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RESUME

L'objectif de recherche principal de ce mémoire est de concevoir et d’implémenter un circuit
intégré visant a controler une photodiode a avalanche (Avalanche photodiode - APD)
fonctionnant dans les deux modes : linéaire et Geiger. L'amélioration des performances liées a
I'exécution de cette structure, comprenant la maximisation du taux de comptage des photons, la
réduction de la consommation de puissance, ainsi que celle du bruit des circuits impliqués est
parmi les principaux objectifs. Egalement, la surveillance en temps réel des caractéristiques d'une
APD, en termes de tension de polarisation, de température, de rapport signal/bruit, de gain et du
controle des effets thermiques, est considérée.

En raison de I’obtention d’un gain de courant trop faible dans le mode linéaire des APD,
empéchant donc la détection de photons simples, le mode d’opération Geiger des APD a été
choisi pour le systéme de comptage de photons congu. De plus, puisque l'opération en mode
Geiger exige un arrét externe, le circuit Quench-Reset est utilisé pour détecter l'arrivée de
photons, en détectant I'impulsion produite a 1'arrivée d’un photon, et en réinitialisant I'APD afin

de le préparer pour détecter le prochaine photon.

Un circuit rapide Quench-Reset a été concu en technologie CMOS 0.18 um, simulé puis fabriqué
par la fonderie TSMC via les services de CMC Microsystems. Un assemblage (wire-bounding)
spécial a été réalisé au laboratoire d’assemblage de Polytechnique (LASEM), affilié au
laboratoire Polystim. L’interface du contrdle numeérique du circuit intégré a été implémentée sur
une plateforme FPGA hors puce. Un circuit imprimé (PCB) de test recevant le FPGA a été
complété afin de tester et caractériser le circuit intégré fabriqué. Le circuit numérique est
responsable du contrdle de I'effet de la température sur I'exécution de circuit APD en surveillant
le gain dans les modes de fonctionnement linéaire et Geiger. L'effet thermique est contrdlé en
changeant la tension de polarisation de circuit APD. Le code est développé dans Modelsim et mis
en application dans un FPGA Igloo de la compagnie Actel.

Le moment d'extinction du circuit APD se situe entre 1 et 4 ns, tandis que le temps de
réinitialisation est dans la gamme de 1 - 3 ns. La valeur la plus appropriée du temps hold off est
unique pour chaque systeme et dépend de la nature, de la densité et de la durée de vie des
maintient de photons associés a chaque APD; ainsi, le systeme est concu de sorte a obtenir un

temps hold off contrdlable dans la gamme de 4ns & 2us. L’interface de contr6le du gain pour



Vi

rester indépendant des variations de la température est en mesure de faire le travail dans les
modes linéaire et Geiger de circuit APD avec une variation de 10%.

Ce travail fait partie de la mise en oeuvre d’un systéme d’imagerie clinique non invasif et portatif
entrepris par I'équipe de recherche multidisciplinaire Imaginc. Ce systeme communicant sans fil
avec un ordinateur est basé sur 1’acquisition de signaux NIRS/EEG (Spectroscopie proche-
infrarouge/ électroencéphalographie), en temps réel, afin de produire une image du cortex entier

tout en améliorant le confort du patient et prolongeant la période de balayage.

Ce projet est supporté par les instituts de recherche en santé du Canada (IRSC) et de la fondation

des maladies du cceur.
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ABSTRACT

The objective of this master’s thesis is to design and implement a CMOS high-speed photon
counting interface to be integrated within an Avalanche Photodiode (APD) operating in both
linear and Geiger modes. Improving the main performance metrics of the structure including
maximizing photon counting rate and minimizing both power consumption and system noise are
among the objectives. Also, real-time monitoring of APD characteristics in terms of bias voltage,
temperature, signal-to-noise ratio, gain, and extending control of thermal effects on APD

performance are considered.

Since linear mode APD has low achievable current gain and therefore is not sensitive enough in
detecting single photons, Geiger mode APD was selected for photon counting systems.
Furthermore, since Geiger-mode operation requires an external stop, a Quench-Reset circuit was
employed to detect photon arrival, count the pulse generated at photon arrival, and reset the APD
in order to make it ready for the subsequent photon detection.

A high-speed quench-reset circuit was designed, implemented with 0.18 um CMOS process, laid
out and simulated and then fabricated by TSMC through CMC Microsystems. Wire bonding was
done by LASEM facilities affiliated to Polystim laboratory. The control scheme of the whole
system was implemented in an off-chip FPGA platform. For the sake of test and measurement, a
PCB was made and test bench for digital part was implemented in FPGA. The scheme was
responsible for controlling the effect of temperature on APD performance by monitoring the gain
in both linear and Geiger modes of operation. The thermal effect was controlled through
changing the bias voltage of APD. The code was tested in Modelsim and implemented to Igloo
FPGA (Actel Co.). The chip was then tested using equipment available to Polystim and was

characterized in terms of the performance metrics in question.

The quench time for the designed circuit was in the range (1 — 4)ns while the reset time was in
the range (1 — 3)ns. The most appropriate value for hold-off time was unique for each system and
it depended on the nature, density and lifetime of the traps of each specific APD; therefore the
system was designed to have a controllable hold-off time in the range of 4ns - 2us. The
temperature-independent gain control system was capable of controlling the gain for both linear-

mode and Geiger-mode APD in 10% variation.
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This work is part of the multidisciplinary Imaginc research team to develop a clinical imaging
system based on a real-time, noninvasive and portable NIRS/EEG (Near-infrared spectroscopy /
Electroencephalography) signal acquisition system, which communicates wirelessly with a
computer and images the whole brain cortex while improving comfort in long duration scanning.

The presented work is part of a collaboration between Polystim research group , CIHR (Canadian
Institutes of Health Research) and Heart and Stroke Foundation.
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CHAPTER1 INTRODUCTION

1.1 Project Overview

The objective of this project is to design peripheral circuits for the avalanche photodiodes (APD)
used as the detector of portable NIRS optical imaging technique. The signal detected by APD is
the amount of attenuation of the re-emerging light from the near infrared light emitted through
the scalp, skull dura and brain; therefore, an APD should be able to detect ultra-low amplitude
light and thus it is important for an APD to have high gain. The designed circuits are responsible
for quenching the bias voltage of APD operating in Geiger mode and controlling the gain for both
linear-mode and Geiger-mode APD in 10% variation.

The key merits of portable NIRS optical imaging technique lie in the possibility of designing a
non-invasive instrument that is unobtrusive, small size, low cost, low-power, and robust against

motion artifacts.

A typical setup for a portable NIRS scanning device is shown in Figure 1.1 [1]. The setup often
consists of a helmet bearing the light sources and detectors, the control module with built-in data
acquisition circuit, and the interconnections. The main components of the helmet are light-
emitting diodes (LEDSs) as light sources and photodiodes as detectors. As the number of detectors

increases, the spatial resolution in scanning images of the whole brain increases [1] [2].

Here, the interaction between light and tissue is a fairly complex issue at the microscopic level.
Conceptually, the light source injects a given number of photons per unit time/volume/solid angle
into a specific tissue spot where these photons travel inside the tissue along random trajectories
[3]. Photons may pass several scattering events while traveling inside the tissues and a portion of
them might be absorbed by the tissue. Eventually, only a fraction of photons may reach the

detector and are captured by it.



Light Source

LED Driver

Light Detection

Wired
Connection

Figure 1.1 Block diagram of a typical NIRS system developed for brain imaging

On the other hand, to enhance the performance and accuracy of the NIRS system, highly sensitive
photodetectors are required to convert the ultra-low amplitude light signal into detectable electric
signal. There are only two options when it comes to choosing a photodiode that also amplifies the
received light signal: a) photomultiplier (PMT) and, b) avalanche photodiode (APD). Unlike the
PMT, APD works quite well for near-infrared light level with comparatively lower bias voltage
and lower power consumption and it is relatively insensitive to magnetic fields. The latter results
in having less noisy signals in magnetic areas, which makes it much easier to combine with other
brain imaging devices such as MRIs. Therefore APD can be a proper candidate for the
applications with high-magnetic-field. Moreover, APDs are also recognized for their simple and
monolithic structure, compact, lightweight, mechanical robustness and long life [4]. Thus APDs
are generally useful in applications where space is at a premium or where the detector may be
subjected to shock or vibration.

Having high quantum efficiency (80%) in near infrared is another advantage of APDSs in
comparison to PMTs. Quantum efficiency is the efficiency with which light is detected. In a
typical PMT, only 10%-30% of incident photons are converted into photoelectrons at the

photocathode, and even this efficiency is achieved only over a narrow spectral range. In contrast,



in addition to superior quantum efficiency (as high as 80% at 900 nm), APDs offer a wider
spectral range of 250 nm to 900 nm. Therefore, the photodetectors implemented for portable
NIRS are APDs.

NIRS portable systems could be evaluated by different parameters; among them, size, portability
and cost are of significant value. It is of great interest to integrate APD along with a peripheral
circuit with advanced sub-micron CMOS process. This way, choosing appropriate
substance/structure and adequate process for the design of an APD and the peripheral circuits
becomes of great concern. For APD structure to operate in near infrared range, materials such as
silicon (Si), InGaAs and Germanium (Ge) are suggested, among which silicon is preferred due to
its excellent crystal quality, low excess noise, low cost, low temperature dependence [22], high
gain and large bandwidth. Silicon APDs are also known for great performance in Geiger mode of
operation with dark counts in the range of a few counts per second [5]. Another characteristic that
makes silicon the most promising candidate for APDs is its low ionization coefficient ratio
(k <0.1) [5] [6].

Silicon APDs incorporate an absorption layer for incoming photons to produce electron-hole
pairs in this region, as with any other photodiode. However, APDs operate with a large reverse
bia voltages. The high internal field accelerates the photon-generated electrons. These electrons
collide with the atomic lattice, in a recursive manner leading to an avalanche-like process.
Avalanche multiplication relies upon extremely high internal electric fields on the order of
10° V/cm to drive the ionizing collisions of carriers with the lattice. The small bandgap of
materials sensitive to long-wavelength light means that such high fields can cause tunneling
between bands: an unwanted source of dark current. The multiplication layer is designed to
provide the desired gain while suppressing noise. The performance of silicon APDs in infrared
range could be improved by replacing this layer with a low-bandgap and highly-absorbing
material such as InGaAs or Ge to absorb long-wavelength light in a single dedicated absorption
layer, while the multiplication layer remains silicon. Doping is used in an adjacent charge layer to
keep the potential low across the absorption material, so that only the multiplication layer
experiences extreme fields. For this purpose, Ge is preferred as it is possible to develop APDs
with CMOS-compatible process [6]. Adding Ge or InGaAs however complicates the process and
increases the cost significantly. In this project, silicon APD is chosen due to requiring low

operating voltage, exhibiting high quantum efficiency, and bearing low cost for near infrared



range applications. Taking the advantages of implementing an APD, fabricated with CMOS-
compatible processes along with CMOS-integrated circuit technologies may result in realizing
on-chip high-performance NIRS systems. Such implementation also serves our objective of
fabricating portable, ultra-high sensitive and low-power NIRS systems and peripherals while

saving used silicon area.

