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Abstract

Applications demanding imaging at low-light conditions at near-infrared (NIR) and short-

wave infrared (SWIR) wavelengths, such as quantum information science, biophotonics,
space imaging, and light detection and ranging (LiDAR), have accelerated the development
of NIR/SWIR single-photon detectors. Up to date, there have been various detector types
performing single-photon detection at infrared wavelengths. Among them, single-photon
avalanche diodes (SPADs) have gained significant attention thanks to their low noise near
room temperature (< 100 cps), high detection efficiencies (> 50%), and low timing jitter (<
100 ps). In addition, the integration of SPADs with standard CMOS technologies has paved
the way for the design of low-cost, large pixel arrays with embedded photon-counting and
timestamping circuitry.
For detection at NIR/SWIR, Si CMOS and InGaAs(P)/InP-based SPADs appear as the most
promising material systems. Si CMOS has the advantage of yielding low noise and integrating
SPADs with on-chip readout circuits; however, the low absorption coefficient towards NIR
is a bottleneck to enhancing detection efficiencies. In this sense, the wide depletion region
approach was investigated in this work by designing SPADs in a 110 nm CIS technology with a
10 um active diameter. The implemented techniques of doping compensation and double
multiplication region showed that the former can be utilized to extend depletion region widths,
whereas the latter increases the total avalanche breakdown probability in a wide depletion
SPAD, leading to high NIR efficiencies at a relatively lower breakdown voltage. In the fabricated
SPADs with doping compensation, 7.3% PDP and 68 ps timing jitter at 850 nm and 5 Vex were
achieved under the noise of 962 cps. Thanks to a fully substrate-non-isolated structure with
graded substrate doping and enhanced breakdown probabilities, 25.5% PDP at 850 nm and
5.5 Vex were obtained in the device with the double multiplication region with a 295 cps noise,
all at room temperature. However, the jitter at 850 nm was deteriorated to 236 ps due to many
detected diffused carriers creating a diffusion peak in the timing histogram.

InGaAs(P)/InP-based SPADs were also designed, fabricated, and characterized, targeting 1.06
pm and 1.55 um wavelengths. Planar device structures based on double zinc diffusions were
implemented to define the active and guard ring regions of the SPADs. A comprehensive
study was conducted via TCAD simulations to adjust the multiplication region thickness and
the depth difference between two diffusions, which allowed for optimization of noise and
active area uniformity. The numerical study also enabled the removal of floating guard rings,
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Chapitre 0 Abstract

shrinking pixel sizes for future array implementation. The noise of a 10 pm device with an
InGaAsP absorber and a 1.5 pm multiplication region at 5 Vex was 14.1 keps, 5.5 keps, and 2.75
keps at 273K, 253K, and 225K, respectively, at 10 kHz frequency and 100 ns gate-on time. It
was shown that the maximum operating frequency can be increased up to 200 kHz without
suffering from the afterpulsing effect near room temperature. The PDP can be increased up to
36% at 9 Vex and 1060 nm wavelength, and the jitter was reduced to 118.4 ps at 5 Vex and 1060
nm. A 10 um SPAD with an InGaAs absorber and 1.5 um multiplication region achieved 20%
PDP at 1550 nm and 61 kcps noise, both at 6 V. The jitter of this device was 123 ps at 1550
nm and 5 V.

Key words: Single-photon avalanche diodes (SPADs), near-infrared (NIR), short-wave infrared
(SWIR), light detection and ranging (LiDAR), quantum key distribuiton (QKD), near-infrared
optical tomography (NIROT), time-correlated single-photon counting (TCSPC), CMOS image
sensor technology, doping compensation, double multiplication region, InGaAs(P)/InbP I1I-V,
3D integration
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Résumé

Les applications exigeant I'imagerie dans des conditions de faible luminosité dans les lon-
gueurs d’onde du proche infrarouge (NIR) et de I'infrarouge a ondes courtes (SWIR), telles que
la science de 'information quantique, la biophotonique, I'imagerie spatiale et la détection et
la télémétrie de la lumiere (LiDAR), ont accéléré le développement de Détecteurs a photon
unique NIR/SWIR. Jusqu’'a présent, il existe différents types de détecteurs effectuant une
détection de photons uniques dans les longueurs d’onde infrarouges. Parmi elles, les diodes
a avalanche a photon unique (SPAD) ont retenu |'attention gréace a leur faible bruit proche
de la température ambiante (< 100 cps), leur efficacité de détection élevée (> 50%) et leur
faible gigue temporelle (< 100 ps). De plus, I'intégration des SPAD avec les technologies CMOS
standard a ouvert la voie a la conception de grands réseaux de pixels a faible cofit avec des
circuits intégrés de comptage de photons et d’horodatage.

Pour la détection en NIR/SWIR, les SPAD a base de Si CMOS et InGaAs(P)/InP apparaissent
comme les systemes de matériaux les plus prometteurs. Le Si CMOS présente I'avantage de
produire un faible bruit et d’'intégrer des SPAD avec des circuits de lecture sur puce; cependant,
le faible coefficient d’absorption vers le NIR constitue un goulot d’étranglement pour améliorer
l'efficacité de la détection. En ce sens, I'approche de la région d’appauvrissement large a été
étudiée dans ce travail en concevant des SPAD dans une technologie CIS de 110 nm avec un
diametre actif de 10 um. Les techniques mises en ceuvre de compensation de dopage et de
région de double multiplication ont montré que la premiere peut étre utilisée pour étendre
la largeur de la région d’appauvrissement, tandis que la seconde augmente la probabilité
totale de claquage par avalanche dans un SPAD a appauvrissement large, conduisant a des
rendements NIR élevés a une tension de claquage relativement inférieure. Dans les SPAD
fabriqués avec compensation de dopage, 7.3% PDP et 68 ps gigue a 850 nm et 5 V¢, ont été
obtenus sous un bruit de 962 cps. Grace a une structure entiérement non isolée avec un
dopage de substrat gradué et des probabilités de rupture améliorées, 25.5% de PDP a 850 nm
et 5.5 Vg, ont été obtenus dans le dispositif avec la région de double multiplication avec un
bruit de 295 cps, le tout a température ambiante. Cependant, la gigue a 850 nm a été réduite a
236 ps en raison de nombreuses porteuses diffuses détectées, créant un pic de diffusion dans
I'histogramme temporel.

Des SPAD basés sur InGaAs(P)/InP ont également été concus, fabriqués et caractérisés, ciblant
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Chapter 0 Résumé

des longueurs d’onde de 1.06 um et 1.55 pum. Des structures de dispositifs planaires basées
sur des doubles diffusions de zinc ont été mises en ceuvre pour définir les régions actives
et d’anneau de garde des SPAD. Une étude compléte a été menée via des simulations TCAD
pour ajuster I'épaisseur de la région de multiplication et la différence de profondeur entre
deux diffusions, ce qui a permis d’optimiser I'uniformité du bruit et de la zone active. L'étude
numeérique a également permis de supprimer les anneaux de garde flottants, réduisant ainsi la
taille des pixels pour la mise en ceuvre future du réseau. Le bruit d'un appareil de 10 pm avec
un absorbeur InGaAsP et une région de multiplication de 1.5 pum a 5 Ve était de 14.1k cps,
5.5k cps et 2.75k cps a 273K, 253K et 225K, respectivement, a une fréquence de 10 kHz et a un
temps d’activation de 100 ns. Il a été démontré que la fréquence de fonctionnement maximale
peut étre augmentée jusqu’a 200 kHz sans souffrir de I'effet de rémanence a proximité de la
température ambiante. Le PDP peut étre augmenté jusqu’'a 36% a 9 Vex et 1060 nm de longueur
d’onde, et la gigue a été réduite a 118.4 ps a 5 Vgx et 1060 nm. Un SPAD de 10 pm avec un
absorbeur InGaAs et une région de multiplication de 1.5 pm a atteint 20% de PDP a 1550 nm
et un bruit de 61k cps, tous deux a 6 V¢x. La gigue de cet appareil était de 123 psa 1550 nm et 5
Vex.

Mots clefs : Diodes a avalanche a photon unique (SPAD), proche infrarouge (NIR), infrarouge
a ondes courtes (SWIR), détection et télémétrie par la lumiere (LiDAR), distribution de clés
quantiques (QKD), tomographie optique dans le proche infrarouge (NIROT), comptage de
photons uniques corrélés dans le temps (TCSPC), technologie des capteurs d'images CMOS,
compensation du dopage, région de double multiplication, InGaAs(P)/InP, III-V, intégration
3D
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|§ Introduction

Near-infrared (NIR) and short-wave infrared (SWIR) wavelengths offer advantageous features
and contrast in imaging, where visible and thermal detection become ineffective. Thanks
to their unique properties, NIR/SWIR photodetectors can be utilized in a wide range of
applications, such as imaging through haze, dust, and fog [1], imaging of tissues and organs [2],
hyperspectral imaging to identify moisture levels and contamination of agricultural products
(3], [4], and in night vision through nightglow phenomena [5].

Single-photon detectors are a special category of photodetectors that enable the capture of
individual photons and the counting of them accurately. These detectors are characterized
by virtually zero readout noise and high timing accuracy, generally in the order of tens of
picoseconds. If single-photon detectors only suffer from low dark noise, denoted as dark count
rate, they enable Poisson-limited detection, which is why they have gained attention over the
last decades in quantum imaging and quantum information science [6]-[9]. Since the last
decade, many quantum information applications and quantum cryptography methods, for
instance, quantum key distribution (QKD), have preferred utilizing NIR/SWIR single-photons
to be able to provide secure communication [10]-[13]. However, quantum information science
is not the only field that can benefit from NIR or SWIR single-photon detectors. Applications
such as light detection and ranging (LiDAR) [14], [15], biomedical imaging [16], and space
imaging [17] could also benefit from single-photon detectors in photon-starved scenarios or
in complex time-of-flight (ToF) multi-bounce scenes. Hence, research in the field of NIR/SWIR
single-photon detection is currently moving forward at a fast pace.

