias voltage increasing from 54V to 57V, the cross-talk rate is becoming
larger and larger. The DCR with over-voltage up to Vop+6V has been measured on
Russian diode. For the over-voltage measurement, one external amplifier of 20 times gain
has been used. Due to the range limit of external counter, the maximum comparator
threshold is 300mV. The curves of DCR vs. comparator threshold with bias voltage from

Vop to Vop+6V are illustrated in Figure 6.18.
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Figure 6.18 Russian diode: DCR vs. Comparator threshold at Vop~Vop+6V

You see the amplitude of more than 1M counts out of 10M pulses are larger than
300mV when the bias voltage is up to Vop+5V with 20 times external amplification. It
means that 10% of original pulses from Russian diode is larger than 15mV. So far,

Russian diode is known as a SiPM with fastest response time and largest output pulse.
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6.3. Compar e experimental resultswith smulations

6.3.1. Compar e of output pulse

In the experiments, the optical cross-talk and afterpulsing can be enhanced by
increasing the bias voltage of the device. So DCR measurement with both operating
voltage and over-voltages has been done for Hamamatsu 100-pixel device and 1600-pixel
device. Comparing the experimental results with the simulations in the previous chapter
is very interesting. At operating voltage the step-like characteristic can be measured for
both 1600-pixel device and 100-pixel device (as seen in Figure 6.19 and Figure 6.21).
The situation is very similar to the simulation with a small cross-talk and afterpulsing

probability, which is shown in Figure 6.20 (a) and Figure 6.22 (a).

Hamamatsu S10362-11-100U (100-pixel)
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Figure 6.19 100-pixd device: measured DCR vs. compar ator threshold for Vop~Vop+10V
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Figure 6.20 100-pixel SIPM simulation for different cross-talk and afterpulsing
(a) cross-talk probability=0.03, after pulsing probability=0.0007; (b) cross-talk probability=0.03,
after pulsing probability=0.07; (c) cross-talk probability=0.05, after pulsing probability=0.07;
(d) cross-talk probability=0.5, after pulsing probability=0.07

The curves with bias voltage of Vop+0.5V and Vop+1V (as seen in Figure 6.19)
have a similar shape to the simulated curve in Figure 6.20 (b). With bias voltage
increasing, steps disappear; the curves of DCR vs. comparator threshold are becoming
flatter and flatter. The measured curves shown in Figure 6.19 are more and more like the
simulation in Figure 6.20 (c). However we can’t obtain a measured flat curve like Figure
6.20 (d) even with a 10V over-voltage. The reason why we can’t have a perfect flat DCR
vs. comparator threshold curve like in the simulation could be that we are not able to

have enough cross-talk probability in the experiments.
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The same situation happens to 1600-pixel device, please compare Figure 6.21 with
Figure 6.22. And the DCR increasing with bias voltage increasing is also a concern for
our application. DCR lower than 10M counts/sec is a requirement for the single photon
detector selection. So it is a tradeoff between high cross-talk probability and low DCR. Is

that possible to make optical cross-talk larger without increase in DCR?

Hamamatsu S10362-11-025U (1600-pixel)

1. E+07

1. E+06

1. E+05

.E+04

1.E+03

DCR (count/sec)

1.E+02

1.E+01

0 50 100 150 200 250 300
Vth (mV)

Figure 6.21 1600-pixel device: measured DCR vs. comparator threshold for Vop~vop+6V
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Figure 6.22 1600-pixel SiPM simulation for different cross-talk and after pulsing
(a) cross-talk probability=0.03, after pulsing probability=0.0007; (b) cross-talk praobability=0.02,
after pulsing probability=0.07; (c) cross-talk probability=0.3, after pulsing probability=0.07;
(d) cross-talk probability=0.3, after pulsing probability=0

6.3.2. Compare of noise analysis

The noise of single photon detectors has been simulated by our multi-trial simulator.
The simulated mean and variance curves of photon count distribution have been
demonstrated in Chapter 5.5. And the fluctuation of DCR for 100-pixel device and
1600-pixel device has been measured and recorded as presented in Chapter 6.1.4.

Compare the measured curves in Figure 6.13 and Figure 6.14 with the simulated
curves in Figure 5.16, Figure 5.17, and Figure 5.18. The same relationship between the
mean and variance of DCR and the comparator threshold (or external amplification) has
been obtained for both simulations and measurements.