1.2 Basic Principles of Avalanche Photodiode

1.2.1 Multiplication Process

In an APD, when exposed to a light source, the light is absorbed in the depletion layer of the
reverse biased p-n junction, and electron-hole pairs are generated. This is due to the light energy
being greater than the bandgap energy in typical applications. Recall that the bandgap energy
depends on material properties and is greater than 1.1eV for silicon. The internal electric field
across the depletion region, when biased in reverse direction, drives the electrons towards the n+
side while it drifts the holes towards the p+ side. As the reverse bias voltage increases, so does
the electric field, which leads the carriers (mostly electrons) to accelerate. The carriers then gain
sufficient energy from the electric field and collide with the crystal lattice. This collision leads to
generation of another electron-hole pair while losing some of carriers’ Kkinetic energy. The
process is called impact ionization [7] and is defined as the ability to create a secondary electron-
hole pair for a carrier by gaining enough energy, and depends only on the local electric field [8].
The multiplication mechanism can be analyzed with reference to ionization rate and it is defined
as the number of electron-hole pairs generated during the time that a carrier moves a unit
distance. The ionization rates are denoted as « and g for electrons and holes, respectively. For
silicon, the ionization rate of electrons is larger than that of holes (a > f), so the electrons
contribute more to the multiplication. The rate of ionization is reversely proportional to
temperature; that is, as the temperature decreases, energy loss for photon scattering decreases and
the ionization rate increases [9]. As a result of impact ionization for both electrons and holes,
additional carriers are generated. By traveling through the high electric field, the newly generated
carries obtain enough energy to trigger additional impact ionizations. This leads to a phenomenon

called avalanche. After a few transit times, a competition develops between the rate at which



electron-hole pairs are being generated by impact ionization and the rate at which they exit the
high-field region and are collected. If the magnitude of the reverse-bias voltage is below the
breakdown voltage, collection wins the competition, causing the population of electrons and
holes to decline. Each absorbed photon creates on average a number of electron-hole pairs (M),
where M typically lies in the range from tens to hundreds [10]. The internal gain, M, also called
multiplication gain, differentiates APDs from other photodiodes, and represents the amplification
of the generated carriers. Multiplication gain for an APD with uniform electric field and
ionization rate across the multiplication region with W width can be calculated through equation
(1-1) [11]

V= 1-k
~exp(—aW[l—k])—k

(1-1)

where k = g is called ionization rate ratio.

The above equation is used when electrons are injected into the avalanche region. The same

expression can also be used for holes by replacing k with 1/k'

For most of silicon APDs, the electrons are injected into the avalanche region, which means
B <a, therefore k < 1 [5].

As the bias voltage increases, the multiplication drastically increases until the device reaches a
point at which it experiences a large short circuit current and hence cannot be used as a detector.
The voltage at which the multiplication gain would be infinite is called breakdown voltage,
which is when the denominator of the equation (1-1) becomes zero. It is evident that the
breakdown voltage for a device with thicker multiplication region is larger than its thinner
counterpart. The ionization profile for each carrier is not uniform as they experience different
conditions. Therefore during the multiplication process, the device is subject to an incremental

noise. Such excess noise could be described as follow:
Nexcess = M(ZqFI)l/z (1-2)
where q is the charge of an electron and I is the sum of the photo-current generated at M=1 and

the dark current multiplied component. M is the multiplication gain and F refers to excess noise

factor, which can be expressed as follows: [12]



F=Mk+(2—%) -k (1-3)

where K is the ratio of the hole/electron impact ionization rates. Here, similar to gain equation, it

is assumed that the electrons are solely injected into the avalanche region. Equation (1-2) could

be extended to evaluate the gain for the injected holes, once k is substituted by 1/ k
For the ideal minimized noise, k is considered to be zero and infinity for electron and hole
injections, respectively.

Statistical noise, defined as equation (1-4), should further be considered which incorporates the
transformation mechanism from photons to electrons. It indicates that the ionization rate is not

deterministic and has statistical fluctuations.
Nstaticar = (2q1d5)1/2 (1'4)

where ¢ is the charge of an electron and Igs is the dark current for non-multiplied component.

Considering equations (1-2) and (1-4), the shot noise of an APD (I,), consisting of excess and

statistical components (l,), could be formulated as follows:
12 =2q(I, + 14)BM*F + 2ql 4B (1-5)

where B is the noise bandwidth, F is excess noise factor, M is multiplication gain, I, is
photocurrent at M = 1, I, is dark current multiplied component, and I, is the dark current

non-multiplied component.

The APD is also subject to thermal (dark current) noise due to load resistor which is given by
eq. (1-6)

4k T B
Ntermal = R (1'6)
L

where k is Boltzmann’s constant, T is absolute temperature, and R is load resistance.

The APD total noise current is the sum of thermal and shot noises. Note that the total RMS noise
of a system is equal to the square root of the sum of all the noise components. It is shown in [29]
that for a detector where the only source of noise is dark current, the signal to noise ratio (SNR)



for a fluorescence signal of 107 photons/sec would be 107/103 = 10*. Here, the author assumes that

the dark current rate (DCR) of the detector is 10° counts/second and it follows Poissonian

distribution.

To maximize SNR, for a given input signal power, the noise should be minimized. In case of an
ideal APD, where the dark (thermal) noise is zero, the only source of noise is statistical noise.
This class of noise, as already stated, is related to transformation from photons to electrons. The
ideal SNR is given by:

I,* M?

=Lt = 1-7
SR = 4B s -7

The common source of light may not be capable of providing sufficient luminance.
Consequently, it is often needed to amplify the signal while holding the noise profile at low level.
There are two solutions which can be presented for such a problem: a) adding preamplifier and
amplifier stages and b) making use of detectors with intrinsic gain. The former solution, however,
may lead to an increase in the required area and complexity. It is worth noting that although an
APD introduces excess noise due to multiplication process, the amount of noise is still lower in
comparison to the noise generated from connecting an external amplifier to a conventional

photodiode operating at high frequencies.

1.2.2 Operation Mode

An APD can generally work in either linear or Geiger mode. The mode of operation depends on
the magnitude of the reverse bias voltage across the p-n junction with respect to the breakdown
voltage.

In order to operate in linear mode, the reverse bias voltage is kept below the breakdown voltage
of the junction and the photo-generated charges are amplified with a finite multiplication gain. In
this mode, the average photocurrent is shown to be proportional to the incident optical flux, and
the multiplication gain hence can be calculated as follows [13]:



(1-8)

where m is a constant value for a particular APD; which depends on the substrate material and its
value ranges between 2 and 6. V}, and Vg, represent the reverse bias voltage and the breakdown

voltage, respectively, while M stands for multiplication gain.

In this mode of operation for an APD, the avalanche multiplication process induces a measurable
current by amplifying the negligible current generated by photons. Despite amplification, such
multiplication gain is still low due to existing statistical fluctuations in the multiplication process
[3]. Therefore, an APD operating in linear-mode does not have enough sensitivity to detect single
photons.

On the other hand, enforcing an APD to operate in Geiger-mode requires the reverse bias voltage
to be higher than the breakdown voltage. This ensures that the primary signal gain is sufficient to
count single photon. In this mode of operation, APD works as a triggering rather than an
amplifying device. In fact, an APD operating in Geiger mode gives rise to a detectable
macroscopic current due to high electric field and the run-away avalanche phenomenon induced
by the creation of a single carrier. However, a macroscopic current would swiftly build [14] and
self-sustaining avalanche process would continue, thus rendering the device useless for
subsequent detections until it stops externally. The process may also stress the device and lead to
a damage which affects its performance and crosses the liability boundaries. Therefore, operating
in this mode requires applying an external stop which is essential to lead APD in a new detection
sequence [15]. Moreover, in the Geiger mode, the internal amplification of APD, which is the
result of the avalanche multiplication process, provides virtually infinite gain to the photo-
generated current. Such infinite gain further results in all the current pulses to have the same
amplitude. As a result, for an APD operating in Geiger mode, the amplitude of signal does not
bear significant information [4]. In this case, counting the number of pulses occurring as a result
of photon detection is of great interest. The photon counting rate is estimated either by counting
the number of events in a time interval with a certain duration or by measuring the time gap
between two consequently detected pulses.

The gain resulted from receiving a single photon in Geiger mode APD can be calculated as
follows [16] :



G= (1-9)

where C is junction capacitor, q is electron charge and Ve is excess voltage given by
Vex = VBias — VBr-

For an APD biased in reverse polarity, the reverse current increases very rapidly at high bias
voltages due to avalanche phenomenon. As indicated in Figure 1.2, for a typical photodiode prior
to triggering avalanche process, the gain is equal to 1. Yet, for an avalanche photodiode operating
in linear mode, the gain value ranges from 10 to 200. This gain is found to vary between 10 and
10° for an avalanche photodiode operating in Geiger mode.
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Figure 1.2: The APD gain in function of its reverse bias voltage

1.2.3 APD Metrics and Features

There are several parameters associated with an APD in different modes of operation. Here we

address the major parameters as following:

1.2.3.1 Capacitance

An APD, like any other photodiode, exhibits different capacitances based on the polarity of the
supply voltage. In forward bias, the capacitance associated to APD is related to charge-storage in
semiconductor interface. This is not the case for a reversely biased APD where the capacitance is
mainly due to the depletion region formed between semiconductors of different types. Therefore,
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the former is not applicable for Geiger-mode APD [17]. Since the junction capacitance depends
on the depletion layer thickness, it could be employed as a measure to find out the depth of the
depletion layer. If carriers are generated outside the depletion layer, they cause problems such as
slow signal decay time. Therefore, to ensure high-speed response, it is necessary to apply a
reverse voltage which makes the depletion layer thicker than the penetration depth of the light
into the light absorption layer [18]. For the APD with an active area of A and a depletion area
width of W, the junction capacitor is expressed as follows:

€A
C:

N W(Vbias) (1-10)

where € is the permittivity of dielectric.

From Eq. (1-10), C; increases with increasing APD active area and/or decreasing depletion
thickness. On the other hand, the transit time of charge carriers in an APD increases with an
increase in the thickness of APD depletion layer. Therefore, choosing the APD thickness would
imply a performance trade-off between noise and speed [19] [20]. Eg. (1-10) corroborates that the
capacitance has an inverse relation to bias voltage; therefore, by increasing bias voltage, APD
capacitance would decrease.

1.2.3.2 Bandwidth

The bandwidth of an APD photodiode is primarily determined by; a) electron and hole transit
times, b) R-C time constant, ¢) minority carrier diffusion length, d) the number of carrier
trappings, and e) signal delay due to photodiode packaging [21].

The transit times depend on the thickness of the active area and the electron/hole saturation
velocities. Thus, the thinner the absorbing layers are, the shorter the transit times will be.

The RC time constant is determined by the APD equivalent circuit parameters. Junction
capacitance, which is defined as the edge of the depletion region (or space charge region), and
parasitic capacitance, which depends on the metallization geometry, can be considered as the
APD capacitance. The APD resistance consists of series resistance, which is caused by the Ohmic
contacts, and bulk resistances, and load resistance. By considering Rs and R, as the series and
load resistors, and C; and Cp as junction and parasitic capacitors, the electrical 3-dB bandwidth

can be approximated as follow [22]:
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1
2m(C; + Cp)(Rs + Ry)

fza = (1-11)

Diffusion current is important for APDs since significant absorption occurs in depletion region,
which is outside of the high-field region. Those carriers within about one diffusion length of the
depletion region will have a chance to diffuse into the active region. The diffusion current will
contribute a slow tail to the detector impulse response and may be reduced to some extent by
recombination in these highly doped contact layers [22] and would deplete the entire absorbing
layer [21].