1.1 NIR/SWIR detection and its advantages

NIR/SWIR detectors and image sensors have become increasingly important in recent years
due to the unique advantages they present compared to their visible and longer wavelength
infrared counterparts. Essentially, NIR covers the wavelengths between 700 nanometer (nm)
and 1000 nm, and the SWIR region corresponds to the 1000 nm to 3000 nm part of the
wavelength spectrum. There are many light sources that emit photons at these wavelengths.
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Although the photon flux is reduced with respect to visible wavelengths, the Sun is still a photon
source at NIR/SWIR. Thus, the reflected sunlight from the objects can be detected to perform
2D imaging. This is also the reason why NIR/SWIR images resemble typical images taken
by photographic instruments in use nowadays. Secondly, the primary photon source may
be active illumination devices, such as lasers and light emitting diodes (LEDs). In particular,
lasers utilized in fiber-optic telecommunication require SWIR sensors for detection as the
optical fibers have the lowest loss at these wavelengths. Besides, the overtones of molecular
vibrations can be absorbed in the NIR/SWIR band, which offers signature identification of
molecules that contain chemical bonds between hydrogen and oxygen, carbon, and nitrogen.
Hyperspectral imaging is hereby another significant field, especially in farming. Lastly, the
radiance of the night sky, which is also known as nightglow, allows night vision in SWIR. The
reflected Moon and the star lights can be employed as photon sources, for instance, to do
surveillance at night. In addition to discussing the photon sources, the distinct advantages of
building an optical sensor for NIR/SWIR detection are listed in Fig.1.1.

(a) Compatibility with fiber-based applications

(b)  Reduced background photon noise
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Figure 1.1: (a) Illustration of light propagation and data transmission in an optical fiber
(Credits to Cadence). (b) Spectral photon exitance graphs belonging to various blackbody
temperatures, including the Sun. (c) Maximum permissible exposure for eye-safe lasers for 1
ns pulse duration [18]. (d) Illustration of reduced Rayleigh scattering through images captured
by a visible and a SWIR camera [19].

The first advantage of operating at NIR/SWIR wavelengths is to gain compatibility with fiber-
based applications, as pictured in Fig. 1.1 (a). The standard fiber-optic telecommunication
wavelengths are known to be 850 nm, 1310 nm, but mostly 1550 nm; all reside in the NIR
or SWIR region. These wavelengths are chosen as they coincide with the minimum loss
points for light propagation in an optical fiber. In general, a multi-mode 850 nm fiber has an
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attenuation of 2.5 decibel/kilometer (dB/km), and single-mode 1310 nm and 1550 nm fibers
have an optical loss of 0.3 and 0.2 dB/km, respectively [20]. Since dB is a logarithmic unit, even
changing the communication wavelength from 1310 to 1550 can be interpreted as an almost
50% increase in transmission distance for the same data rate. Therefore, the most popular
wavelength of operation in telecommunication is 1550 nm. Any optical communication
system using one of these wavelengths requires a detector at the receiver side to convert this
optical information into electrical one. Given that the optical loss is significant in a fiber-optic
system and that single photons are utilized in an optical fiber-based quantum communication
system to obtain a secure way of transmitting information through quantum states, designing
single-photon detectors with high efficiency in NIR/SWIR is vital.

The second advantage of NIR/SWIR is that, in the case of using active illumination sources,
the background photon noise exerted by the Sun is reduced. Free-space applications that
need to be run under daylight conditions with a photon source have performance limitations
due to the noise created by the enormous number of photons coming from the sunlight.
The blackbody radiation of the Sun (a 6000 K object) in terms of spectral photon exitance is
indicated in Fig.1.1 (b). As can be seen, the peak wavelength of the Sun resides in the visible
region, whereas the number of photons from the sunlight decreases towards the infrared
wavelengths. Hence, in order to reduce the background noise of the Sun, NIR/SWIR photon
sources and detectors are excellent choices.

The third advantage is to acquire eye-safe operation for active illumination sources such as
lasers and LEDs. Applications making use of these light sources, especially in free space,
will have much less risk of damaging the human eye. As shown in Fig. 1.1 (c), the maxi-
mum permissible exposure of an 800 nm laser, which is still safe for the human eye, is 10
milijoule/ centimeter? (mJ/cm?)for 1 ns pulse duration [18]. However, laser power can be
increased safely by 5x at 1100 nm, 50x at 1300 nm, and 108x at 1550 nm as seen from the
graph. Using higher laser power levels at NIR/SWIR wavelengths also results in an increase in
the maximum attainable depth since the laser photons can penetrate longer distances. This
means that the field of view (FOV) of an imaging system can be improved.

The last advantage of moving to the NIR/SWIR bands is the reduced Rayleigh scattering.
Rayleigh scattering occurs when light interacts with particles whose size is smaller than its
wavelength. Therefore, it is a wavelength-dependent phenomenon that changes inversely
with the fourth power of the wavelength (1/A%). In fact, this is the reason why the sky appears
blue as the blue scatters more than the other colors. Thus, at longer wavelengths, Rayleigh
scattering is less effective, which permits the light to travel more without perturbation and
increases the FOV. A comparison of visible camera and SWIR camera images through the same
hazy environment is provided in Fig.1.1 (d) [19]. As can be observed in these images, a visible
camera cannot identify some of the objects under mist, whereas a clear vision of the shore in
detail and even a ship at the farthest point of the FOV can be obtained with a SWIR camera
thanks to less Rayleigh scattering. Hence, a NIR/SWIR imager provides better results through
haze, which is an important property for applications doing 2D and 3D imaging.
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1.2 Application areas of NIR/SWIR single-photon detectors

1.2.1 Light detection and ranging

LiDAR, which allows us to obtain 3D representations of environments and to construct high-
resolution depth maps, has gained significant attention over the last decades. Autonomous
vehicles, driving assistance, machine vision, virtual reality, robotics, and drone technologies
are just some of the application areas of LiDAR, as illustrated in Fig. 1.2. The principle of
depth sensing in a LiDAR system is based on recording the ToF of detected photons measured
using direct and indirect methods [21]. In indirect ToF (iToF), the light source amplitude is
modulated, and the phase shift between the emitted wave and reflected wave is measured to
estimate the distance of an object. In order to increase the measurement range of iToE, one can
decrease the frequency of the modulation, or use multiple frequencies to resolve ambiguity.
This results in a trade-off between the distance, resolution, and complexity of the system. The
main problem with iToF is the energy of the light source that is spread out in the period, thus
creating the need for high light power to achieve reliable distance detection in the presence of
high background illumination. Thus, highly collimated light can be used, like in the Bosch
PLR15 telemeter, which achieves a point measurement at large distences. Or, alternatively,
short distances can be used with a larger field of view [22]. Since a linear response is required
due to the modulation, conventional photodiodes, or avalanche photodiodes (APDs) are
preferred on the receiver side of an iToF system.

In direct ToF (dToF), typically a pulsed laser or LED is used as the illumination source. The
laser is synchronized with the read-out integrated circuits (ROICs), and a kind of stopwatch
starts to keep track of the time when the laser is fired. Then, the reflected light from the
objects present in the surroundings is detected at the receiver side, and high time resolution
ROIC translates the signal into time. Since the photons travel at the speed of light (c), the ToF
information can be easily converted into distance (D) between the object and the receiver
with the following formula:

ToF
D=cx 2 (1.1)

As a result, according to the distance of different objects, a 3D depth map of the environment
can be built based on timestamping. As shown in Fig.1.2, in a dToF LiDAR system with 20 ns
timing resolution, targets that are 3 m apart from each other can be distinguished. If the timing
resolution is decreased to 200 ps, the resolution in distance is increased to 3 cm, which would
be a sufficient imaging resolution for most of the mentioned applications of LiDAR. Therefore,
photomultiplier tubes (PMTs), single-photon avalanche diodes (SPADs) or superconducting
nanowire single-photon detectors (SNSPDs) are considered for dToF imaging.

dToF LiDARs can be further divided into two categories: scanning and flash LiDARs. In a
scanning LiDAR, the laser source scans the scene horizontally or vertically with the help
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of mirrors or solid-state crystals, which are driven by actuators [23]-[25]. Since high laser
power can be utilized for each shot and point in the FOV, high signal-to-noise ratio (SNR)
can be achieved in scanning mode LiDARs. On the other hand, the dependence on the
moving mechanical parts makes them bulky and can cause long-term reliability problems.
Recently, micro-electromechanical systems (MEMS) based micromirrors have been integrated
to address these issues and to make the system much smaller [26]. In a flash LiDAR, the whole
target scene is illuminated in one shot instead of doing point-by-point scanning [27]-[29],
which results in low-cost and reliable systems. In order to illuminate the FOV uniformly, an
optical diffuser is used, which diverges the laser beam. Due to this light diffusion, laser power
detected by the pixel array is weakened, which degrades the SNR and the resolution of the
system over long distances. Yet, flash LiDARs are reliable systems for short-range applications.

Since LiDAR applications arise outdoors, the major problem becomes ambient Sun light,
which introduces shot noise and false detections. However, at NIR/SWIR wavelengths, this
problem becomes less of a concern thanks to the reduced background photon noise, as
discussed. Similarly, to be able to use higher power for eye-safe lasers in the NIR/SWIR bands,
the range and resolution of the LiDAR system can be improved as well.