For both 100-pixel device and 1600-pixel device, it has been observed that the mean
and variance converge with decreasing external amplification and decreasing
over-voltage. The mean and variance become equal for some combinations of
over-voltage and amplification. In the simulation, the mean and variance converge with

increasing comparator threshold and decreasing cross-talk and afterpulsing probabilities.
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The experiments have been done with decreasing external amplification, corresponding
to the simulations with increasing comparator threshold; and the experiments done with
increasing over-voltage, corresponding to the simulations with cross-talk and afterpulsing
probabilities increasing.

With smaller amplification, the original pulses need to be large enough to be
registered by counter, so cross-talk contributes more at these points. With large
amplification, more afterpulses can be registered, because most of afterpulses are smaller
than 1pe. So this measurement and simulation shows that afterpulsing adds much noise,
crosstalk does not add so much noise in photon counting mode.

However in experiments DCR increases dramatically with over-voltage increasing,
in simulations this situation doesn’t happen. So the increasing DCR is not caused by
thermally generated carriers in the junction but is due to afterpulsing which is mostly
caused by the short lifetime traps. During avalanche some carriers are captured by deep
levels (traps) in the junction depletion layer and subsequently released with a statistically

fluctuating delay. So to cool the device is one of the methods to reduce afterpulsing.

6.4. Cool SIPM using Liquid Nitrogen

Is that possible to enhance optical cross-talk making the output pulse amplitude
larger but without increasing the DCR? To operate semiconductor photodiode under low
temperature is a method to reduce dark noise. In order to cool the device, it is usually

mounted on a TE cooler and can be cooled lower to -80C. There are thermal resistors or
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thermistors sitting on the peltier element inside the hermetically sealed cooled device.
They sense the temperature on the peltier and send feedback to the temperature controller
circuit that can control the operating temperature very accurately.

So far there is no commercially available cooled SiPM. And we are not able to
fabricate the device with TE cooler in our lab. So the low temperature experiments have
been done on two types of SiPM using liquid nitrogen. Though liquid nitrogen can cool
the device very well, it is hard to control the temperature at a certain value. So these
measurements are not that accurate, however we can have a roughly understanding of
how SiPM work at the low temperature. Figure 6.23 and Figure 6.25 shows the
relationship between DCR and temperature at a fixed bias voltage for Russian diode and

1600-pixel device respectively.

Cool Russian diode using liquid N2
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0
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Figure 6.23 Russian diode: DCR vs. Temperature at Vbias=56V
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Cool Russian diode using liquid N2
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Figure 6.24 Russian diode: DCR vs. Comparator threshold at different Vbias and temperature

One thing need to be mentioned here: the breakdown voltage of SiPM depends on
temperature due to the thermal effect. Breakdown voltage becomes lower with
temperature becoming lower. All these low temperature measurements have been done at
a fixed bias voltage, the operating voltage at room temperature. It means that with the
temperature decreasing the over-voltage is increasing.

For Russian diode the relationship between DCR and temperature is kind of linear at
the bias voltage of 56V. At -80C DCR is reduced more than 100 folded comparing to
DCR at room temperature. The curves of DCR versus comparator threshold are measured
for -80C and 0C at Vbias=56V. In Figure 6.24 these two curves compare with the curves
measured with over-voltage at room temperature. When this diode is cooled to -80C and
biased to only 56V, it has 1000 folded lower DCR but the same cross-talk rate comparing
to the curve measured with 62V bias voltage at room temperature ( in Figure 6.24 the red

curve is parallel to the blue curve). This is our goal: low DCR but high cross-talk rate.
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Cool 1600-pixel using liquid N2
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Figure 6.25 160-pixel device: DCR vs. Temperature at Vbias=70.89V
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Figure 6.26 1600-pixel device: DCR vs. Comparator threshold at different Vbiasand
temperature
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The situation of Hamamatsu 1600-pixel device is little bit different. In Figure 6.25,
we can see the relationship between DCR and temperature is not linear at a fixed bias
voltage. At -80C it has even higher DCR than at room temperature. It can be explained
that at such a low temperature, the break down voltage of this device becomes lower so
as to make the over-voltage higher. DCR of this device is caused mainly by high
over-voltage instead of thermal effect. From Figure 6.26 we can see that at -15C and
70.89V bias voltage the device has 100 folded less DCR and much better cross-talk rate

comparing to the DCR of 76.89V at room temperature.