In some APD designs such as hetero-structures, the bandwidth may be limited by the occurrence
of carrier trapping of electrons at conduction band discontinuities and trapping of holes at valence
band discontinuities [22]. Hole trapping is a significant problem in long-wavelength
photodetectors due to the large valence band discontinuity at the InP / InGaAs heterojunction
[22]. Researchers have reported solutions such as applying a moderately high electric field across
the hetero-interface. Another technique suggests grading the band discontinuity with a
compositional alloy [21].

Packaging and any external connections to the photodetector often limit the detector
performance. Having a high impedance load and a reflection coefficient close to unity are other
problems of photodiodes. A solution to this problem is to integrate a matching resistor with the
device and using a lower contact layer without adding any additional mask or process steps [22].
The disadvantage of a load resistor is the reduction in effective quantum efficiency since some of
the photocurrent goes through the matching resistor [22].

Another influential parameter on APD bandwidth is terminal capacitance. In fact, APD
capacitance along with its input series resistance, form a circuit the time constant of which is
affected by capacitance. This time constant should be respected throughout the normal operation
of APD, which involves consequent charging/discharging of the detector. APDs with larger
capacitances, when compared to their counterparts, are subject to narrower bandwidth.
Decreasing the photodiode active area lowers junction capacitance and as a result reduces the RC
time constant. However, a small device area can result in high contact resistance, which will
increase RC constant. Packaging-induced parasitic effect may also cause bandwidth degradation.

The issue may be overcome by making use of advanced bonding techniques [21]. The external
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bias circuit is a difficulty in very high speed devices is the difficulty in building external bias
circuits. The necessary bias capacitor and load resistor can be integrated with APD without
adding any additional mask or process steps by using a large area region as the capacitor and the

lower contact layer as the series resistor [22].

1.2.3.3 Quantum efficiency

There is a possibility for an absorbed photon in the active region of an APD to generate a primary
carrier, and to eventually trigger an avalanche process. Such possibility is called quantum
efficiency (QE). The ideal value for QE is unity, i.e., all the photons are absorbed in the active
region. As the wavelength becomes larger, the chance of the photon being absorbed through the
active portion of the depletion layer decreases. For short wavelengths (<400nm), the photon
generated in the surface may be immediately absorbed. Quantum efficiency mainly depends on
APD structure and antireflection (AR) coating on the diode window. Typical values of QE for
APD range from 40% to 80% [23].

1.2.3.4 Dark Count

Dark count rate (DCR) is defined as the number of avalanches triggered while there is no light
impinging on the active area of the APD. Dark counts are highly dependent on the doping of the
junction and the characteristics of the fabrication technology. Modifying the doping profile of
implants may mitigate the effect. APD active area also affects DCR in a non-linear fashion [24].
DCR can generally be used to characterize dark current, which is considered as a major source of
intrinsic noise in APDs. There are two major sources for dark current; a) random thermally-

generated electron-hole pair, and b) tunneling [25].

The minority carriers inside an APD may gain enough thermal energy from the substrate to
diffuse into depletion region. On the other hand, for Geiger-mode APD, the device experiences
large electric fields across depletion region due to reverse biasing; which may cause some of the
minority carriers to drift into the depletion region and accelerate across it [13]. The thermally-
generated electrons also have multiplication effect. At lower temperatures, the carriers have less

energy and thus their random motion decreases.

On the other hand, tunneling is mostly a design-based issue and is affected by the properties of

the materials of choice. Recall that for a design where APD is subject to small negative bias
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voltage, the width of the depletion layer is very thin. Moreover, for an APD implemented using
semiconductor with small bandgap property, the carrier quasi-Fermi level (i.e. the displacement
of the population of holes and electrons from equilibrium) can overlap. For both conditions, the
carrier tunneling across the depletion region may by triggered and thus the tunneling current
occurs under reverse bias [26].Tunneling can be controlled by compromising vital properties like
bias voltage [27].

It is of great interest to hold the dark count noise as low as possible. The objective could be
served by enforcing APD to operate at temperatures and excess voltages as low as possible. For a
typical APD, DCR ranges from 1 to 10° counts/sec. If the DCR exceeds this range, for example
higher than 107, APD operates in saturation region and the signal will be inundated with dark
noise [28].

1.2.3.5 After-pulsing

During an avalanche, some of the carriers, crossing the depletion region, are captured at deep
levels inside the junction and are stored in traps in the APD. These carriers can release after a
random period of time. As the stored charges release during the active period of APD, an
avalanche current occurs. The resulting current is due to a previous avalanche event, but not
related to a new photon arrival. The new avalanche event, in turn can lead to further carrier

trapping, and this cycle continues. This unwanted source of noise is called after-pulsing.

After-pulsing intensity depends on: a) the number of carriers crossing the junction, b) trap density
and c) temperature. The number of carriers crossing the junction is directly related to the total
charge of the avalanche event, while the total charge and current intensity depends on the over-
voltage. In addition to trap density, how deep inside the junctions the released carriers were
trapped indicate the release period of each of the carriers, and therefore the onset of after-pulsing
[29]. The density of deep-level traps can be reduced by improving material quality which can be
a method for decreasing after-pulsing. However, material improvement is usually a relatively
difficult task [28]. Another effective parameter on after-pulsing is temperature: as temperature
increases, the trapped carriers escape more rapidly and thus the after-pulsing effect is less.
Although an increase in temperature decreases the after-pulsing effect, at the same time it leads to
increased thermal generation, causing higher dark count rate. The choice of the optimum
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temperature is important in order to keep after-pulsing effect and dark count rate at the least
possible value.

After-pulsing is the major limitation on operation of APD as photon counter at high repetition
rate [29] and it limits the high frequency operation of APD. By keeping the voltage across the
APD below the breakdown voltage after each photon detection for sufficiently long time,
trapping centers can be empty and the after-pulses may not be generated anymore. The sufficient
time should be longer than the trap emission lifetime. However, when speed is important and the

repetition rate gets closer to the trap emission life time, after-pulsing effect increases.

1.2.3.6 Leakage Current

The leakage current is generated as a result of the voltage across the photodiode in the reverse
bias, and it is directly related to the size of the photodiode. With smaller photodiodes, the leakage
current will be lower. The total leakage current is the sum of the surface leakage current and the

volume leakage current:

I —Total = IL—Surface + I _votume (1-12)

The surface leakage current is the amount of leakage current between the p-doped and the n-
doped regions in contact with the SiO, passivation layer. These leaks are related to the
circumference of the photodiode. The volume leakage current is the amount of leakage current
between the p-doped and the n-doped regions, in the volume of the junction (plane, cylindrical
and spherical). These leaks are related to the area of the photodiode (diffusion depth, length and
width of the junction).

1.2.3.7 Thermal Effect

As a result of impact ionization in the high electric field region of APD, electron-hole pairs are
generated which result in avalanche multiplication. Although carriers gain energy from the
applied electric field, some of this energy will be transferred to lattice vibration. This energy loss
is caused by various scattering mechanisms, of which phonon scattering will ultimately dominate
due to strong interaction between carriers and the lattice vibration [21]. The free mean path

length of carriers has an inverse relation with temperature [21], and it would decrease by an
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increase in temperature. This means that carriers are scattered more frequently at elevated

temperatures.

On the other hand, as mentioned in sections 1.2.3.4 and 1.2.3.5, both DCR and after-pulsing
processes are temperature dependent. If the temperature is not low enough, the dark counts would
be high. The high dark counts occur when thermal generation triggers avalanche events, and
cooling the APD is a solution to this impact. In contrast, if the temperature is not high enough,
the after-pulsing effect would increase. As noted in 1.2.3.5, there is always the possibility that the
carriers become trapped inside the crystal and get released later. By reducing the temperature, the
lifetime of trapping events increases, which results in an increase in after-pulsing. Therefore there
Is a trade-off between minimizing dark counts and after-pulsing by controlling the temperature.

Another APD parameter strongly affected by junction temperature is breakdown voltage (V).
The thermal coefficient of breakdown voltage depends on the APD device structure and is
usually fairly high, typically around 0.3%/K [28]. At constant bias voltage supply, an increase in
breakdown voltage Vy, causes a decrease in over-voltage Ve, and therefore it results in reduced

photon detection efficiency and causes non-linear distortion in photon counting.

1.3 Basic Principles of Quench-Reset Circuit

Due to disadvantages of APDs which are long transit times and excess noise, associated with the
stochastic APD multiplication process, several high-speed CMOS front-end circuits have been
proposed in the past few years to overcome these limitations [19] [30]. As mentioned in
section 1.2.2, in the linear mode, there is a limitation on the maximum achievable gain. Therefore
in this mode, APD has to be followed by a transimpedance amplifier (TIA) front-end. TIA
converts the output current to voltage with maximum SNR for following stages of the receiver
for further processing [31]. However, operating in linear mode for APD means having the low
achievable current gain, and therefore not being sensitive enough to detect single photons. To
detect single photons, APDs must be operated in Geiger mode. Furthermore, since Geiger-mode
operation requires an external stop, the Quench-Reset circuit is employed to detect photon arrival,
count the pulse generated at photon arrival, and reset the APD in order to make it ready for the

next photon detection. The idea is to keep APD in an extremely sensitive condition (i.e., few
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volts above the breakdown voltage) in a way that by absorbing a photon and triggering an
avalanche, a huge increase in output current occurs. At this point Quench-Reset circuit should be
active to quench (shut-off) the avalanche and return APD to the sensitive state. When the
avalanche is quenched the current becomes zero, and the voltage slowly returns to its previous

value.

In each quench-reset circuit, quench time is defined as the time elapsed from the onset of the
avalanche until it is quenched; which means the time it takes to interrupt the avalanche
multiplication process and shut off the avalanche current by increasing the APD's bias voltage
above breakdown. In the same circuit, reset time is defined as the time required for bringing back
the APD to its original quiescent state.

If the reset action happens immediately after quench process, the chance of having after-pulsing
increases. One solution to reduce the amount of after-pulsing, besides fast quenching [19] (which
means reducing the avalanche charge and current intensity rapidly), is to wait for all the trapped
charges to dissipate without triggering additional avalanches before resetting process. This can be
achieved by keeping the APD in the OFF state for a period of time in between the quench and
reset process. The mentioned period is called Hold-off time. The period of hold-off time depends
on the nature, density and lifetime of the traps of each specific APD. It should be long enough to
allow trapped carriers to be emitted and not to allow the after-pulsing affect the photon counting
statistics. Studies show that if the hold-off time is less than the mean trap lifetime then after-
pulsing will significantly affect the photon counting statistics [32]. Meanwhile, Hold-off time
should not be too long to avoid limiting the repetition rate and affecting the validity of the
counting statistics. Therefore most appropriate hold-off differs from one APD to another, and
having controllable hold-off time circuit is highlighted. The sum of quench time, hold-off time
and reset time is called dead-time, which can be defined as the minimum delay that must elapse

between two consecutive avalanches in order for both to be detected.

Another important portion of dead-time is reset time. Reset time should be as short as possible:
with long reset time, the chance of the avalanche triggering during reset time increases. On the
other hand, the effective bias voltage varies with time. This variation can cause some pulses to be

missed from photon counting; since, the output pulse from the early avalanche triggering may be
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too small to be detected and the counting rate would be affected. Long reset time can also affect

APD’s performance, such as detection efficiency and timing response.