Light Detection and Ranging

Autonomous Vehicle

‘Next Generation
LiDAR
Applications =

Gesture Recognmon
Serwce Drone and Robot !

Time-of-Flight (ToF) for LiDAR

Stopwatch
From a pulse of light
reflected by an object

<« || Object

Speed of light ‘c’ = 3x108 m/s
Time of flight (ToF) =20 ns (20x10® s) We can get distance

ToF _ . P
| | H Distance from object to receiver

Figure 1.2: Applications and operation principles of LiDAR.
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1.2.2 Quantum cryptography

Quantum cryptography is one of the most interesting and popular applications of quantum
communication, which focuses on how to protect information in communication channels
against eavesdropping. In one embodiment, known as QKD, one uses the quantum states of
the photons to transfer information between two sides, possibly far from each other. Thanks
to the quantum no-cloning phenomenon, these two individuals can determine if an outsider
is trying to access the information in their communication link [30]. QKD systems can be
implemented in free space, from the Earth to a satellite, or with optical fibers between two
communication centers. Free space systems are beneficial to cover longer distances, such
as in building an intercontinental network. However, their performance will be limited due
to background noise coming from the sunlight. Conversely, fiber-based QKD offers reliable
and stable operation regardless of the environmental conditions and the ability to use already-
installed telecommunication infrastructure, but they cannot cover very long distances because
of the fiber losses. Eventually, a hybrid system, which is composed of both free space and fiber-
based communication, is inevitable in order to reach many users separated by long distances.
With the latest technological advances, a 830 km fiber-based QKD link [31], and a hybrid 4600
km QKD system, which covers 2600 km in free space and 2000 km with fibers on the ground,
have been established [32]. These demonstrations prove that secure communication and the
internet for everyone is feasible in the near future. Another important parameter for a QKD
framework is the key generation rate. To be able to satisfy the need for high data rates in some
applications and to reach numerous users in the same network, high key generation rates are
demanded. A typical QKD system can achieve a kilobits/second key rate, but recently, a record
of 115.8 megabits/second key generation rate has been reported over a 10 km standard optical
fiber, where the network also distributes keys over 328 km of low-loss fibers [33].

QKD systems demand robust and bright photon sources to generate a series of single photons
since the purity and reliability of photons possess great importance. Hereby, single-photon
detectors with high detection efficiencies have become another key element for these systems.
Regarding the operation wavelength, 1550 nm has turned out to be more attractive as it
gives compatibility to use existing telecommunication networks and to perform the process
in daylight with much less background noise, which also leads to facilitating hybrid fiber-
based and free space platforms. Most of the demonstrated QKD systems at 1550 nm utilize
SNSPDs thanks to their very low noise and above 80% detection efficiency [31], [33]-[35]. A
QKD system utilizing SNSPDs for high key generation rate at 1550 nm is presented in Fig.1.3
[33]. However, the necessity to cool these devices down to 4 Kelvin (K) appears to be the
bottleneck for scalability, portability, and their integration into real user networks. Hence,
indium gallium arsenide (InGaAs)/indium phosphide (InP) based SPADs, which can provide
40%-50% detection efficiency and can be operated with a thermoelectric cooler to achieve
low dark counts, have been experimented with for their integration with QKD systems as well
[32], [36]-[38]. As a result, developing single-photon detectors that can function near room
temperature with high detection rates is critical for the achievability of secure communication
in the form of QKD, whereas timestamping and timing resolution are not crucial parameters
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for this application.
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Figure 1.3: A QKD system, which is implemented for high key generation rate at 1550 nm,
where 8 pixels SNSPD was used as the detector at the receiver side [33].

1.2.3 NIR optical tomography

Near-infrared optical tomography (NIROT), also called diffuse optical tomography, is an im-
portant subdomain of biomedical imaging that focuses on monitoring soft tissues like the
brain or the breasts. In the human body, water and lipids are known to be the most common
absorbers of light. In fact, these substances are reasonably transparent between 200 nm and
900 nm wavelengths. Conversely, for these wavelengths, hemoglobin, which is the blood cell
that carries oxygen to the organs and tissues, becomes the main absorber in the forms of oxy-
genated hemoglobin (O,Hb) and deoxygenated hemoglobin (HHb). However, the absorption
of hemoglobin drops significantly between 650 nm and 900 nm, as depicted in Fig.1.4 (a) [39].
For this reason, 650 nm to 900 nm wavelengths are often defined as the biological optical
window, where the light can penetrate deep inside the tissue (a few centimeters) and enable
imaging.

In the case of less light absorption, scattering mechanisms play a role in determining light’s
journey. A high number of scattering events result in diffusive light in mediums like human
tissues. Diffusive light can be modeled by the diffusion equation, which explains the angular
dependency of the light intensity [40]. Hence, in practice, when a tissue is illuminated with
a light source, the backscattered photons from the surface can be collected to construct

7



Chapter 1 Introduction

tomographic images and calculate the concentration of hemoglobin and the other absorbers.
Eventually, measuring the oxygenation would be very beneficial in cancer treatments or

preventing brain injuries in prematurely born infants.

In a typical NIROT setup, as can be seen in Fig.1.4 (b), optical probes are attached to the
surface of a tissue for illumination [41]. The backscattered photons are then directed to a
detector array via a lens. However, due to the limited surface area, the number of sources and
detectors become limited, which is not desirable to increase and acquire more information
from such a diffusive medium. Therefore, time-domain measurements have been integrated
into NIROT systems to enhance the amount of information that can be obtained [16], [41],
[42]. With the ToF information, the tissue scattering coefficient can be calculated, which
also facilitates predicting precisely the concentrations of hemoglobin and other substances.
Given that PMTs and SPADs can provide timing information based on the time-correlated
single-photon counting (TCSPC) method and can operate at room temperature, they are
mostly the preferred photodetector types, except that SPADs can be fabricated in large pixel
arrays, which improves the spatial resolution of NIROT systems.
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Figure 1.4: (a) Absorption spectrum of the main absorbers in the human body, indicating an
optical window at NIR for medical imaging. [39]. (b) A NIROT setup to reconstruct the features
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1.3 Single-photon detector types

Single-photon detectors are basically the optical elements that convert the optical signal into
the electrical one in the form of current. Since the magnitude of the electrical current generated
by one photon is very low (1.602 x 1079 A), single-photon detectors have either internal
multiplication mechanisms (multiplication gain, photoconductive gain, etc.) or dedicated
amplification circuits to create macroscopic current levels, which can be manipulated further
by electronic circuitry. In the literature, there are several widely used single-photon detector
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types. In the following subsections, the main detectors are categorized in terms of their
operation mechanisms, and the pros and cons of each type are summarized.

1.3.1 Photomultiplier tubes

In a PMT, the incoming light excites the electrons in the absorber photocathode via the
photoelectric effect, provided that the energy of the incident photons is higher than the work
function of the photocathode material. The photogenerated electrons are then accelerated
and directed onto the electron multipliers, also called dynodes, thanks to a focusing electrode.
On the dynodes, the photogenerated electrons undergo a multiplication process through
secondary electron emission. This secondary electron emission is repeated for several dynodes
to achieve a total multiplication factor of approximately 108 [43]. Each dynode is biased at a
very high voltage, which increases progressively towards the anode, to augment secondary
electron emission and drive the electrons to the next dynode. At the final stage, a cloud
of secondary electrons is collected from the anode. Fluctuation in time for electrons to
form the electrical current causes time-broadened electrical signal output, so the timing
jitter of PMTs should also be stated to determine the resolution of the TCSPC application.
All these operations take place in vacuum to eliminate the random collision of electrons
with the ambient atoms. Since the photocathode is made of a semiconductor material, the
cutoff wavelength of operation is set by the material choice, which can be an alkali or III-V-
based semiconductor and can cover a wide wavelength spectrum. An example schematic
showing the basic operation principles of a PMT is depicted in Fig.1.5 [44]. Similar to PMTs,
electron-bombarded sensors also use a photocathode and vacuum environment to detect
single photons. The difference is that they use a sensor that can be made of silicon (Si)
complementary metal-oxide-semiconductor (CMOS) or charge-coupled device (CCD) where
a single photogenerated electron is accelerated onto it by a high voltage. This bombarded
electron creates electron-hole pairs (one electron-hole pair per 3.7 eV) in Si. Since electron-
bombarded CMOS (ebCMOS) imager lifetimes are restricted by the damage done to the sensor
part, they are less utilized than PMTs.

In today’s market, PMTs are commercially available [43]. Large-area PMTs (cm?) made of
gallium arsenide phosphide (GaAsP) and InGaAs for both visible and infrared single-photon
detection have been demonstrated. With GaAsP photocathodes, photon detection efficiencies
up to 40% around 500 nm wavelength and dark noise as low as 100 counts per second (cps) at
room temperature have been achieved [43]. The timing jitter reported has been reduced to
around 80 ps full-width-at-half-maximum (FWHM). Up to 16 channels of PMTs connected
together have been successfully implemented. For the infrared wavelengths, 2% detection
efficiency from 1000 to 1550 nm, 200 x 102 cps dark count at 200K and 80 ps jitter have also
been obtained with InGaAs PMTs. The dark count rates can be further reduced by cooling down
the devices, whereas photon detection efficiencies are limited by the efficiency of incident
light knocking out the first electron from the photocathode. Regarding the alkali-based PMTs,
arecord of 43% efficiency at 350 nm, dark counts as low as 30 cps at room temperature, and



Chapter 1 Introduction

Focusing
electrode Dynode
Photocathode
I —JS ; / Vacuum
| econaary
\| electron . —
\/ —
Direction of —

1
1

light I ' —
1 :)
! |
! . e
| |

—

/

Faceplate

| ' Anode Stem
‘ Electron multiplier (Dynodes) ‘

Figure 1.5: A schematic of a conventional photomultiplier tube [44].