6.5. Summary

The experimental set-up which integrated SiPM into our single-lane DNA sequencer
and excellent DNA sequencing results show that with moderate external amplification
SiPM can definitely be used as single photon detectors for sequencing the DNA and
potentially other applications.

A single-trial simulator has been built up by our lab and output pulses of SiPM have
been simulated for different optical cross-talk probabilities and afterpulsing probabilities.
The simulations show that with a reasonable optical cross-talk all the pixels of SiPM can
be fired simultaneously or partially, so 100~1000 times internal gain can be obtained. It
means that SIPM can work as single photon detector without any external amplification
or any quenching circuit. A multi-trial simulator is also built up for noise analysis.

Multi-trial simulations show that the noise of SPD decreases with the external
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amplification deceasing. And the afterpulsing effect adds more noise than optical
cross-talk.

Experiments have been done to four devices from two different manufactures.
Measurements at operating bias voltage and at over-voltage have been done to verify the
conclusion of simulations. However SiPM working as SPD without any amplification and
quenching is possible, high DCR is still a problem under this situation. Low temperature
experiments have been done using liquid nitrogen. The preliminary experimental results
show that cooling the device to -80C, at least 100~1000 folded reduction of DCR can be
obtained. Based on our research, an optimum SPD without any additional electronics is

made possible with SiPM.
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7. Conclusion and Futurework

7.1. Conclusion

Two types of low cost solid-state photodiodes working as single photon detectors
and their applications for highly sensitive fluorescence detection systems have been
studied in this work. One is the Hamamatsu Si APD S9073 which is designed for
linear-mode operation initially. The other is SiPM which has been used in photon
resolving mode but not in photon counting mode yet. Based on our experiments and

simulations, we have positive conclusions on both devices.

APD

For the first time, Hamamatsu Si APD S9073, which is a photodiode designed for
working in linear-mode has been operated in Geiger-mode and quenched by our unique
quenching circuit. A detectable output pulse has been obtained from this small diode. So
this low cost device is potentially can be used as a SPD (single photon detector) and be a
replacement of the dedicated and expensive large area APD (C30902S-DTC model) from
PerkinElmer Optoelectronics. High DCR and high frequency is observed on this APD.

Being cooled to -60C, it is believed to reduce DCR by at least 100 folded. Based on our
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analysis at least 8 times gain is required to detect single photon by increasing
over-voltage or by adding micro-circuit for amplification. And a fast quenching is needed
to work with this fast device. Then with moderate DCR and detectable output pulse,
Hamamatsu Si APD S9073 will be a very good candidate for single photon detection

systems.

SPM

SiPM is a device with response time in the range of 10ns. This advantage makes
SiPM have the potential to replace large area SPAD as high-speed photon detectors
without the need of quenching circuits. A novel design is proposed in this work, which
utilizes the unique feature of SiPM, optical cross-talk, to make the output pulse from
SiPM detectable without any external amplification. Neither external amplification nor
quenching circuit being necessary is a perfect situation for single photon detection
development. Based on our simulations and measurements, single photon to fire total or
partial pixels of SiPM simultaneously without adding noise is feasible so that 100~1000
internal gain can be obtained depending on the number of pixels. For the current
available SiPMs, optical cross-talk needs to be enhanced and DCR needs to be kept at the

reasonable level at the same time. Some future work is recommended for this purpose.

7.2. Recommended future work
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Toreduce DCR

Low DCR can be achieved for semiconductor single photon detectors at room
temperature with the use of purer silicon. To remove the impurities and crystal defects
will reduce the afterpulsing induced DCR dramatically. DCR will further decrease as the
technology progresses.

To cool semiconductor photodetectors to a lower temperature, for example, -80C, at
least 1000 folded less DCR will be obtained based on our preliminary low temperature
experiments. The research on cooled device mounted on the TE cooler and controlled by

temperature controller is meaningful to many photon counting applications.

To enhance optical cross-talk

Optical cross-talk is usually not welcome. Many efforts have been taken to avoid it,
such as grooving between each pixel for optical isolation between pixels. We would
remove these grooving to enhance cross-talk in order to obtain partial cross-talk
enhancement or 100% cross-talk rate.

Very high optical cross-talk rate has been reported by Nepomuk Otte who is from
Max-Planck-Institute for the backside illuminated SiPM. Though they are trying to
reduce the high cross-talk, we can utilize the special structure to get 100% optical
cross-talk rate without increasing over-voltage so as to keep the afterpulsing induced
DCR at a reasonable level but to have a detectable output pulse without using any

external amplifications.
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