Having the peripheral circuits (TIA and Quench-Reset circuit) integrated with APD on the same
chip, adds some advantage to the system such as reducing after-pulsing, increasing sensitivity,
and lowering power consumption. CMOS 0.18 pum technology is the chosen process for
fabrication.

The ability of APD avalanche multiplication in amplifying the photon-generated signal makes it
well-suited for detecting extremely weak light intensities, such as the one associated with low-
amplitude reflected NIR signal. However, it is not always simple to gain the desired magnitude
for the amplified signal. It is due to the need for a high reverse voltage and a large multiplication
gain which is, among other facts, temperature dependant [5]. Therefore, employing a control unit
is essential to eliminate the effect of temperature and to improve the performance of APD,

accordingly.

1.4 Research Objective and Challenges

This Master’s thesis investigates the design and implementation of an integrated building block
intended to tune an APD with improving its performance in term of maximizing the photon
counting rate and minimizing power consumption and system noise. This system should be
capable of real-time monitoring of the APD’s gain and keeping its variation in a pre-defined

range.

The quench-reset circuit should be a circuit with high photon counting rate, low power
consumption and small size. Having controllable hold-off time is another objective of this circuit.
The circuit should be designed to be integrated on the same chip as the APD to reduce after-
pulsing, increase sensitivity and lower power consumption. To allow connection to other
designed components of the project, the quench-reset circuit should be fabricated in CMOS 0.18

pum technology.

To improve the performance of the APD, some of its parameters need to be monitored in real-
time, and corresponding values would be calculated based on the monitored parameters. This

goal is achieved by an off-chip control system. Bias voltage, temperature, and gain are the
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mentioned parameters and features. As a result, a temperature-independent gain control loop is
designed by controlling and changing the bias voltage for linear and Geiger mode APD. The aim
is to choose the best controller device in terms of small size, user-friendly monitoring, and

compatibility to different sensors to be able to analyze as many parameters as possible.

Thesis Organization

Chapter 1 presented an introduction to the IMAGINC portable NIRS brain imaging device. The
avalanche photodiode and its limitations to work in linear and Geiger modes were reviewed.
Several of its physical parameters were outlined, and the effect of temperature on some of the
parameters was studied. The quench-reset circuit was introduced, and the related concepts were

reviewed.

Chapter 2 presents a literature review on different CMOS quench-reset (QR) circuits, including
advantages and disadvantages of each passive, active, and mixed circuits. Different systems used
to control the thermal effect on the performance of APDs are also reviewed.

In Chapter 3, designing quench-reset circuits are discussed, providing explanation on their
functionality and simulation results. A control system is designed to monitor APD parameters
and performance, and a temperature-independent gain control loop is designed based on changing
the bias voltage.

Chapter 4 covers experimental results of the fabricated quench-reset circuit integrated in a
CMOS chip. The overall platform is also discussed in this chapter. The unit consists of the
control system to improve the APD performance in both linear and Geiger modes, the quench-
reset circuit dedicated for the Geiger mode APD and a TIA circuit when APD performs in linear

mode.

Chapter 5 is presented as a summary of the project along with comments concerning
recommendations for future work to design fully integrated CMOS device including the APD, its

quench-reset circuit, as well as control circuit of various parameters on the same chip.
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CHAPTER 2 LITERATURE REVIEW

Finding a technique for photon counting is necessary when the amount of light is extremely low;
in this case, conventional analog measurement of light intensity becomes extremely difficult. In
the 2000s, the concept of a new generation of photon counters introduced which was called SiPM
(Silicon-Photomultiplier). In January 2008 it was commercialized under the name of Multi-Pixel
Photon Counter (MPPC) by Hamamastsu and as SPM (Silicon Photomultiplier) by SensL. SiPM
is the matrix of photodiodes (e.g. 32x32 = 1024 photodiodes) polarized in Geiger mode, forming
a single undividable detector surface area of a few millimeters [16] [33]. Each photon generates a
current pulse, and at the detector output, counting the number of pulses represents the number of
photons received. In order to have an accurate measure of counted pulses, it is important to have
the width of the pulses as short as possible to avoid missing any photon; meanwhile the invalid

pulses should be filtered.

For many applications where very low-levels of light are to be detected, it is desirable to use a
detector with high sensitivity; namely, a device with high optical gain. The Avalanche
Photodiode has been developed for this purpose, which is essentially, as anticipated, a PIN diode
with high gain.

The idea of avalanche photodiodes was introduced in the 1950s, and became a popular research
area in the 1960s and early 1970s, with both linear-mode and Geiger-mode functions being topics
of interest. Limited electric fields and high fabrication cost of photo-multiplier tubes (PMTs)
were two main motivations to introduce APDs as both a signal amplifier for low-flux imaging
applications and as a means to detect single photons [34]. As research fueled development, other
advantages of APDs were revealed; offering digital-mode operation for single-photon counting
[34], high gain and high sensitivity. In the 1960s, Haitz’s group introduced the avalanche
phenomenon in p-n junctions biased above the breakdown voltage; a model of this device was
presented [35]. An APD is basically an advanced PIN photodiode but with faster timing. By way

of comparison to other PIN photodiode, APDs are associated with internal gain, which means
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more than one signal carrier is generated per photon. Without gain, the electrical signal due to
photon flux is usually lost in readout noise.

In the 1970s, during the early development of silicon APDs, the statistical properties of the
avalanche phenomenon were provided by Mcintyre and Webb [36] [37]; the single-photon
generated pulses were observed in their APDs biased above breakdown voltage [38]. Advances in
electronics have reduced the inherent noise and the breakdown voltage of APDs, which makes
them a suitable option for portable devices.

Sensitivity and signal-to-noise ratio can be enhanced by reducing the noise. The major source of
noise is dark noise which depends on both junction temperature and the reverse bias voltage.
Rather than cooling the device, operating APD under low biasing condition is important [39].
Another method to increase sensitivity is to enhance the gain. Although APD has the advantage
of high gain in comparison to PIN photodiodes, the gain in linear mode is not as high as PMTs.
Internal gain for APD operating in linear mode is 200-1000 while PMT typically has an internal
gain of 1x10° to 1x10’ [40]. To boost the APD gain, external amplification is required, and a
transimpedance amplifier is the solution to produce similar intensity signals between an APD and
PMT [40]. However, increasing the gain in this mode increases noise because the noise would be
also multiplied by the gain. Therefore, APD operated in Geiger mode is studied where bias
voltage is greater than breakdown voltage [41].

The optical gain is defined as the number of carriers generated as a result of the absorption of a
single photon. The optical gain for Geiger-mode APD is virtually infinite. The Geiger mode is
also called single-photon detection mode; since instead of a linear gain relation between the
generated photocurrent and the number of incident photons, it gives a digital pulse per avalanche
event [41]. The light intensity can be obtained from photon flux, which can be attained from
counting the photon events over a period of time. The sensitivity of Geiger-mode APD is limited
by dark count noise, which counts the events as the result of thermal generation of electron-hole
pair instead of incident photons [41]. As explained in previous chapter, as the result of avalanche
multiplication in Geiger-mode APD, a macroscopic current is triggered, and a sharp pulse is
produced which can be counted. The leading edge of the generated pulse marks the photon arrival
time very precisely. The self-sustaining current continues flowing until the electronic field is
reduced below breakdown onset. The final steady state current will be governed by the series

resistor (Rgs) of the circuit [42]. Meanwhile, the device will have no response to any other
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incident photon. To externally stop the self-sustaining current and perform high-speed photon
counting, an APD is used in conjunction with a quench circuit, which can be passive, active or
gated. This is achieved by lowering the bias voltage below the breakdown voltage, which is done

by quenching procedure.

2.1 Quenching

Different solutions and circuits have been proposed for the quenching process; however, all
different types of quenching circuits have two main common purposes: to quench the avalanche
current by lowering the voltage below breakdown after triggering an avalanche current, and to
reset the device for subsequent detection by raising the voltage above breakdown.

There are three basic types of quenching circuits: passive quenching, active quenching and gated
guenching. There are also some combinations such as passive quenching with active reset, active
guenching with passive reset, gated active quenching and passive gated quenching [43].

To analyze the quenching process easier, the simple equivalent circuit for APD is shown in
Figure 2.1 [43] [44]. The mentioned model indicates the functionality of APD and is used to
predict the reaction of the quench circuit when connected to the design quench circuit. The onset
of an avalanche is modeled by turning on the switch. Cy4 stands for the depletion region’s
capacitance and Ry corresponds to the equivalent resistance, typically a few hundred Ohms. In

the model, breakdown voltage is represented by V.

Figure 2.1: APD equivalent model
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2.1.1 Passive Quenching

By observing the generation of single-photon pulses in the avalanche photodiodes biased above
breakdown, APD is used in different applications such as astronomy and medical imaging.
However, these applications were limited by the features of the device and quenching circuit. The

first quenching circuit introduced was passive quenching.

The passive quenching circuit consists of a large resistor (R.) connected in series with an APD.
Subsequently the applied operating bias voltage is divided over the resistor and the APD. When
there is minimal current, the voltage drop across the resistor is similarly minimal. Figure 2.2
illustrates a passive quenching scheme; the APD is sandwiched between R, and a series resistor
(Rs), where Rs<< R(. Rs is typically 50 to 100 Ohms while Ry is approximately 100K to 10M
Ohms. The APD is connected to a power supply through R; and Rs; the power supply biases the
APD above the breakdown voltage. Capacitance Cp, which is sum of the stay capacitance (Cs)

and depletion region capacitance (Cy) is initially charged to a bias voltage Vpgias.

When the APD triggers an avalanche and generates a large current, the current quickly discharges
Cq and Csand the voltage drops across the resistor Ry ; as the result of lowering the voltage on the
device, the avalanche current reduces. Quenching has occurred when the avalanche process is no
longer self-sustaining, which means the diode current drops below the threshold. This threshold
is called latching current (lg) and it is in the range of 10 to 100 pA. The latching current forces
the maximum avalanche current (If) to be equal or smaller than the latching current and the
minimum voltage of the diode to be slightly more than the breakdown voltage and approximately
equal to Vg, + IrRy [43].

As soon as the current is quenched, Cp (sum of Cg and Cy) is recharged slowly by the sink current
through load resistor R.. The device recharges slowly and the APD voltage recovers toward the
bias voltage exponentially to get the desired over-voltage with the time constant of R, Cp ; Thus,
the device is ready for subsequent detection. R, should be large enough so that the maximum
avalanche current, which is equal to V,,. /R, , is smaller than latching current. As a result of large
resistance, the recharging time, called dead-time period, is very long and the maximum operating

frequency is limited.
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Figure 2.2: Passive Quenching: (a) Circuit, (b) Avalanche voltage and current behaviour

A photon that arrives during the recovery time is almost certainly lost, because the avalanche
triggering probability is very low during that time interval. Due to the slow recovery transient,
passively-quenched device is not a good choice for high counting rate applications. Rather than
long quenching time, after-pulsing and non-uniform bias voltage are additional disadvantages of
passively-quenched device. As a consequence of long recharging time, an avalanche can be

triggered before recharging is complete [43].