45 ps jitter have been demonstrated by using an ultra bialkali-type material [43], [45]. A 64-
channel PMT array has been fabricated and is available for customers. However, the major
disadvantage of PMTs is the requirement of vacuum, which limits their lifetime and reliability.
Also, as their operation is based on using very high voltages (at the kilovolt level) on dynodes,
they become very fragile and expensive.

1.3.2 Single-photon avalanche diodes

SPADs are reverse-biased p-n junction photodiodes above their avalanche breakdown voltage.
When the reverse bias voltage is increased to very high values, a very large electric field
is formed in the depletion region of the diode. Under this circumstance, the carriers can
acquire large kinetic energy, which results in breaking covalent bonds between lattice atoms
by colliding with them. This process is called impact ionization [46]. Electron-hole pairs
created by impact ionization can also create new pairs, and the reverse current of the diode
grows like an avalanche, which introduces an internal gain, or multiplication factor, to the
structure. The avalanche process is self-terminating if the diode is biased below but close to
breakdown voltage. In this case, we refer to it as linear mode or proportional APDs, where
there is a finite gain, typically 10 to a few hundred. It is self-sustaining if the diode is biased
above breakdown because the electric field reaches a critical value for sustained avalanching.
The operation above breakdown voltage is called Geiger mode, and diode current reaches
macroscopic levels of a few mA with a very fast rising time. The I-V characteristics of a
photodiode under various operation conditions is illustrated in Fig.1.6 (a). Although both
linear mode and Geiger mode APDs can be used for single-photon detection, SPADs have
become more widely used thanks to their very fast time response, low timing jitter, and easier
integration with digital circuits.

SPADs can be designed with different material systems to target different parts of the wave-
length spectrum. Si, ITI-V materials, and germanium (Ge) are currently leading the advance-
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Figure 1.6: (a) Operation modes of a p-n junction photodiode. (b) Cross section of a conven-
tional SPAD pixel in a CMOS technology [47]. (c) First megapixel SPAD array fabricated in 180
nm CMOS technology combined with time-gating circuit for 2D and 3D imaging applications
[48].

ment of SPADs operating from ultraviolet (UV) to NIR/SWIR wavelengths. However, the
cornerstone that paved the way for accelerating SPADs’ development was the integration of
SPADs with standard CMOS technologies [49], which is essentially utilized for designing analog
and digital circuits. Mature Si CMOS processes have drastically increased the performance of
SPADs in terms of noise, jitter, and detection efficiency and enabled to create low-cost large
pixel arrays with a small pixel pitch. A cross section of a SPAD pixel in a CMOS technology is
given in Fig.1.6 (b) [47]. Furthermore, CMOS technology allows to embed on-chip quenching,
recharging, photon-counting, and timestamping circuits along with a SPAD pixel [50]. Even
though they were not achieved simultaneously in a single device, in separate devices and
current various CMOS nodes, less than 100 cps dark count rate (DCR) at room temperature
[51], [52], more than 70% photon detection probability (PDP) [52]-[54] and less than 10 ps tim-
ing jitter [55] have been demonstrated for SPADs. Time-gating approach and time-to-digital
converters (TDCs) have been successfully implemented for timestamping, which were also
integrated with large format and megapixel SPAD arrays having less than 10 um pixel pitch, as
pictured in Fig.1.6 (c) [15], [26], [48], [56]-[60].

Although CMOS technologies offer very high performance, the cutoff wavelength of detec-
tion is limited to around 1100 nm due to the bandgap of silicon. Thus, for NIR and SWIR
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detection, alternative material systems have been investigated. The most promising ones
are InGaAs/InP-based and Ge-on-Si SPADs. InGaAs can provide high detection efficiencies
thanks to its direct bandgap and, accordingly, high absorption coefficient. Its bandgap can
also be tuned by adding phosphorus to the material to form indium gallium arsenide phos-
phide (InGaAsP). However, they can only be grown on lattice-matched InP substrates, thus
requiring sophisticated techniques to integrate them with Si CMOS circuits. Therefore, the
final module becomes more expensive than a Si SPAD product. On the other hand, Ge-on-Si
SPADs offer on-chip integration of Ge SPADs with silicon circuits and photonics, whereas their
detection performance will be worse than InGaAs because of its indirect bandgap, and their
noise will also be degraded due to the defects introduced by the lattice mismatch between
Ge and Si. In the last decade, high-performance InGaAs SPADs have been reported, where a
few thousand cps DCR at 225K was measured, which can be easily achieved by thermoelectric
coolers. More than 40% PDP at 1550 nm and less than 100 ps jitter have also been achieved
[61]-[66]. Conversely, state-of-the-art Ge SPADs can reach 1.4 x 10° cps dark counts at 100K,
38% PDP at 1550 nm, and 300 ps jitter [67].

1.3.3 Superconducting nanowire single-photon detectors

This type of single-photon detector utilizes superconducting materials such as niobium nitride
(NbN), niobium titanium nitride (NbTiN) or tungsten silicide (WSi), which are deposited and
shaped to fabricate nanowires with electron-beam lithography on certain lattice-matched
substrates such as silicon or sapphire. Below a specific temperature called the critical tempera-
ture (< typically 4K), superconducting behavior occurs, where material can be forced to switch
to its resistive state if necessary current flows through the nanowire, which is called switching
current. In the operation mechanism, upon the absorption of photons, a hot point is created
on the device, which spreads along the nanowire and increases the total current density. When
the current reaches the switching current value, a sharp voltage pulse is observed, which can
be measured after amplification. Since the detection relies on a very narrow nm-sized wire, a
meandering surface filling is preferred to widen the total photosensitive area, as shown in Fig.
1.7 (a). Also, in order to make the transition to the resistive state faster, SNSPDs are biased near
their switching current value, which enhances jitter and detection efficiency. This scheme
clearly states that SNSPDs can provide fast operation, low timing jitter, and high detection
efficiencies. Dark counts are also very low due to cryogenic temperatures and are mostly
limited by background photons.

SNSPDs may operate at infrared wavelengths, including 1550 nm for telecommunication and
QKD, where they have high efficiencies > 90%, better than 100 ps jitter, and < 10 cps DCR.
Recent breakthroughs were primarily thanks to the introduction of optical stacks, particularly
Bragg reflectors and cavities, to enhance material absorption efficiency, as illustrated in Fig. 1.7
(b), and better fiber coupling [68], [69]. Currently, WSi SNSPDs with 93% detection efficiency,
1 cps dark count rate, 150 ps FWHM timing jitter at 3.6 pA biasing current and below 2K [69],
NbN SNSPDs with 92.1% detection efficiency, 10 cps dark count rate and 79 ps FWHM timing
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Figure 1.7: (a) Nanowire heat-up process via photon absorption (Credits to Duke University).
(b) An SNSPD cross section integrated with an optical cavity and mirrors to enhance absorption
efficiency [68].

jitter at 13 pA biasing current and below 2.1K [70], and NbTiN SNSPDs with 74% detection
efficiency, 100 cps dark count rate and 68 ps FWHM timing jitter at 18 pA biasing current
and below 2.3K [71] can be achieved. The major downside of SNSPDs is the requirement of
cryogenic cooling, which is not practical for most of the applications. Also, creating large-
format pixel arrays with SNSPDs is challenging due to biasing and cooling power limitations
on the ROIC side. The current efforts have yielded an SNSPD array of 1024 pixels [72].

1.3.4 Superconducting transition-edge sensor single-photon detectors

Like SNSPDs, superconducting transition-edge sensors (TESs) make use of the perturbation
of the resistance of superconducting materials with local heating. Unlike SNSPDs, TESs are
voltage-biased devices. As demonstrated in Fig. 1.8, the absorbed photons start to heat the
absorber material of the device and disturb the superconducting state of the TES [73]. As
a result, the resistance of the TES also increases. Since the TES is biased with a constant
voltage, this resistance change creates current, which can be measured through a typical
superconducting quantum interference device (SQUID). SQUID in the scheme can be thought
of as a thermometer. The variation in resistance depends on the absorbed photon energy,
which is directly related to the number of absorbed photons in the case of a monochromatic
light source. Thus, TESs are capable of resolving single photons in a quantum optical system
[74], [75]. Eventually, the absorbed energy is dissipated out of the TES, usually with a thermal
link, and the TES returns to its equilibrium state with a thermal time constant.

In TESs, in order to enhance the response speed and the energy resolution, materials with
very low critical temperatures, such as titanium (Ti) or tungsten (W), are often chosen as an
absorber [73]. These materials are also good candidates because they have low heat capacity,
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which decreases noise by creating a large change in TES’ resistance. However, when these thin
film metals are utilized in a TES, the absorption efficiency and, accordingly, single-photon
detection efficiency are deteriorated due to the reflections from the surface. Therefore, to
boost the detection efficiency, TESs have been placed in multi-layer optical cavities, or the
coupling efficiency between the optical fibers and the device can be improved. Thanks to
these techniques, 98% single-photon detection efficiency has been reported for a Ti-based TES
at 850 nm, operating around 300 mK [74]. For W-based TESs, 95% detection efficiency at 1556
nm has been demonstrated at 178 mK [75]. The main disadvantage of TESs is the requirement
for a very advanced cooling system to reach 100 mK temperature levels. Moreover, the jitter of
the reported devices is rather poor (100 ns), which is limited by the read-out circuit [74], [75].
Current efforts have yielded 4 ns jitter by optimizing the coupling inductance in the SQUID
circuit to broaden signal bandwidth [76], but still, this is not very suitable for time-resolved
applications. Lastly, the maximum achievable count rate is also low (around 100 kHz) for these
detectors [7].
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Figure 1.8: Operation mechanism and phases of a TES [73].

1.3.5 Quantum dot based single-photon detectors

In this detector type, there are several approaches to be able to utilize quantum dots (QDs) to
sense single photons. In the first scheme, as shown in Fig.1.9 (a), QDs are self-assembled in a
semiconductor absorber during the growth, and the absorber is also inserted into a field-effect
transistor (FET) [77], [78]. Upon the absorption of the photons, the generated electrons are
swept to two-dimensional electron gas (2DEG), which forms the channel between the source
and the drain, whereas the holes drift to QDs and get trapped. Positively charged holes in
QDs basically screen the electric field and increase the bias at the gate, which in turn also
increases the channel current. Until the trapped hole gets recombined with the electron to
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contribute to the channel current, the electron makes many round trips that introduce a
photoconductive gain to the device. This means that a big rise in the current occurs over
time, and the structure becomes highly sensitive to the photons. With this optically gated
QDFET design, 68% internal quantum efficiency, which resulted in 2-3% overall detection
efficiency at 805 nm and 0.003 cps noise at 4K, have been obtained. The main reason for the
low photon detection efficiency is the relatively thin active absorber thickness. In addition,
there were optical losses from the gate metal, which can be improved further with new design
and fabrication techniques. The major downside of this type of detector is also the cooling
requirement to extend recombination lifetimes and photoconductive gain.

In the second scheme, QDs are self-assembled in a resonant tunneling diode [79]. The cross
section, SEM image of the fabricated device, and its energy band diagram are given in Fig.1.9
(b). The diode has a double-barrier tunnel layer, which limits the current between the emitter
and the collector nodes. At certain forward bias voltages, a resonance tunneling current occurs
when the conduction band energies behind the emitter and in the quantum well are aligned.
The electrons trapped in QDs induce a potential and change this tunneling current. When
photogenerated holes neutralize these trapped electrons, the tunneling current is further
modified sharply, which permits the detection of single photons. The characterization of
this device shows that 12% detection efficiency at 550 nm with only 0.002 cps dark noise can
be achieved at 4 K. As in the first scheme, the cooling requirement is an obstacle for these
detectors to integrate with circuits and construct large arrays. Besides, the device has a large
150 ns timing jitter, thus restricting its use in time-resolved applications.
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Figure 1.9: (a) An illustration of an optically gated QDFET [78]. (b) A QD resonant tunneling
diode device [79].
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1.3.6 Figures of merit comparison of single-photon detectors

To summarize the discussion, the figures of merit comparison of the presented detector types
is provided in Table 1.1.

Table 1.1: Comparison of the state-of-the-art single-photon detectors

Detector Detector | Operation Detection | Timing Array
. Dark Counts . . .
Type Size Wavelength Efficiency Jitter Size
GaAsP 5 mm 280 nm to 100 cps 40% at 80 ps 16
PMT [43] Diameter 720 nm at 300K 500 nm (FWHM)
B[i;lltlZZh 2323 | 300nmo 30 cps 43% at 45 ps o
PMT [43] mm 650 nm at 300K 350 nm (FWHM)
InGaAs/InP 3x8 300 nm to 200 x 10° cps 2% at 80 ps
PMT [43] mm? 1700 nm at 200K 1550nm | (FWHM) | O ATaY
Si CMOS <16um 350 nm to 7.5 cps 50% at 97.2 ps 512 x
SPAD [56] 1100 nm at 300K 520 nm (FWHM) 512
Si CMOS 8 um 350 nm to 1.2 x 10° cps 72% at 77 ps No Array
SPAD [53] Diameter | 1100 nm at 300K 560 nm (FWHM)
Si CMOS <6.39 350 nm to 1.8 cps 69.4% at 100 ps 2072 x
SPAD [52] pum 1100 nm at 300K 510 nm (FWHM) 1548
InGaAs/InP 10 pm 920 to 20 x 10° cps 50% at 70 ps No Array
SPAD [61] Diameter 1700 nm at 225K 1550 nm (FWHM)
InGaAsP/InP|| 10 pm 920 to 500 cps 40% at 300 ps 256 x 64
SPAD [62] Diameter 1100 nm at 253K 1064 nm (FWHM)
InGaAs/InP 25 um 920 to 1 x 103 cps 30% at 46 ps 39 x 32
SPAD [63] Diameter | 1700 nm at 225K 1550 nm | (FWHM)
Ge-on-Si 100 pm Visible to 1.4 x 10° cps 38% at 300 ps No Array
SPAD [67] Diameter | 1550 nm at 100K 1550 nm | (FWHM)
WSi 15 x 15 1520 nm to 1cps 93% at 150 ps
2 No Array
SNSPD [69] pm 1610 nm at 2K 1550 nm | (FWHM)
NbN 18 um 10 cps 92.1% at 79 ps
SNSPD [70] Dia;eter 1550 nm at 2?11( 1550 nm (FWII:IM) No Array
NbTiN 15 x 15 100 cps 74% at 68 ps
SNSPD [71] || pm? 1550 nm at 2.21( 1550 nm (FWEIM) No Array
Ti-based 10 x 10 830 nm to Negligible 98% at 100 ns No Arra
TES [74] um? 870 nm at300mK | 850nm | (EWHM) Y
W-based 25x25 | 1310nmto | Negligible 95% at 100 ns No Arra
TES [75] pmz 1556 nm at 178 mK 1556 nm (FWHM) Y
QDFET 2x24 0.003 cps 2-3% at
(771, 78] {tm? 805 nm at 41? 805 nm ; No Array
Tun?lle)ling 1x 12 400 nm to 0.002 cps 12% at 150 ns No Array
diode [79] pm 800 nm at 4K 550 nm (FWHM)

16



Introduction Chapter 1

1.4 Motivation and the aims of the thesis

The motivation of this thesis is the analysis and characterization of NIR/SWIR single-photon
detectors, which can operate at or near room temperature for integration in compact systems,
particularly LiDAR and QKD applications. Both applications favor keeping the operation
temperature as close as possible to room temperature to reduce cost and complexity. The
trend in LiDAR systems is to operate in NIR/SWIR, so as to benefit from reduced background
noise and higher laser power while satisfying eye-safety conditions. Scalability of SPADs, thus
smaller pixel pitches, and timing resolution are other important factors that are required in
LiDAR. For QKD, NIR/SWIR detection is required due to compatibility with low-loss optical
fibers used in these systems. Conversely, timestamping and scalability are not crucial factors
since QKD, in general, utilizes single devices without the need to access the ToF information.
To improve the optical coupling between the fiber and the detector, larger device sizes are also
preferable. Hence, timing jitter and the capability of creating SPAD arrays are the motivations
of this thesis regarding only LiDAR applications, whereas achieving larger device sizes with
low noise is the drive of this work considering only QKD.

In this sense, by interpreting Table 1.1, Si CMOS SPADs and InGaAs(P)/InP-based SPADs
can meet these expectations for LiDAR and QKD at NIR/SWIR wavelengths. Even though
SNSPDs and TESs can deliver better performance in terms of noise and detection efficiency if
compared with Si and InGaAs/InP SPADs, cryogenic cooling and scalability concerns make
them unsuitable in many applications. The main deficiency in CMOS SPADs is low PDP
levels in the NIR due to reduced Si absorption. On the other hand, the main challenge in
InGaAs(P)/InP SPADs is increased noise levels near room temperature owing to the lower
bandgap compared to Si. Also, there is room for improvement in PDP for InGaAs(P)/InP SPADs
since they have not been studied as extensively.

In this thesis, we focus on (a) developing new techniques to enhance NIR efficiency in Si
CMOS SPADs, (b) optimizing noise and photon detection efficiency in InGaAs(P)/InP SPADs,
and (c) shrinking pixel pitch to achieve large pixel arrays. The means to achieve these goals
are extensive theoretical analysis, numerical simulations, and robust experimental activity on
fabricated devices.

1.5 Contributions
The contributions of this thesis work can be listed as follows:
B A doping compensation technique was implemented for the first time to broaden the
active region of Si SPADs in standard CMOS technologies, thus increasing NIR PDPs.

B The double multiplication region method was developed, which enables the designers
to insert a second multiplication region into the depletion regions of the SPADs. This
method has proven to enhance the total avalanche breakdown probability, leading to
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higher visible/NIR PDPs at a relatively lower excess bias voltage in Si SPADs in standard
CMOS technologies.

B A comprehensive study was conducted for InGaAs(P)/InP SPADs targeting 1.06 um and
1.55 pm wavelengths to optimize the epitaxial structure for near room temperature
operation with high PDPs and low timing jitter.

1.6 Thesis organization

Chapter 2 focuses on the operation principles, figures of merit, and metrology of SPAD devices.
Chapter 3 gives an outlook on the methodology and current status of NIR-enhanced Si CMOS
and NIR/SWIR InGaAs(P)/InP SPADs. Chapter 4 is dedicated to the proposed techniques
and device structures to achieve a NIR sensitivity boost in Si CMOS SPADs, where a wide
depletion region approach is investigated with a doping compensation technique and a novel
double multiplication region method is described. In Chapter 5, the work performed for the
development of NIR/SWIR InGaAs(P)/InP SPADs is explained. Devices targeting 1.06 pm and
1.55 um cutoff wavelengths are demonstrated. Device designs, fabrication methods built up in
the cleanroom, and the experimental results of the manufactured devices are presented. The
integration process of InGaAs(P)/InP SPADs with Si platforms is expressed. Chapter 6 gives a
summary, concluding remarks, and a future perspective of the work described in the thesis.
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SPADs

This chapter provides an overview of the physics behind the operation of SPAD devices, as
well as information on their performance metrics and characterization methods.