While the quenching process is relatively fast, the discharge of the current through the large
resistance is quite slow and therefore the dead-time between photon sensing of passively-
guenched device is estimated by device capacitance, stray capacitance, and device resistance.
Dead-time (Tp) depends on total avalanche charge (Qpg) and final avalanche current (Ir). The
total charge flowing through the device during avalanche in a passively-quenched device can be
calculated by V,,.(C4 + Cs). The current through APD is calculated by:

Va(t) — Vg,

Ii(t) = R—d (2-1)

V4 (t) decreases exponentially, due to discharge of diode capacitor and stay capacitor, until the

steady state occurs. The final avalanche current can be estimated by:
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VBias - VBr
[, = —— 2-2
7 Ry+ R, (2-2)
Since R; < Ry , the peak avalanche current is approximately equal to
VEx
I[r =— 2-
r=R, (2-3)

To estimate the value of R resistance, equation (2-3) is used. To assure that the avalanche is
quenched, the rule-of-thumb for a latching current, which ensures avalanche termination can be
used. This rule is considered the maximum avalanche current, or final current, to be 100 pA or
less [43] [45]. By knowing the required Ve and assuming I to be 100 uA, the required Ry is

calculated. Equation (2-4) is used to assess the quenching time for passive quenching.

Tp = % =R (Cq + Cs) (2-4)
The quenching time for passive quenching is limited by the capacitance value of (C; + Cs) and is
usually in the range of tens of nanoseconds (or 10%s). With an estimated 0.1 pF for a 20 um
radius APD and a 1 MQ quenching resistor, the time constant is on the order of 100 nanoseconds.
Additionally, it is typically difficult to reliably create uniform resistors, due to process variation
and mismatching.
The avalanche current discharge Cg follows through Rg, and induces a voltage in the output. The
avalanche signal depends on Cg/Cq4. A stronger signal results in a larger ratio of Cg to C4. An
external capacitor in parallel to APD would also increase the avalanche signal; this method can
be used when the diode capacitor is larger than stray capacitor.
If the interval between photon arrivals is shorter than Tp, the avalanche initiation probability,
and consequently the detection efficiency will vary with time. This is highly undesirable. In
addition, the output pulse amplitudes will also vary, and therefore some pulses may be missed by
the sensing circuitry; because most sampling circuits have a constant amplitude threshold [46]
[47]. Since R is determined by the latching current and Cq4 is an artifact of the junction
itself, the only way to reduce Tq in a passively-quenched device is by reducing the stay
capacitance. The most effective way of doing this is by integrating the quenching resistor on the
same die as the APD itself [48] [49].
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The performance of a passively-quenched device may be affected by the choice of the resistor
element. An off-chip resistor can have highly-precise resistance but will add parasitic
capacitance. On-chip resistors typically have very high temperature coefficients and take
up large areas. Transistors are a good choice but require a high-quality CMOS process and clean
voltage supplies. Moreover, they are limited by the supply voltage Vpp of the specific
technology. This sets a limit on the allowed excess voltage with which APD can operate and

influence the physical design of the unit.

2.1.2 Active Quenching

A solution to the drawbacks of passive quenching due to long recovery time is to reduce the stray
capacitance Cs and so as to make the recovery time shorter. In the case of Cs being in the order of
few pF (10" Farad) the recovery time is below micro seconds which is a desirable design
characteristic for applications with lower counting rate requirement. However, for high counting
rates (>10° counts per second), the passive quenching is still not applicable. In 1975, the
active quenching was introduced and commercialized by Cova and colleagues [37] [50]. Active
quenching circuit was introduced as a feedback loop to lower bias voltage on the device when the
avalanche event is detected. Besides being more complex circuits, active quenching circuits were
introduced to overcome the difficulties of passive quenching and recharging [43] [51] [52] and

several configurations and schemes were contributed by various laboratories [53] [54].

In active quenching, active recharging scheme is more common; since complete gquenching can
be achieved via a high resistor while the faster recharge can be attained by replacing R_ by a
smaller resistor. Therefore, two resistors are used (one for quenching and one for recharge) and a
switching circuit to switch between them. Analog circuitry senses the onset of an avalanche and
then disconnects the quenching resistor and connects the smaller recharge resistor. Another
circuit senses the completion of the recharge process and quickly disconnects the smaller resistor
and reconnects the quenching resistor. An example of this circuit is shown in Figure 2.3 [55]
[56]. The device is biased above the breakdown voltage as in the passive-quenched device. When
the device is in the detection state, switch S1 and S2 are turned off (i.e. in open position). As an
avalanche event is triggered, the current induces a voltage change on Rg that is detected by a
comparator. After a short delay due to feedback loop, switch S1 is turned on (i.e. in close

position). Turning on switch S1 results in raising the anode voltage quickly to Vq, and lowering
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the voltage across APD to V-V, which is a few volts lower than the breakdown voltage. After a
certain hold-off time, which can be preset by M2, switch S2 is turned on (i.e. in close position)
for a short time to quickly recharge the device and enable it for subsequent detection. The
inherent risk in this scheme is the arrival of a photon after recharging is full or almost
complete, but before the disconnection of the recharging resistor. This results in an avalanche
which is not quenched [57].

vdd Vq Quench Bias

\ - Il

¢ Out put
2

Monost able

Figure 2.3: Active Quenching Circuit Concept

In an active quenching scheme, an external circuit senses the onset of an avalanche. For
example, a comparator may sense a voltage drop, and quickly trigger a reduction in the APD
voltage to a level below the breakdown of the device [57]. While active quenching schemes can
be effective in large and slow APDs, it has some limitations in the case of high over bias voltage

[45] or small junction capacitance [58].

A basic active quenching circuit is illustrated in Figure 2.4 [28]. The two main sub-circuits are a
comparator and a voltage driver. 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 counting the detected photon. The comparator also sends
a command to the voltage driver which is then used to lower the bias voltage but still above the
breakdown voltage of the APD. After a precisely controlled hold-off time is passed, the bias

voltage is restored back to the voltage which is below breakdown and the APD becomes
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ready to detect the next photon. At this point, one quenching cycle is completed. The active loop
can complete the task after loop delay by forcing the APD voltage well above the breakdown
voltage, with sufficient margin to ensure final quenching and avoid registration that is due to non-
uniformity of breakdown voltage over the APD 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 APD power dissipation can be minimized.

Driver /////’,—-—-5\\\\\
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Figure 2.4: Active Quenching Circuit

The quenching time is the sum of circulation time in the feedback loop and the rise time of the
quenching pulse [43]. As quenching voltage (Vq) decreases, the rise time and therefore
quenching time decreases.

Compared to a passively-quenched device, an actively-quenched APD has several advantages. In
an actively-quenched APD, the delay between the onset of an avalanche and the time it is
recharged can be controlled. This is desirable in terms of device noise, and especially after-
pulsing. In addition, well-defined on and off voltages, adjustable hold-off time, and fast reset are
the advantages of actively-quench device. These desirable characteristics are independent of the
physical characteristics of under-test APD. Due to these advantages, active quenching circuits
have replaced passive quenching circuits in many applications. However, the main disadvantage
of present active-recharge-quenching scheme is its larger size and higher power

consumption.
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2.1.3 Further improvement

Next generation of quenching circuits are mixed quenching circuits, which are a combination of
passive and active quenching. The mixed quenching circuits provide flexibility in the choice of
the passive load. Since a quasi-quenching action is sufficient, load resistance R, 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 instability that is
due to the unavoidable combination of inductance and capacitances, such a circuit must be
accurately analyzed and carefully implemented.

On the other hand, the overall performance of a single photon detection system not only depends
on the APD characteristics but also on peripheral circuits, including quenching circuit and the
temperature control system. For example, the dead-time of a quenching circuit determines the
total charge flowing through the device during avalanche which affects after-pulsing
characteristics [59]. In addition, as the thermal effect was studied in section 1.2.3.7, having an on-

chip control system which can control the thermal effect is necessary.

2.1.4 Thermal Effect Control

As a result of increase in temperature, the breakdown voltage becomes higher, the diode noise
increases rapidly, and the gain decreases. Therefore it is important to cool the system. The
implications of the system without cooler are twofold: (a) by increase in temperature, the
avalanche voltage increases and differs from the initial voltage; therefore, the operation mode of
APD may change and there is no guarantee that APD can continue working in the single photon
detection mode. (b) As mentioned in section 1.2.3.7, an increase in temperature results in APD
breakdown voltage (Vg,) increase. This means that, by keeping the bias voltage constant, the
excess voltage (Vex) may not be the optimum value anymore, and the single photon detection
efficiency may drop. (c) As discussed in section 1.2.3.4, an increase in temperature causes rapid
increase in thermal noise. By increase in the noise level, the amplitude of the detected pulse in the
output may increase as a result of thermal carriers. This may cause interference in the accuracy of
photon counting. (d) APD gain in both linear and Gieger modes of operation is another parameter

that would decrease by an increase in temperature.
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Consequently, different methods are suggested for cooling APDs. A common suggested solution
is using fluid nitrogen or thermo-electricity cooling [60] [61] [62]. The simplicity of structure
makes thermo-electronic cooling system become a conventional solution for APDs. However,
since they have high power-consumption and are not integrated, APDs with thermo-electronic
coolers have to be used in laboratory settings [63], or in large instruments, where the power
consumption is not a limitation. Another solution is to design a control algorithm to compensate
for the thermal effect on APD parameters such as noise, gain, efficiency and SNR. This method is
a suitable solution for integrated devices. In most of suggested solutions, designing a
temperature-independent technique for automatic regulation of bias voltage is essential. This
technique results in maintaining the optimum excess voltage unchanged. The following

algorithms present some examples of compensation methods discussed in the literature:

The first method concerns the monitoring of noise changes [64]. This method is based on the
rapid increase of noise as a result of temperature increase. A signal is detected as the output of
noise change, and then is amplified and measured. When the detected noise voltage exceeds a
certain range, the bias voltage is decreased; and vice-versa, when noise signal decreases, the bias
voltage is increased. In this method the noise character nearby avalanche is studied, and the bias

voltage is stabilized based on noise characteristics [64].

Another method considers constant excess voltage, where the bias voltage is controlled as a
function of the variation of breakdown voltage due to the change of temperature. In this method
there is a temperature-breakdown voltage lookup table stored in a memory and the appropriate
bias voltage is selected from the values in the lookup table [65]. Since breakdown voltage has a
linear relation with temperature (over the operating range) the temperature coefficient is defined
as an APD specification and it can be replaced by the lookup table [66]. In this method, a
reference voltage is set to be a voltage implementing an optimal amplification ratio on an output
terminal; the desired voltage is generated by considering the slope variation of the plot of
temperature and breakdown voltage. To verify the suitable bias voltage used to compensate the
effect of temperature, there are two possibilities for the input of control loop: first input can be
from a temperature sensor, while the second possible input can be the amplitude of the APD

terminal output [66].
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The third method is to use two APDs to eliminate the effect of noise on gain calculation and
define a multiplication factor as:

1
My, = Iﬂ (2-5)
P

where 1y is the un-multiplied current of the APD biased at high gain and Ip is the primary un-

multiplied current of the APD at low gain.

By changing the bias voltage of a high-gain device, while maintaining a constant bias on low-
gain APD, the current ratio, and hence the high-gain of the device can be set at pre-selected
values [67]. From the ideal diode equation, the effect of temperature change on the low-gain
device is negligible when compared to the large-gain effect on the device. Therefore, over
moderate changes in room temperature lp remains constant while Iy, varies. In this method the
circuit is monitored to maintain its preset gain by adjusting the bias voltage of the high-gain
device [67].
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CHAPTER 3 QUENCH-RESET CIRCUIT: SIMULATION AND POST
LAYOUT RESULT

3.1 Design Procedure

As mentioned in section 1.3, the drawback of APD operating in Geiger-mode is that the
avalanche self-sustaining process continues until it is stopped externally. Due to the need for an
external stop and consequent quick reduction of the bias voltage, a quench-reset circuit must be
employed. The idea is to keep the APD in a sensitive condition, which is 1 volt above the
breakdown voltage for our case. As a result, by absorbing a photon and triggering an avalanche,
an increase of 400pA in output current occurs and therefore the APD cathode voltage would
increase by 1.5V. At this point the quench-reset circuit should be active to quench the avalanche
and return the APD to a sensitive state. When the avalanche is quenched the current is reset to
zero, and the voltage slowly returns to its value before detecting a photon (i.e., sensitive value).
The block diagram of the proposed solution is depicted in Figure 3.1. The Geiger-mode front-end
circuit is activated by sensing the leading edge of APD cathode voltage as a result of the
avalanche current. The quench block suppresses the avalanche current by lowering the bias
voltage below the critical value which may be very close to the junction breakdown voltage of
the semiconductor.

The output of the quenching block is digitized to be sent to the counter to complete the photon
detection system by measuring the time interval between successive pulses. After the pulse is
generated, the APD should be rearmed for subsequent detection; this is where the reset block can

be employed to bring back the APD voltage to the original sensitive level.
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Figure 3.1: Quench-Reset Overall: (a) system level block diagram, (b) expected signal

The proposed quench-reset mechanism is depicted in Figure 3.2. Figure 3.2a illustrates the circuit
which is responsible for quenching while Figure 3.2b demonstrates the reset circuit. Figure 3.2c
shows an inverter which is responsible for digitizing the pulse related to detected photon and
sending it to reset circuit and counter circuit. Figure 3.2d is a 5-bit asynchronous counter to keep

track of the number of detected photons. The counter is composed of 5 D-flip flops.
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Figure 3.2: Circuit level design: (a) Quench Circuit, (b) Reset Circuit, (¢) Digitizer, (d)

Counter

Figure 3.3a illustrates the quench circuit which consists of a level shifter and a quencher. The
APD cathode voltage, which is the input to the quench circuit, as shown in Figure 3.3b, is not in
the operating range for transistors. Therefore, the first section of the quench circuit works as a
level shifter, which consists of M1, its load M9 and M10 as provider of self adjusting bias to the

load M9. The pulse to activate switch M1 comes from the reset block, which will be described
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later. Figure 3.3c indicates the level-shifter output. The level shifter block is capable of shifting
the APD cathode voltage signal from the range between -15V and -14.2V to the range between
480mV and 600mV.

The quencher block in Figure 3.3a is responsible for quenching the avalanche current. On influx
of photons, the avalanche raises the voltage across APD. At this moment, transistor M4, which is
biased in common source (CS) mode, amplifies the signal. As the output of M4 increases, it turns
on transistor M5, and the quench process occurs by lowering the APD voltage by M5. The
quencher output is shown in Figure 3.3d. As the quenching process is faster and the quenching

time is lower, the power loss and therefore the heating would be less.

Figure 3.4 indicates the functionality of the digitizer block which is an inverter. It is responsible
to digitize the output of quench circuit and prepare it for reset and counter circuits. Figure 3.4a

and Figure 3.4c shows the input and the output of the inverter, respectively.

Figure 3.5a illustrates the reset circuit which consists of four main blocks of a D-flip flop, hold-
off RC, a NAND gate and a buffer. The enable pulse from the digitizer is detected by D-flip flop
which is sensitive to rising edge. The RC hold-off holds the APD cathode voltage in its existing
voltage level for the hold-off period with respect to the value of the resistor R-Hold and the
capacitor C-Hold. Hold-off RC, NAND gate and buffer constitute monostable block and generate
the signal to recharge the APD back to its operation level by activating switch M1 in quench
circuit, as presented in Figure 3.6. The low resistance transistor M1 resets the quiescent bias of
the APD and brings the APD cathode voltage back to its operative level for detecting the next
photon arrival. Figure 3.5b and Figure 3.5¢ show the input and the output signals of the reset

circuit, respectively.

The reset process should be as fast as possible to avoid dark current noise. The reset time for the
designed circuit is in the range of 1 to 3 ns, while the quenching time is 1 to 4 ns. The most
suitable value for hold-off time is unique for each system and it depends on the nature, density
and lifetime of the traps of each specific APD. It should be long enough to allow trapped carriers
to be emitted and not to allow the after-pulsing affect the photon counting statistics. On the other
hand, hold-off time should not be too long to avoid limiting the repetition rate and affecting the
validity of the counting statistics. For our circuit, the hold-off time is controllable in the range of
4ns to 2us.
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Figure 3.3: (a) The quench circuit which consists of a level shifter and a quencher, (b) APD cathode

voltage in absence of the quench circuit, (c) Level shifter Output, (d) Quencher Output
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3.2 Simulation Result

The proposed circuit was simulated using the Cadence and Virtuoso layout editor and was
implemented in 180nm standard CMOS technology. To simulate the circuit, an APD model was
designed as demonstrated in Figure 3.7. The model was designed based on bulk contact
resistance (R), parasitic resistance (r), junction capacitance (C), and breakdown voltage of
wirebond inductance and bondpad capacitance are neglected. The model was designed to
simulate the performance of an APD which is being designed by our research group. Therefore
the breakdown voltage was chosen as 15V, and the chosen values for R, r, and C were 2kQ, 1kQ,
and 1pF, respectively. Current source | in the model is mimicking the avalanche triggering. To
test the sensitivity of the proposed circuit to low excess voltage, the amplitude value of the

current source is chosen to be 350pA to have the excess voltage of 0.8 V.

|CD R§ C —

Vbr

Figure 3.7: APD simulation model
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3.2.1 Schematics

To lower the cost and reduce the design size, the design would greatly benefit from computer-
aided-design (CAD) tools that would allow optimization and verification of a particular system
before its actual fabrication. A transistor-levels design was first created as a schematic in
Cadence's 'Schematic Editor' to verify the performance of the circuit.

To estimate the photon counting rate, dead-time needs to be calculated. Dead-time is the sum of
quench time, hold-off time and reset time. Figure 3.8 indicates the performance of the APD
cathode voltage, and the output voltage to the counter, when the hold-off time is zero. Figure 3.8a
shows 3 cycles of light impinging, where signal demonstrates the light from LED; APD cathode
voltage quenches during light impinging and for each quenching event, a pulse is generated in
output voltage. Figure 3.8b, a diagrammatic representation of the results, conveys that there is a
time constant of 0.5 ns for light impinging. The quenching occurs in 0.91 ns. The output voltage
pulse is detected within 0.58 ns of the onset of the quenching. The width of the output voltage
pulse is approximately 1ns and it ends in 1.58 ns after the light impinge.

Besides having fast quenching, it is important to ensure that the output pulses are not interfered
by dark current. Therefore having controllable hold-off time is significant. Figure 3.9 illustrated
the same signals when the hold-off time is defined as 13 ns. In Figure 3.9a, the blue signal shows
the current occurred as a result of light impinging; the red signal and the green signal indicate
APD cathode voltage and quench-reset output voltage respectively. The orange signal indicates
the resetting pulse with the width equal to hold-off time value. Figure 3.9b is the zoomed-in
version of Figure 3.9a, and indicates that the quenching occurs at 2.3 ns after detecting the light.
However the reset pulse is generated 3ns later. This means that the design resetting feedback
block creates 2.7 ns delay. The resetting pulse has the width of 13 ns, which indicates the hold-
off time. When the resetting pulse disables, it takes 2.7ns for APD voltage to return to original
voltage level and for the device to be rearmed for subsequent detection. This time is called reset

time. The overall dead-time in this case is 20ns with 13ns pre-defined hold-off time.
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voltage and output voltage: (a) 3 cycles of light emitting, (b) Zoom-in plot indicating quenching
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3.2.2 Post-Layout

Once the performance parameters of the quench-reset circuitry were validated through
simulations, the 'Virtuoso Layout Editor' tool from Cadence was used to create a compact layout
design for this circuitry. After the layout was completed, Design Rule Checker (DRC) was used
to make sure that all the shapes in the layout conformed to the design rules given in the design
rule specification sheet for this CMOS technology. Once the layout cleared all the DRCs, a netlist
check was performed using Layout-Versus-Schematic (LVS). LVS ensures that all the
connections in the layout are correct and the netlist extracted from the layout matches the one
extracted from the schematic. After the checks were cleared, the extraction tool was used to
extract a netlist from the designed layout with all the parasitic resistors and capacitors annotated
within. This new parasitic annotated netlist was then used to simulate and verify all significant
parameters of the circuitry again.

In case a particular important value is different from the design value then the circuit layout has
to be investigated and likely re-modified to fix this mismatch. Like all designs, such “re-work”
can be anticipated. After some modification, the simulations of the extracted netlist were very
close to the original schematic simulations and therefore no further modifications became
necessary.

Figure 3.10 demonstrates the layout result of the APD voltage and output voltage of quench-reset
circuitry with zero hold-off time. Figure 3.10b indicates that quenching occurred at 0.72 ns and
the output voltage ended at 0.83 ns.

Several additional measurements were taken in order to ensure the fabrication success of the
Quench-Reset design presented in this thesis. Figure 3.11 illustrates AC analysis of Quench-
Reset circuitry in the frequency range of 100 Hz to 5 GHz. It shows that the bandwidth of the
circuitry is 1.153 GHz.
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Figure 3.11: AC analysis of the Quench-Reset circuitry to estimate the bandwidth (BW)

3.3 Controller design for APD performance improvement

As explained in section 1.2.3.7, the thermal effect is the main bottleneck on the system
performance. It affects the gain and signal-to-noise ratio (SNR) in both linear and Geiger modes.
Figure 3.12 illustrates the system control algorithm to compensate the thermal effect. The trivial
solution may be using a temperature sensor and a cooler which keep the temperature changes
constant. However, to have the fully integrated system, the cooler should be avoided as a solution
to compensate the thermal effect; instead we should find another parameter which affects on the
gain and can compensates the thermal effect. In the following system two algorithms are
proposed depending on the mode of operation, which is based on the relationship between bias
and breakdown voltages. In Figure 3.12 the two thermal effect control algorithms of linear-mode
and Geiger-mode are presented. In both algorithms the thermal effect is compensated by
changing the bias voltage through Voltage Generator Section.

As mentioned in section 1.2.2, APD gain in linear mode can be calculated based on equation
(3-1).
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1
Vbias — I XR ]n
Vpr + V(T = To)

G =

(3-1)

1-]

where, | and R represent the total current and total equivalent resistance of APD. Ty is room
temperature at 25C, T is the instant temperature and } is a temperature coefficient. n is
determined by the character of the semiconductor material which is used to make the APD, and
its value ranges between 2 and 7 [68].