2.1 SPAD’s working principles

As briefly mentioned in the Introduction chapter, the generated carriers upon absorption of
photons are accelerated by a very high electric field in the depletion region. With the increase
in reverse bias, carriers can acquire enough energy to generate new electron-hole pairs through
impact ionization when the device reaches its critical electric field [46]. The impact ionization
is not a deterministic process but rather a statistical one. Therefore, to quantify the rate of
ionization, the impact ionization coefficients are individually expressed for the electrons
(te) and holes (ay). Impact ionization coefficients basically correspond to the reciprocal of
the mean free path between two ionization events. With the increase in electric fields, the
ionization coefficients and rates are also enhanced, leading to a higher chance of triggering
an avalanche [50], [80]. Moreover, the critical electric field and the ionization coefficients are
linked to the type of material. For example, for Si, the critical breakdown field is about 3 x 10°
V/cm where xe>a, [81], [82], whereas for InP, it becomes 5 x 10° V/cm where o> [83]-[85].
The newly generated carriers by ionization can start new impact ionization processes as well,
resulting in avalanche multiplication. SPADs are operated beyond this avalanche breakdown
voltage (V},) so that the avalanche multiplication process is self-sustaining. The biasing voltage
beyond breakdown voltage is known as excess bias voltage (Vey).

In the transient analysis of Geiger mode operation, there are five phases: seeding, build-up,
spreading, quenching, and recharge [50], [86]. These phases are summarized in Fig. 2.1, which
is a zoomed version of a dark I-V characteristic of a diode close to its avalanche breakdown
voltage, as follows:

B Seeding: an electron-hole pair is generated, or either an electron or hole is injected
into the depletion region upon photon absorption. At this moment, the occurrence
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of the avalanche breakdown has a certain probability based on the impact ionization
coefficients. The exact condition for the avalanche breakdown to occur will be discussed
in the "Breakdown voltage" subsection.

B Build-up: assume that an avalanche is triggered during the seeding phase. Then, the
local current density starts to increase rapidly with the positive feedback from the impact
ionization process. In fact, the avalanche current flow is finite due to the space-charge
effect in the depletion region [81]. The charge of the mobile ions in the depletion region
creates an internal resistance for the diode, which causes a voltage drop across the
device. Due to this negative feedback mechanism, the local potential can decrease to
the breakdown voltage.

B Spreading: when the positive and negative feedback mechanisms are balanced, the
avalanche spreads across the junction via the multiplication-assisted diffusion process
[86], [87]. The speed of this spreading is about 10-20 um ns™! [50], [86], [87]. At the end of
this phase, the macroscopic current level is achieved, which can be detected externally.

B Quenching: after the registry of the photon hit, the device is quenched through a
discharging element to stop the avalanche so that the SPAD does not get damaged
because of overheating. Quenching is finalized when all the generated carriers leave the
depletion region and the diode voltage goes back to Vy,.

B Recharge: to restore the SPAD for the next photon detection, the same discharging path
can be used to bring it back to the same initial biasing condition. This process is called
recharging, and the SPAD is reset to its idle state.

| (1) Seeding
(2) Build-up
(3) Spreading
(4) Quench
(5) Recharge

'3)

(1)-(2) Reverse bias

—————— >
N —4

Vb Vb+Vexcess VO |ta ge

Figure 2.1: The phases of an avalanche process.

2.2 Quench and recharge techniques

As described, quenching and recharge are required to arm the SPAD for the next photon
detection event. In principle, it is accepted that the SPAD is insensitive to the incoming
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photons during quenching and recharge. Therefore, this total time duration is considered the
"dead time" of the SPAD. Commonly, quenching and recharge can be passive or active [88].
The dead time and characterization of the devices are subjected to these techniques, which
will be detailed in the "Figures of merit of the SPADs" section.

2.2.1 Passive technique

In passive mode, the SPAD is quenched and recharged through a ballast resistor (Rq), whose
value can vary from 100 k{2 to several M(2 [86], [88]. Rq can be connected externally to the
SPAD as a bulk resistor, or it can be implemented with a transistor operating in weak-inversion
mode in a CMOS circuit. The schematic of a SPAD quenched and recharged passively is
illustrated in Fig. 2.2 (a), under an applied operating voltage (Vop).

To elaborate on the quench and recharge mechanisms in the passive scheme, an equivalent
circuit of the schematic is provided in Fig. 2.2 (b). The SPAD is represented at the upper part
of the circuit on the right, which is composed of three parallel branches. The first branch
includes the dynamic resistance (Rq), which is the resistance of the space-charge region of
the diode combined with any ohmic contact resistance introduced during the fabrication.
The avalanche current is modeled with a switch (S). On the onset of the avalanche, the switch
becomes closed, which occurs when V), exceeds Vi, by Vey, Vop=Vp, + Vex. The second branch
has the diode junction capacitance (Cq), corresponding to the capacitance created across the
depletion region of the diode due to the stored charges, which depends on the depletion width
and the area of the device. The third branch indicates the parasitic capacitance (Cp) coming
from the experimental setup. The lower part of the circuit contains the quenching resistor Rg.

In the absence of the avalanche current, the switch is open, and the applied V,;, charges the
capacitances Cq and Cp,. As they are in parallel, the total capacitance (C;) can be written as Cq +
Cp. As soon as an avalanche is triggered while increasing the applied V,p, above Vy,, the switch
is closed, and the avalanche current increases immediately with a negligible delay from the
avalanche build-up dynamics. The avalanche current then starts to discharge C; exponentially,
thus dropping the voltage across the diode and, accordingly, the total current flowing. The
time constant of this decay can be simply expressed as C; x Rq, assuming that Rq >> Rq in the
parallel configuration. Thus, at the steady-state, the diode voltage and current converge to
[88]:

Vex Vex
I . =—Fr ) 2.1
steady-state Ry + Rq Rq (2.1)
Vsteudy-smte = Vp+ Rgx Isteady—stute- (2.2)

As shown in Eq. 2.2, Vseady-state 0€8 Very near to Vi, provided that Rq >> Rg. This also means
that less and less carriers are getting ionized while approaching Vieady-state, Since the impact
ionization rates depend on the voltage via the electric field magnitude. Hence, it can come
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Figure 2.2: (a) A schematic of a SPAD quenched and recharged passively. (b) The equivalent
circuit of a SPAD with passive quench and recharge. (c) The illustration of the quench and
recharge phases in passive technique through the voltage developed on the diode over time.

to the point that none of the carriers go through the avalanche multiplication. Although it is
not very well defined, it is commonly accepted that the multiplication factor drops to zero at
the threshold current of 100 pA [88]. This current is also referred to as characteristic quench
current (Ig) [63] or latching current as well [88]. It is declared that the avalanche process enters
a self-quenching phase when I < 100 pA due to zero carrier multiplication. While measuring
a SPAD with passive techniques, it is thereby vital that Isieady-state 1S S€t to be below I to make
sure that the avalanche is properly quenched. This is simply achieved by increasing Rq. For
instance, the rule of thumb for selecting Ry is given as approximately 50 k{2/Vey for Si SPADs
(88].

When the avalanche quenching process is completed, the switch goes back to its open state.
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Then, the discharged capacitances are charged again, initially with the small Isteady-state- The
recharging process is also exponential, with a time constant of C; x Rq, as the switch is open.
This time constant is higher than the one in the quench phase, and it takes around 5 x time
constant to fully charge the capacitances [88]. As a result, the recharging process takes much
longer than the quenching process. To reduce the recharge time and the dead time of the SPAD,
one needs to lower Rq. This is in contrast to the quench phase; thus, the value of Rq should be
optimized such that the SPAD is quenched but also that the recharge time does not take a very
long time, limiting the dead time. In addition, Cj, is another restricting factor in the presented
time constants, which necessitates that the parasitic effects also need to be minimized in the
experimental setup. Finally, it should be noted that an avalanche can be triggered during the
recharge since the SPAD stays still above Vi,. While raising the voltage to Ve, an avalanche
multiplication can occur, but with a lower probability than in the fully charged case. If an
avalanche is triggered and goes undetected during the recharge, this paralyzes the dead time
of the SPAD. This effect will be further discussed later.

A summary of the quench and recharge phases with respect to time is given in Fig. 2.2 (c)
by illustrating the voltage developed across the diode. As mentioned, the voltage is reduced
very close to Vy, at the end of the quench phase. The recharge time is defined according to
a threshold voltage adjusted in the measurement equipment. The dead time of the SPAD is
determined as the total time taken to fully quench and recharge the device for the next photon
detection.