Vyr is changing linearly with temperature and } indicate the changes of voltage per each Celsius
degree of change in temperature. Vi, which is the equivalent voltage of I X R in equation (3-1),
is very small when compared with Vyias. Therefore a good estimation for the new required Vpias 1S
to apply the changes on breakdown voltage through temperature coefficient to primary bias
voltage. Figure 3.12a shows the methodology to compensate the thermal effect in linear mode.
The physical parameters of APD: } and n along with initial temperature (To) are preset. By
storing the initial values, the gain at initial temperature is calculated. By monitoring room
temperature the expected change in breakdown voltage can be calculated through preset
temperature coefficient. Thus, the calculated new value for bias voltage would be sent to voltage
generator section. By calculating new gain based on new bias voltage and new breakdown
voltage, the difference between the new gain and default gain is estimated and the accuracy of
this algorithm can be judged.

Similar methodology is used for Geiger mode. The gain in calculated through equation (3-2).
G = g Vex (3-2)

where C is the APD capacitor and q is electron charge and equal to 1.6021765 x 10 c. In this
method we try to keep Ve, constant. Therefore the bias voltage is estimated based on the change
of breakdown voltage with change of temperature. In this mode by enabling a switch the output
of quench circuit is monitored in two modes of LED-off and LED-on. Dark current rate is
estimated in the case of LED-off and the sum of dark current rate and the output signal of quench
circuit is measured when LED-on. With the mentioned estimations, signal-to-noise ratio is

calculated.



45

Control Algorithm

Vbias
Vbias < Vbr

Get value of (C/Q)

Yes o)
m— 1
Calculate Vex «Q
Store initial values = Vbias-Vbr 2
,nand TO
(Y ) =
(o)
(=1
(1]
Vir Calculate G
% — = (C/q)*Vex
o
=
—
8 Monitor Room T-Sensor
Calculate Gd -
5 =1/ (1-[ (Vbias-Vir) / (Vbr) ]*n Temperature (T)
T-Sensor~— i Room Calculate VbiasD Disable switch M
= Vbias + Y * (T-T0)
Temperature (T) I
Read QC Output
Calculate VbrT (DCR)
= Vbr + Y(T-T0)
Enable switch M
Calculate VbiasN
= Vbias + Y(T-T0) |
Vir Read QC Output
DCR + Signal
—> Get Vir ( gnal)
Voltage Generator

Section

Calculate G (b)

=1/ (1-[ (VbiasN-Vir) / (VbrT) ]*n

@ No @ Yes Gdif=Gd -G
(a)

Figure 3.12: Control algorithm to compensate the thermal effect: (a) Linear-mode Algorithm, (b)

Geiger-mode Algorithm



46

3.4 Chapter Conclusion

To verify the performance of the circuit, the transistor-level design was first captured as a
schematic in Cadence's 'Schematic Editor' and all design specifications were tested. "Virtuoso
Layout Editor' from cadence was the tool used to create a compact layout design for this circuit.
After the layout was completed and the Design Rule Checker (DRC) test was checked, a netlist
check was performed using Layout-Versus-Schematic (LVS) to make sure that all the
connections in the layout are correct and the netlist extracted from the layout matches the one
extracted from the schematic. After optimization and verification of our design with aided-design
(CAD ) tools, the design was ready to be sent for fabrication.

The design provided a minimum dead-time of 3ns with controllable hold-off time of 1ns-2us, and
bandwidth of 1.153 GHz for the quench-reset design.

On the other side, an off-chip temperature-independent gain control system was designed and its
algorithm was tested through Modelsim. In this design the effect of temperature on the gain in
both linear-mode and Geiger-mode operations is controlled through changing the bias voltage of
APD. After performance verification, the control system was ready to be implemented on FPGA

and connected to the test APD through external connections.
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CHAPTER 4 EXPERIMENTAL RESULT: QUENCH-RESET CIRCUIT
AND THERMAL EFFECT CONTROL

4.1 Quench-Reset IC

The proposed quench-reset circuit was fabricated in a standard 0.18um CMOS technology.
Figure 4.1 shows the post-layout, which is designed under Cadence layout editor and simulator
environment. The active area of the proposed circuit is only 50x120pum? with 18 pins. The supply
voltage of 1.8V for analog section and 1V for digital section is chosen respectively.

The chip was fabricated by TSMC fabrication facilities through CMC Microsystems. The chip
consists of different APDs and quench-reset circuits. One of the quench-reset circuits was placed
separately from the designed APDs to have the option of testing quench-reset circuit independent
of the APD. The overall chip is Imm?. Figure 4.2 presents the microphotograph of the fabricated

chip, which is a zoomed-in version of the quench-reset circuit.

50 um

N 120 pm

Figure 4.1: The Layout scheme of the achieved Quench-Reset Circuit
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Figure 4.2: The microphotograph of the whole fabricated chip shared with a colleague from our

laboratory

As explained in section 1.1 the circuit is designed to be part of the light detection section of the
EEG-fNIRS brain imaging project. This whole chip includes an avalanche photodiode which is
still under design improvement and test by another student within Polystim, and it is not fully
functional yet. Therefore to test the functionality of the proposed quench building block, a
commercially-available APD device (model S2384, Hamamatsu Company) was connected to the
chip externally. As expected from the literature review, having both APD and front-end circuit
integrated on the same chip will improve the quench-reset process a few hundred times faster.
Therefore we are expecting to achieve quench and reset time in the range of few hundreds
nanoseconds with the commercial-APD test setup.

To have the output of APD in a range similar to the output of APD proposed by Polystim, the
APD model is designed based on a commercial device. Figure 4.3 depicts the APD model.
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Fiaure 4.3: APD Model

R1 and R2 are chosen to be 12 kQ and 10 MQ respectively, and the amplifier is the
ADB8031ANZ. Hamamatsu S2384 APD active area of 3 mm, photo sensitivity at peak 0.5 A/W,
cut-off frequency of 120 MHz, breakdown voltage of 150 V, terminal Capacitance of 40 pF, and
gain of 60. The model is designed to behave as closely as possible to future-design photodiode

by another student in Polystim.

To isolate the APD from receiving any light rather than near-infrared LED, both APD and LED

are placed in a black box.

Figure 4.4 depicts the experimental setup used to characterize the proposed quench-reset circuit.
The setup consists of a power supply for both digital and analog Vg4, and a 2-channel
oscilloscope to monitor the APD cathode voltage and the digital generated pulse. Q0 — Q4
indicates the output signals of the on-chip counter, which would pass through Binary-to-seven
segment decoder, and display the number of pulses in the form of 7-segment. To automatically
maintain a constant voltage level for both analog and digital voltages of IC and isolate the chip
from power supply small-change damage, a voltage regulator is used. The LM117 series of
adjustable 3-terminal positive voltage regulators can supply in excess of 1.5A over a 1.2V to 37V
output range. The output voltage of regulator is selected using two resistors. Normally R; is
chosen to be around 220Q or 240Q. The formula for calculating the value of R; is as follows

based on the required output voltage:
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R
VOut—Regulator =125(1+ R_j (4-1)
Therefore the value of R, would be
_ VOut—Regulator 4-2
RZ_Rl(T_l) (4-2)

Setting R, to zero causes the output voltage to drop to 1.25V to apply to the pin connected to IC
digital Vpp. Likewise to apply 1.8V to analog Vpp pin, R; is calculated to be 105 Ohm.

Oscilloscope

Dc Power Supply 15V R

|rDigitizer Out put

20 0
Vin=0V 18 T
273H4—Q 11— Binary
_ Fabricated Chip . . to
Rcz?ru(lﬁtor Vout=1.8V Quench- Reset - 7-Segment
L~ 2554—Q3 Decoder
Regulator |Vout=1.2V :""8 o 2234—Q4
LM117 Circuit

Counter-Reset

Figure 4.4: Test setup of fabricated chip

To verify the quench circuit, the chip is tested for both continuous and one-shot input signals.
The input is the signal to switch on the LED. Two cases are studied in Figure 4.5. The first case
is when the light is on only for short period. This input is called one shot pulse (Figure 4.5a). The
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second case is when the light is on for long period and it is called continues-wave light. In post
layout result one shot input can be as short as 7ns, however in measurement with non-integrated
APD the minimum input is 250ns. Besides testing with non-integrated APD, the difference
between measurement and post-layout results is due to the bandwidth limitation of testing
devices. In Figure 4.5b the LED light is on for 2s and 8 pulses are detected. Thus the dead-time
of each pulse is 250ns. The third signal in both Figure 4.5a and Figure 4.5b indicates the digital
pulse generated with respect to each detection. Counting the number of pulses of mentioned
signal in specific period indicates the speed of photon counting in Mcounts/s. On the other hand,
the photon counting rate is estimated from the overall dead time, which is equal to the width of

each of mentioned pulses.
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Figure 4.5: Chip test result in response to: (a) one-shot light, (b) continues-wave light. In both

plots: (1) LED driver voltage, (2) APD cathode voltage, (3) Output pulse to be sent to counter

To test the ability of reset block in generating different hold-off times, the monostable section of
the reset block is tested with different RC. As shown in Figure 4.6, the monostable section in

reset block is capable of generating reset pulse with hold-off time in the range of 4ns to 2us. In
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this figure Signal (1) in both plots indicates the output from quench circuit used for the reset

block, and signal (2) indicates the output of this reset block. From the figure, we can conclude

that with similar input to the reset block that depends on the hold-off time, different-width

outputs can be generated. In Figure 4.6a, the generated hold-off pulse is 4ns while, Figure 4.6b

shows the reset signal with hold-off time equal to 2.60us.
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Figure 4.6: Chip test result for reset circuit with: (a) hold-off time of 4ns, (b) hold-off time of 2us. In

both plots: (1) input pulse to reset block and signal, (2) output pulse of reset block

Table 4.1 summarizes the design characteristics of both circuit simulations and fabricated chip

results. The power consumption, input and output impedances of IC measurement are compared

with the simulation results.

Table 4.1: Design characteristics

Parameter Simulation Measurement
Power Consumption 2.14 mW 1.70 mW
Input Impedance 2Q 2.8Q
Output Impedance 1.58 kQ 1.24 kQ
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4.2 Control system

The thermal effect control is designed to keep the gain of the APD in accepted range. Depending
on the APD mode of operation, different algorithms may apply.

4.2.1 Controller

An inexpensive, fast, and reconfigurable control method is an FPGA programmed in a VHDL
language. Igloo FPGA from Actel was chosen due to its low power consumption. The device

with 100 pins adaptor and the programmer Flash Pro is shown in Figure 4.7.

Figure 4.7: Igloo FPGA and FlashPro programmer

The code consists of the main control unit and peripheral modules. These modules are depicted in
Figure 4.8. In addition, Libero is a comprehensive FPGA design and development software
dedicated to Actel products. It combines Microsemi SoC Products Group (formerly Actel) tools
with software such as Modelsim for simulation and Synplify for code synthesis and

implementation.
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Figure 4.8: Different modules of the control unit built by a dedicated VHDL code

Inputs: These signals are:

+ Breakdown voltage: which is a physical characteristic of the APD; it is a constant input in

a test setup for a specific APD

+ Bias voltage: which is a variable input in each loop of operation

+ Leakage voltage: which is a variable input in each loop of operation; it is used in the gain

calculation in linear mode. Leakage voltage is measured from the output of the TIA,

which works as a current-to-voltage convertor for the leakage current of the APD

+ Temperature-sensor voltage: which is linearly proportional to the temperature in

centigrade degrees.

Temperature Sensor Interface: The integrated-circuit temperature sensor, LM35, generates an
output voltage signal with linear scale factor of +10 mV/°C. This value is converted to

temperature value by passing through the Voltage-Temperature convertor unit. In this unit the

temperature is calculated by multiplying the sensor voltage by a voltage-temperature factor.

The temperature value is used in the control algorithm in both linear and Geiger modes.
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ADC and DAC Interface: Analog-to-Digital (A/D) and Digital-to-Analog (D/A) convertors are
used through interface modules; the mentioned code structure is device-dependent on 1/O signals

and control signals of A/D and D/A converters.

Integer and Floating Point Conversion Units: Due to mathematic calculations in the control
algorithm, the values are required to be in floating point format. Integer-to-Floating point
conversion is adopted using 8-bit integer to 64-bit floating point and pre-saved values in a
memory. On the other hand, the floating-to-integer module produces integer values to

communicate with the D/A converter.

Outputs: The outputs of the circuit are:
+ Primary gain (GainP), improved gain (GainNew) and the correction factor (GainDiff) in
linear mode of operation
* Gain in Geiger mode of operation

* Required bias voltage in both modes of operation

4.2.2 Temperature sensor

The temperature sensor, LM35, is an integrated circuit with high accuracy of 0.5°C at room
temperature and over a temperature range of —55°C to +150°C. The low-output impedance, linear
output, and precise inherent calibration of the LM35 make it a suitable choice for the control
circuitry. LM35 has a very low self-heating of less than 0.1°C, since it draws only 60 pA from

the supply [69]. The output is the voltage signal with a linear scale factor of +10 mV/°C.

4.2.3 Test Bench

Figure 4.9 illustrates the overall test bench, which consists of an FPGA, quenching block and
additional needed circuitries. To maximize the performance of the APD, its gain is monitored in
each loop of operation; depending on both modes of operation (linear and Geiger modes),
different actions are taken to set the optimal bias voltage. The calculated bias voltage value is

sent to a D/A converter, LTC1665 from linear technology;
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To set the APD bias voltage, the converted analog signal is sent to the power-set unit. As shown
in Figure 4.9 the power set unit is a buffer (AD8005) which consists of two amplifiers. Besides
controlling the thermal effect, depending on the mode of operation, the control signal is generated

and the device switches between quench-reset circuit for Geiger mode operation and TIA for

linear mode through a MAX4525 multiplexer.
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Figure 4.9: Control system test bench
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4.2.4 Control System Result

4241 Linear Mode

To test and validate the functionality of the linear-mode control loop, a test bench was created.
Table 4.2 indicates the 1/O list. In the table, breakdown voltage and temperature coefficient are
two constant values for any specific APD. The leakage voltage is measured based on leakage
current while primary bias voltage is calculated by the equation: Vg;,s = Vg, + V., . At this point,
with the help of the algorithms the primary gain is calculated and the required bias voltage is
estimated to keep the gain within 10% variation. It is worth noting that the primary gain is

calculated based on inputs before the temperature-independent gain loop control is applied.

Table 4.2: 1/O list of thermal effect control module for linear mode APD

1/0 List Abrivation Parameter (D\e/(?ilrl:;I) Cllf) gﬂucl;;i?es
Input (Constant) Vbr Breakdown Voltage 15V -
P CoefTVbr Temperature Coefficient 0.65 -
Vr Bias Voltage 14.7V -
Input (Measured) Vir Leakage Voltage 0.1V -
TO Primary Temperature 25°C -
Output . .
(Calculated) Gd Primary Gain 37.75 400

To verify the temperature-independent gain control, two cases are studied. In the first case, the
ambient temperature is increased by 2°C, and in the second case it is decreased by 2°C. In both
cases, the required bias voltage is calculated and set through power supply unit and the new gain
is calculated. The goal is to have the new gain within 10% variation from the primary gain value.

Table 4.3 and 4.4 present the results.

Table 4.3: 1* Study case for thermal effect control module of linear mode APD — 2°C increase in

ambient temperature

. Value Required
1/0 List Abr. Parameter (Decimal) Cloch Cycle
Input T Secondary Temperature 27°C -
Output NewBias | Proposed Bias _Voltage 16.1 85
G New Gain 41.00 427
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Table 4.4: 2" Study case for thermal effect control module of linear mode APD — 2°C decrease

in ambient temperature

: Value Required
1/0 List Abr. Parameter (Decimal) Cloch Cycle
Input T Secondary Temperature 23°C -
Output NewBias | Proposed Bias .Voltage 13.5 85
G New Gain 34.50 427

As equation (4-3) and (4-4) indicate, the new gain in both study cases has a variation of 10% in

comparison to primary gain.

41.00 — 37.75

Study Case 1: % Gain Variation = 3775 =8.6% (4-3)
37.75 — 34.50
Study Case 1: % Gain Variation = 3778 =8.6% (4-4)

To validate the proposed algorithm, the value of gain is calculated in the absence of the proposed
algorithm in the first study case (2 degree increase in temperature) with reference to equation 3-1:

1 1
G = = = 5.69
|- Yo IR, 148 (4-5)

rya-1y " lEBroesa)

4.2.4.2 Geiger Mode

The control algorithm is based on the linear relation between temperature change and change in
breakdown voltage, i.e. AVg, = yAT.
For testing this algorithm, an emulator is designed based on the specification of future-design
APD with another student in Polystim.
The gain calculation is based on equation 3-2 for excess voltage of 0.5V. Due to the specification

of the APD designed by our group , the junction capacitance is 1pF.
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(0.5) = 0.3121 x 10* = 3121

C 1x 10715
G = p v (4-6)

e~ 1.602 x 1019
As expected, a sudden change in gain value is observed in Geiger-mode APD in comparison to
linear mode APD.

The proposed bias voltage follows the same changes as the breakdown voltage, therefore the
excess voltage and as the result the gain would remain constant. In the Geiger mode APD,

the gain variation is negligible. The input signals for Geiger mode APD are listed in Table 4.5.

Table 4.5: 1/0 list of thermal effect control module for Geiger mode APD

1/O List Abr. Parameter Va_lue
(Decimal)
Vbr Breakdown Voltage 15V
Input (Constant) | CoefTVbr | Temperature Coefficient 0.65
CdivQ Capacitance / Elec charge 0.6242E4
Vr Bias Voltage 15.5V
Input (Measured) TO Primary Temperature 25°C

The algorithm is tested for two case studies similar to linear mode. The results are summarized in

Table 4.6, and prove the functionality of Geiger-mode temperature-independent gain control.

Table 4.6: Case study for thermal effect control module of Geiger mode APD

1/0 List . Value (Decirrgal) Required
Abr. Parameter 1° Case _Study. 2~ Case Study: Clock Cycle
2 degree increase | 2 degree decrease
T Temperature 27°C 23°C -
NewBias | Proposed Bias Voltage 16.8 14.2 85
Vex Excess Voltage 0.5 0.5 28
NewGain Gain 3121 3121 58

4.2.5 Conclusion

The control unit is designed to compensate for the effect of temperature on gain by varying the
value of bias voltage. The algorithm is based on the relation of gain, bias voltage and temperature
and changing bias voltage to maintain the gain variation within 10% of primary gain.
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Two separate algorithms are coded based on the operation modes of APD. The proposed bias
voltage in the unit of voltage and required time in the unit of clock number are listed in separate

tables. The gain variation is calculated in each of the cases.
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CONCLUSION

This work is proposed to complete the design of the sensor developed by multidisciplinary
research of IMAGINC group as part of the development of a real-time, noninvasive and portable
NIRS/EEG signal acquisition system to communicate wirelessly with a computer and image the

whole cortex while improving comfort in long duration scanning.

In this work, we designed and implemented an off-chip thermal effect control circuitry intended
for an integrated APD photon counting system operating in Geiger mode. The theoretical analysis

of the interface is confirmed by both simulation and experimental results.

Various publications addressing approaches to the design of quench and reset circuitry were
reviewed. The importance of quench-reset circuit is highlighted for Geiger mode APD in
different applications. The self-sustaining macroscopic current occurring as the result of
avalanche multiplication for each photon in Geiger-mode APD is triggered. Therefore, an
external force is required to reduce the electric field below breakdown onset and prepare the APD
to detect any other arriving photon while protecting the APD from being damaged. Quench-reset
circuitry is employed for this purpose. There are a variety of passive, active and mixed quench-
reset circuits were reviewed and a high-speed active quench-reset circuit has been preferred and

designed.

An electrical model is proposed to present the APD performance at photon detecting in the
operation of a switch. In this model, equivalent junction capacitors and resistors of our group’s
desired APD are placed. The model is designed in the Cadence tool to simulate the behavior of
the desired APD. The quench-reset circuitry is designed and simulated with TSMC 180nm
standard CMOS process. The design is then laid out and the post-layout simulations were
conducted to consider the non-idealities due to process imperfections and the significance of the
parasitic effects on circuit performance. The schematics and post layout simulation results
confirm a quench time of 1-3ns for the circuit which meet the requirements of high speed photon
detection quench circuits in functional near infrared optical brain imaging spectroscopy. A

controllable hold-off time of 4ns-2us and a reset time of 1-4ns enhance the characteristics of the
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proposed circuit among the previously cited solutions. Using the services provided by CMC
Microsystems, the optimum layout was fabricated and special wire bonding was done by LASEM
affiliated to Polystim laboratory. The designed circuit is proposed to be integrated with the APD
designed in our research group. However, since the APD is still under test, the quench-reset
circuit was tested with an available commercial APD. APD Hamamatsu S2384 was chosen and

the results proved the functionality of our circuit.

As an integrated part of the project, an off-chip control scheme was also implemented with a
FPGA platform to control the effect of temperature on the APD performance by monitoring the
gain in both linear and Geiger modes of operation. The thermal effect is controlled through
changing the bias voltage of the APD. The FPGA code is tested in Modelsim and implemented
with Igloo FPGA (Actel co.). The designed system controls the gain variation in 10% of the
primary value of gain for linear mode APD and with negligible gain variation for Geiger mode
APD.

Future works based on our studies and experiments in this thesis can proceed in the following

directions:

The photon counting system design can be improved by integrating the APD gain control loop,
temperature sensor and quench-reset circuit on the same chip as the APD. Rather than avoiding
extra wire connections and the capacitive effect, having integrated temperature sensor has the
advantage of measuring the temperature of the APD junction rather than the ambient temperature;
since the temperature which is in linear relation with the breakdown voltage is the junction
temperature. It is worth noting that this does not affect the accuracy of our designed circuit
because our control loop is tested with an emulator based on a commercial APD with parameters
of the APD designed in our lab which is under test currently, and independent of the APD itself,
but it would be a recommendation for the future integrated systems. The designed quench-reset
circuit is capable of performing in 500 MHz - 1GHz range, which is a feature for high-speed
APDs. In that case, to validate the design, the test instruments, including measurement
instruments and power supply, should support a frequency range greater than 1 GHz. The control
system can also be improved by adding a monitoring module to calculate and monitor other

parameters of APD such as Quantum efficiency and signal-to-noise ratio.

In the design of the proposed system, several test pads are used to verify the performance of
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different blocks. This resulted in using a larger silicon area to design the integrated chip. Since
the performance of the photon counting system is approved, it is possible to reduce the number of
the test points and minimize the size of the device. In the layout of the design, the pads are used
as terminals but these pads do not provide electrostatic discharge protection. This was a
limitation in our experimental test, and it is recommended that this protection be used for future

testing.
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