2.2.2 Active technique

The passive technique is easy to implement, but the disadvantage is having long and poorly
controlled dead times. Therefore, more complex circuits can be designed to perform the
quench and recharge operations in a shorter time and controlled manner, referred to as active
quenching and/or recharge [88]. An example schematic of a SPAD quenched and recharged
actively is depicted in Fig. 2.3 (a). In principle, when an avalanche is triggered, the large
current flow is detected by a current-sensing circuit. The output of the current sensing circuit
is connected to a controller circuit, which controls separate switches for quenching and
recharging paths. The switch for quenching is closed after the avalanche generation, thus
accelerating quenching by increasing the potential at the anode. Quenching ends when the
voltage across the diode decreases to around Vi, and its switch opens. At this point, the
controller can hold the SPAD off to precisely adjust the dead time. The hold-off period is
followed by closing the switch for recharging, which grounds the anode to make the diode
return to its initial biasing condition. Effectively, fast quenching and recharging are achieved
by setting the anode potential properly with low resistance and capacitive effects between the
diode and the anode to reduce the time constants. The timing diagram of the voltage across
the SPAD is provided in Fig. 2.3 (b). As can be seen, the quench and recharge times are much
shorter than the hold-off time, which allows for very good control over the total dead time of
the SPAD. There are different ways of implementing fast active quenching, recharging, and
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hold-off mechanisms, though this topic is beyond the scope of this work. Some examples can
be found in [55], [88]-[91].
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Figure 2.3: (a) A schematic of a SPAD quenched and recharged actively. (b) The illustration of
the quench and recharge phases in active technique through the voltage developed on the
diode in time.

2.3 Operation modes of the SPADs

The operation modes of a SPAD are going to be categorized in terms of biasing conditions.
The first one is called free-running mode, where V,, is constantly applied at a given Vey. In
this case, the SPAD keeps firing in time, and detection is possible as long as the photons do
not impinge during the dead time. Free-running mode is mostly utilized by Si SPADs that have
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a very slight afterpulsing effect. Afterpulsing is going to be clarified later, but in short, it is a
correlated noise mechanism where the trapped carriers during an avalanche can be released
after a given relaxation time and create false counts.

The second operation mode is called gated mode or time-gating mode. Timing and voltage
diagrams of biasing in gated mode are provided in Fig. 2.4 (a). As illustrated, Vy,, is applied
such that the SPAD is periodically biased (Vac) above Vi, and the photons are detected during
a short and well-defined gate-on time. Vp¢ can be set to keep the SPAD below Vy, for a certain
gate-off time. Therefore, the frequency (f) of operation is expressed as 1/(gate-off time + gate-
on time). The advantage of time-gating is that the gate-off time can be adjusted in such a way
that trapped carriers are depopulated when the SPAD is off. This is a very effective technique
to mitigate the afterpulsing effect. For instance, InGaAs(P)/InP-based SPADs benefit from
time-gating since the trap density is generally high in InP material. Another reason is that
InGaAs(P)/InP SPADs are usually cooled down to suppress the thermally generated carriers
that create noise, and the trap lifetimes are extended at lower temperatures. Hence, time-
gating is crucial to be able to bias the SPADs made of lower bandgap materials. To realize
time gating experimentally, a circuit implementation is given in Fig. 2.4 (b). Here, a bias tee
is utilized to combine the DC voltage and the AC gate pulses to constitute the final V,, to
be applied to the cathode of the SPAD. However, on-chip time-gating circuits can also be
designed.

Gate-on time Ve + Vac

—r Gate-off time |_|—
Ve

(a)

Figure 2.4: (a) Timing and voltage diagrams of gated or time-gating mode SPADs. (b) A circuit
implementation of time-gating mode.
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2.4 Figures of merit of the SPADs

2.4.1 Breakdown voltage

The first parameter to determine while characterizing a SPAD is the avalanche breakdown
voltage. In theory, the breakdown voltage is defined at the point where the multiplication factor
approaches infinity [81]. Infinite multiplication is achieved when the following condition is
satisfied [50], [81]:

w
1 - f adx. 2.3)
0

This integral is known as the breakdown integral, where W represents the width of the de-
pletion region and « is the ionization coefficient of the carriers, which is assumed to be the
same for the electrons and holes [50]. In other words, the breakdown integral reaches unity
at the breakdown voltage. In order to measure the breakdown voltage experimentally, the
best way is to obtain the I-V characteristics of the diode. As indicated in Fig. 1.6 (a), the
breakdown voltage can be identified as the voltage at which the current changes abruptly in
an I-V curve. Therefore, a source measure unit (SMU) equipment that can apply and sweep
the voltage over the SPAD and measure the output current of the diode simultaneously can be
a simple and effective way to establish the breakdown voltage. Also, the avalanche breakdown
voltage changes with temperature. The impact ionization coefficients worsen with the tem-
perature rise due to the increased phonon scattering mechanisms [92], [93]. For this reason,
the avalanche breakdown voltage decreases while cooling down the devices.

Another method to determine the breakdown voltage is called the light emission test. In the
avalanche region, where carrier multiplication occurs, the carriers are accelerated due to
very high electric fields. The acceleration of carriers can result in photon emission by hot
carrier luminescence [63]. In principle, SPADs start to emit light at the avalanche breakdown
voltage thanks to this hot carrier luminescence effect. Therefore, monitoring the SPADs while
increasing the bias voltage can be a way of identifying their breakdown voltage. The light
emission test is performed without quenching the SPAD, so that there can be a constant
emission of photons. To be able to observe it, a microscope needs to focus on the SPAD area,
and a camera captures emissions in the whole spectrum. Since this technique heavily relies
on the microscope and camera capabilities, it becomes more of a rough method to determine
the breakdown voltage.

In addition to the breakdown voltage, the light emission test is one of the few methods that
can reveal spatial information about the SPAD’s light-sensitive area. The images of the SPAD
emission can indicate, for instance, the actual active area of the device, where multiplication
occurs. The observed active area might differ from what is drawn in the layout, and it is very
beneficial to quantify it to calculate the PDP correctly. Light emission tests can also show
if the device suffers from premature edge breakdown. In premature edge breakdown, the
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periphery of the SPAD goes into avalanche breakdown at lower voltages than the SPAD’s main
junction due to higher localized electric fields. High electric fields at the periphery can be an
outcome of the junction curvature effect, where the implanted layers have steep edges [94].
Therefore, it is beneficial to design circular devices or to increase the radius of the curvature
to achieve flatter junction edges [94], [95]. Another reason for premature edge breakdown is
the high doping concentration around the periphery. This can be mitigated by designing a
proper guard ring (GR) such that the peripheral junction becomes lightly doped and has a
lower breakdown voltage [96]. A demonstration of light emission test results for a properly
functioning SPAD and a SPAD with premature edge breakdown is given in Fig. 2.7 (a) and (b),
respectively.

_ a) - ()

Figure 2.5: Light emission test result of a (a) properly functioning SPAD, (b) SPAD with prema-
ture edge breakdown.

2.4.2 Dark count rate

The primary noise of the SPAD is DCR, which is the mean value of the detected false counts
when the SPAD is under dark conditions. The sources of the dark counts are thermally gener-
ated carriers and carriers generated through band-to-band (BTB) or trap-assisted-tunneling
(TAT) mechanisms, which trigger an avalanche pulse [63], [97], [98]. Thermal generation
can occur directly from the valence band to the conduction band (radiative). However, in
most cases, it is dominated by the Shockley-Read-Hall (SRH) process due to the fact that
the impurities or defects in the material introduce deep-level traps in the bandgap, which
favor thermal generation through these states. The SRH generation is proportional to n;/T,
where n; is the intrinsic carrier concentration and T is the carrier lifetime [81], [98]. n; also
strongly depends on the bandgap energy (Eg) and temperature (T) ( eEs/T) [81]. As a result,
with lower bandgap materials, such as InGaAs, the DCR is dominated by the SRH at room
temperature. Another conclusion is that by lowering the temperature, the thermal generation
and, accordingly, the DCR can be reduced as well. The carrier lifetime also plays an important
role in the total SRH generation. The quality of the grown material determines the lifetimes,
and deterioration of the lifetimes leads to a noisier device. On the other hand, tunneling
generations occur since the valence and conduction bands are aligned at very high electric
fields. This band alignment allows carriers to tunnel to the conduction band, which creates
dark pulses. Tunneling generations are thereby more linked to the electric field magnitude
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(E) in the depletion region [99]. Thus, thinner junctions and multiplication regions have the
tendency to suffer from high DCR due to tunneling. Furthermore, the tunneling rate increases
with the applied excess bias voltage, which is correlated to the electric field magnitude. How-
ever, they are almost insensitive to temperature changes. As a consequence, the DCR can be
dominated by tunneling at higher excess bias and lower temperatures.

In order to measure the DCR of a free-running SPAD, it is sufficient to count the number of
avalanche pulses in the dark. In the passive quench and recharge technique, counting can be
performed by measuring the voltage on Rq via a high-speed oscilloscope or a pulse counter.
For a chosen integration time, the DCR can then be calculated as:

Measured Avalanche Count in the Dark
Integration Time '

DCRfree-running mode = (2.4)

However, in a gated mode SPAD, the measured count rate in the dark (Cgai) has to be normal-
ized by the gate-on time ¢,, and operation frequency f to account for the total time when the
SPAD is ON. The normalized DCR in the gated mode is found as [100], [101]:

Cdark
DCRgated mode = <L . (2.5)

fxton

In this thesis, all Si SPADs were characterized in free-running mode, whereas InGaAs(P)/InP
SPADs were measured in time-gating mode, and their count rates were normalized by the
gate-on time.

In addition, while performing any counting measurement, two important factors need to be
paid attention to: the integration time and dead time of the SPAD. First, it is vital to keep the
integration as high as possible to measure the count rate accurately. Regarding the DCR, the
occurrence of dark pulses follows a Poisson distribution [50]. In the case of low integration
time, the measured counts fluctuate significantly, whose standard deviation is equal to the
square root of the average number of dark pulses. Therefore, by increasing the integration
time, the mean number of dark events will increase, and the effect of the fluctuations will
be mitigated. Second, SPADs cannot trigger an avalanche during the dead time. This limits
the maximum achievable count rate to 1/dead time in the measured count rate. There are
two models to estimate the effect of dead time on the measured count rate: the paralyzable
and non-paralyzable models [89], [102]. The paralyzable dead time model is associated with
passive quenching and recharge techniques, where the dead time of the SPAD is not clearly
defined by the circuits. In this configuration, the SPAD can still trigger an avalanche before
reaching the threshold voltage, and these avalanche pulses can go undetected as they remain
below the threshold voltage for the pulse reading. The demonstration of the extended dead
time effect is provided in Fig. 2.6 (a). In the paralyzable model, the undetected pulses are
assumed to prolong the dead time, and the relation between the measured count rate (M) and
real count rate (N) is indicated as [89], [102]:
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Figure 2.6: (a) Representation of the extended dead time effect modeled by the paralyzable
dead time model. (b) The relation between the measured and real count rate according to the
paralyzable and non-paralyzable dead time models under different count rates.

Measured Count Rate
=

M =N x g Nldead, (2.6)

On the other hand, the non-paralyzable model is suitable for the active quenching and
recharge technique, where the dead time of the SPAD is well controlled and the recharg-
ing process brings the SPAD rapidly back to the adjusted excess bias voltage as shown in Fig.
2.3 (b). Therefore, these devices do not suffer from the extended dead time effect and can
reach the maximum detectable number of avalanche pulses limited by the dead time. The
relation between the real and measured count rate in the non-paralyzable model is defined as
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[89], [102]:

N

= 2.7)
1 + N X tgead

Fig. 2.6 (b) shows the comparison of the dead time models under various count rates. As
depicted, the non-paralyzable model with a 50 ns dead time (active quenching and recharge)
provides very accurate counting at low count rates and saturates at 1/dead time at high count
rates, as expected. However, the measured count rate with the paralyzable model (passive
quenching and recharge) deviates from the actual count rate at high values, even with a 50 ns
dead time. The deteriorated dead times in the paralyzable model have severe effects on the
measurement, as represented by a 1 us dead time. Thus, the influence of the dead time while
performing avalanche pulse counting has to be kept in mind to report accurate results.

2.4.3 Afterpulsing probability

In addition to the primary dark pulses, secondary pulses, or afterpulses, can contribute to the
internal noise of a SPAD. In principle, when an avalanche occurs, large numbers of carriers are
generated in the depletion region, which can get trapped in the defects of the material with
different deep-energy levels. After their relaxation, if the trapped carriers are depopulated
during the dead time of the SPAD, they flow through the device without any consequences. On
the other hand, if carrier detrapping occurs when the SPAD is armed, it can trigger additional
undesired pulses, which are called afterpulses. Afterpulsing is crucial in many time-sensitive
experiments since correlated noise can adversely affect the DCR and PDP of SPADs. Also,
the effects of afterpulsing are more severe at lower temperatures because the lifetimes of the
trapped carriers elongate, and the probability of having a secondary pulse when the SPAD is
armed increases.

There are several ways to mitigate this effect. First of all, by simply improving the material
quality and decreasing the number of defects, afterpulsing can be reduced. Secondly, by
extending the dead time or the gate-off time of the SPADs, the depopulation of all of the
trapped carriers can be guaranteed when the SPAD is not armed [63], [97]. Although this is a
very effective solution to overcome afterpulsing, it also degrades the maximum achievable
counting rate of the device. Since some applications ask for higher count rates and operation
frequencies, this method might not always be practical. Finally, by limiting the total amount
of charge per avalanche pulse, the afterpulsing effect can be mitigated. As the number of
trapped carriers is proportional to the total number of carriers passing through the depletion
region, with less charge flow, the trapped number of carriers decreases. For instance, in gated
mode SPADs, by shrinking the gate-on times to sub-nanoseconds, the total charge flowing
and afterpulsing can be reduced [103], [104]. An improved version of this idea is biasing
the devices with sinusoidal waves, which can provide gate widths in the range of ps. With
sinusoidal gating, operating frequencies up to several gigahertz (GHz) with very low APP have
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been demonstrated in InGaAs/InP SPADs [45], [105]. Another way to limit the number of
carriers per avalanche pulse is to quench the SPADs faster [90], [91], [103]. In free-running
mode, a comparator with a low detection threshold to sense the avalanche event, combined
with a fast active quenching circuit, can diminish the total amount of flowing charge and thus
APP. Therefore, with the passive quench technique, the APP could be overestimated. In gated
mode SPAD, decreasing the fall times of the very short gates can rapidly quench the avalanche
pulse. An advantage of reducing the charge flow is that reaching higher count rates is still
feasible.

Measured inter-avalanche histogram
----- Exponential fit

Afterpulsing region

Number of Counts

Inter-Avalanche Time

Figure 2.7: An example measured afterpulsing histogram with the exponential fit representing
the case when there is no afterpulsing.

To estimate afterpulsing probability, the common method is to construct the inter-arrival
time histogram, where time intervals are measured between subsequent avalanche pulses
generated by the SPAD. The technique was first demonstrated as time-correlated carrier
counting (TCCC) in [106]. In the absence of secondary pulses, the histogram follows a pure
Poisson distribution. With afterpulsing, the inter-arrival time histogram deviates from pure
exponential behavior due to the detrapping time of different defect centers. An example
afterpulsing histogram is illustrated in Fig. 2.7. To quantify the APP of a SPAD, following the
measurement of the histogram, a Poisson fit is applied for the time interval where all the
trapped carriers are depopulated, and the histogram is based on only the primary dark counts.
Since trap lifetimes can change from ns to a few pys in Si at room temperature, it would be
safe to perform a fitting after 15 ps [107]. Regarding InGaAs/InP SPADs, it would be better to
first sweep the hold-off time and measure DCR, as the trap lifetimes are highly dependent
on the temperature. The resulting graph can show at which frequency afterpulsing starts.
Accordingly, the fitting procedure can be performed at safe time intervals. After the fitting
procedure, the APP can be calculated with the following formula:

Secondary Pulse Count
APP=

) 2.8
Total Avalanche Count (2.8)
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where the secondary pulse count corresponds to the difference between the measured curve
and the fit curve, as shown as the black area in Fig. 2.7. While reporting the APP, the excess
bias voltage of the device should also be provided, as the number of charges per avalanche
pulse increases with voltage, which increases the APP.

2.4.4 Photon detection probability

PDP indicates how many of the incident photons can be detected by the detector. In principle,
PDP is a product of internal quantum efficiency (QE) (1aps), injection efficiency (7inj) of
the photogenerated carriers into the multiplication region, and the avalanche breakdown
probability of these injected electron-hole pairs (Pj) as shown in the equation below [100]:

PDP = QE (Nabs) * Ninj % Pj. (2.9)

QE depends on the absorber thickness, as the number of absorbed photons changes exponen-
tially with the depth, following the Beer-Lambert law. Therefore, the absorber should be thick
enough to absorb a sufficient amount of photons to obtain high PDP values. The injection
efficiency is determined by drift and diffusion mechanisms. As in the case of InGaAs/InP
SPADs, where the absorption and the multiplication volumes are separated, it is important to
completely deplete the absorber to be able to transport the carriers efficiently into the multipli-
cation zone by drifting them. Regarding Si SPADs, where the absorption and the multiplication
occur in the same Si layer, wider depletion regions help to transfer the photogenerated carriers
to the multiplication region. Thus, it is crucial to engineer the SPAD structures in terms of
electric field profiles in order to optimize their PDP. The avalanche breakdown probability, on
the other hand, is linked to the electric field magnitude in the multiplication region through
the impact ionization coefficients, as explained previously. While increasing the excess bias
voltage, the PDP thereby increases thanks to the enhanced impact ionization coefficients and
the enhanced breakdown probabilities, until the point where these coefficients saturate. To
sum up, the thickness of the absorber and the depletion region should be carefully designed
together with the electric field profiles to maximize PDP.

In order to measure PDP as a function of the light absorption spectrum, a setup similar to
the one in Fig. 2.8 (a) is utilized. In this configuration, a Xenon lamp ensures a broad-band
spectrum for incident photons. The Xenon lamp light is then coupled to a monochromator,
which provides high wavelength selectivity to select a single wavelength via diffraction grat-
ings. The incident power and the number of photons are adjusted with a slit, which has a
controllable aperture size with a micrometer for the attenuation. After that, an integrating
sphere provides spatially uniform light at its output ports. A calibrated reference detector,
which can be made of silicon or InGaAs depending on the wavelength of interest, is used to
accurately estimate the impinging photon count rate on the SPAD. Reference detectors are
usually conventional photodiodes, which measure the current under the given illumination.
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As their responsivity (A/Watts) is a known parameter, measured current can be converted
into photon power. The energy of one photon is also calculated by the Planck constant (h) x
c/wavelength(1). Dividing photon power by the energy of a single photon and normalizing
it with the area of the reference detector results in the photon count rate per unit area, from
which the photon count rate reaching the SPAD is computed by multiplying it with the active
drawn area of the SPAD. Eventually, to obtain the PDP value of a free-running SPAD, the
following equation is used:

Measured Count Rate— DCR

(2.10)
Photon Count Rate

PDP free-running mode =

If the APP of the SPAD is known, the measured count rate can be further corrected by dividing it
by (1+APP) and using this compensated value as the new measured count rate in Eq. 2.10. The
most important thing to pay attention to while measuring PDP is to perform the experiment
under low-light conditions in order not to saturate the count rate of the SPAD. As mentioned,
the maximum count rate that can be achieved is limited by the dead time, so the photon count
rate should be kept well below <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>