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Abstract

Avalanche photodiodes (APDs) are the preferred photodetector in many applications
in which low light levels need to be detected. The reason why APDs are important in
such applications is due to their internal gain, which improves the APD’s sensitivity.
Compared to receivers based on PIN photodiodes, which do not present internal gain,
APD-based receivers achieve 5-10 dB improved sensitivity. The origin of the APD’s
internal gain is the impact ionization process. However, due to the stochastic nature
of the impact ionization process the multiplication gain comes at the expense of extra
noise. This multiplication noise is called the excess noise, and it is a measure of the
gain uncertainty. In addition, as the multiplication gain increases the buildup time,
which is the time required for all the impact ionizations to complete, also increases.
Thus, for a given multiplication gain the buildup time limits the bandwidth of the
APD.
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The main challenge for state-of-the-art APDs, operating in linear and Geiger
modes, is to achieve higher operating speeds. For application in which the APD is
operated in linear mode the limited speed of APD-based receivers have limited their
use in systems that operate at 2.5 and 10 Gbps. However, to meet the demand of the
exponential growth in data transfer, the telecommunication industry has been moving
toward 40-Gbps and 100-Gbps protocols for their core fiber-optic backbone networks
alongside the existing 10-Gbps infrastructure operating at the low-loss wavelength of
1.55 pum. Moreover, the fast progress on quantum communications requires Geiger-
mode APDs to operate at higher repetition rates. Currently, Geiger-mode APDs
are limited to operate at detection rates of about 20 MHz. In addition, there has
been relatively little work on infrared APDs, although there are many applications
in remote sensing, medical imaging, and environmental monitoring. In particular,

there is no GaAs-based APD operating in Geiger mode beyond 2 pm.

This dissertation provides theoretical analysis and experimental exploration of
APDs working in linear and Geiger modes in the near infrared (NIR) and mid-
infrared (MIR) ranges of wavelength. This research effort is geared to address the
aforementioned current challenges of the state-of-the-art APD technology. In the the-
oretical part of this work the focus is on the development of new theoretical methods
that allow us to model, understand, and characterize avalanche photodiodes working
in linear and Geiger modes. The objective is that the developed methods help the
design and optimization of high performance, high speed APDs. The experimental
part of this research effort consists of the design, fabrication and characterization
of a novel mid-infrared sensor, based on GaAs technology, called the quantum-dot
avalanche photodiode (QDAP). The main motivation for the QDAP is to exploit its
potential of working in Geiger mode regime, which can be utilized for single-photon
detection. In addition, the QDAP represents the first GaAs-based APD operating

in the mid infrared range of wavelength.
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Chapter 1

Introduction

1.1 Overview

Avalanche photodiodes (APDs) are very important devices in a wide range of com-
mercial, military, and research applications. These applications include optical com-
munications, satellite laser ranging [1], deep-space laser communications [2], time-
resolved photon counting [3], quantum key distribution [4, 5, 6] and quantum imag-
ing [7]. In recent years, the primary driving force for research and development of
APDs has been optical communications systems, especially at high bit rates. The
popularity of APDs in optical communications is due to their internal gain, which
increases the output signal of the device above the thermal-noise level of the receiver.
Thus, in thermal-noise-limited operation, APD-based receivers achieve a higher sen-
sitivity than those based on PIN photodiodes, which do not exhibit internal gain.
Compared to receivers with PIN photodiodes, APD-based receivers achieve 5-10 dB
improved sensitivity [8, 9]. Figure 1.1, extracted from [9], compares the sensitivity,
measured as the average received power level (in dBm), of commercial APDs and PIN

photodiodes at a bit error rate (BER) of 1 x 1071%, for some common bit rates. In



Chapter 1. Introduction

practice, the lower sensitivity of PIN photodiodes can be overcome by using erbium
doped fiber amplifiers (EDFAs) to pre-amplify the signals optically before the are
detected by the PIN photodiode. The use EDFA-PIN receivers is well established;
they offer fast response time and good signal-to-noise ratio characteristics. However,
the optical amplifier is an expensive and bulky component. An EDFA requires the
use of meters of fiber, and it requires the use of a pump laser to provide the optical
amplification. On the other hand, in the APD-based receiver there is no need for the
optical pre-amplification stage, since the amplification is performed by the APD. As
a result, APD-based receivers benefit from small form-factor packaging, and offer a

more cost-effective solution compared to the EDFA-PIN receiver.

Bit Rate BER Level [@dBm) Comments
155 Mbiis/s 1 %107 -3 Alcatal, FIN
2.5 Ghitsis 1=107% — 26 Alcatel APD
a22 Mbifs/s 1« 10 —27 Alcate!, FIN
155 Mbite's 1 =100 —35 Alcatel, FIN
622 Mbita/s 11079 ~28 ITU-T G957
2.5 Ghits/s {1 %10 —23 Lucent, PIN
2.6 Ghits/s 1 x10-10 ~32 Luoent, &F0
165 Mbits/s IB75E [ —38 Fujitsu, PIN
10 Ghits’s 1 xADW —16.3 Discoveary PN
10 Ghits’s 110" —26 Epitaxx AFD

Figure 1.1: Sensitivity, measured as the average received power level (in dBm), of
commercial APDs and PIN photodiodes at a bit error rate (BER) of 1 x 1071%) for

some common bit rates. Data extracted from [9)].

APDs operate on the basis of highly energetic (hot) carriers that exploit the im-
pact ionization mechanism to achieve avalanche multiplication gain. However, due to
the stochastic nature of the impact ionization process the multiplication gain comes

at the expense of extra noise. This multiplication noise is called the excess noise,
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and it is a measure of the gain uncertainty. In addition, as the multiplication gain
increases the buildup time, which is the time required for all the impact ionizations
to complete, also increases. This gives rise to intersymbol interference (ISI), which
limits the receiver performance in high-speed systems. McIntyre showed that the ex-
cess noise factor, F', associated with the mean gain, M, of the APD can be expressed

in the case of uniform electric field and pure electron injection as [10]

F(M) = E%Z — RM A4 (1— k) (2— %) (1.1)

where k = [/« is the ratio of the ionization coefficients for electrons, «, and holes, 3,
of the semiconductor material. In the case of pure hole injection, k in (1.1) is given by
k = a/B. The value of @ and 3, which represent the probability of impact ionization
per unit length (cm™!), depend on the band structure of the semiconductor, the
scattering processes (mainly phonon scattering), and the electric field [11]. Equation
(1.1) has been derived under the condition that the ionization coefficients at a specific
position are determined solely by the electric field at that position, the so-called
local approximation. It is well known that the impact ionization is non-local, in the
sense that carriers injected in the multiplication region require a minimum distance
before acquiring sufficient energy to impact ionize. The distance in which no impact
ionizations occur is called the dead space. However, for thick multiplication regions
(> 1 pm) the dead space can be neglected, and the local approximation provides
an accurate prediction of the excess noise factor [11]. From (1.1) it is clear that the
lowest excess noise is obtained when k& is small. Therefore, the more disparate the
ionization coefficients v and 3 are in a semiconductor material, the lower the excess

noise is. Examples of semiconductor materials that exhibit small values of k are Si

and HgCdTe.

Essentially, an APD is a pin junction that operates under reversed bias, as shown
in Fig. 1.2a. As a result of the reverse applied voltage a depletion region is formed

across the 4 region, which establishes an intense electric field. When an incoming
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Figure 1.2: (a) Reverse biased pin junction. (b) Illustration of three ionization events
in the depletion region from a spatial point of view. (c) Illustration of the energy

band transitions of the three ionization events shown in (b).

photon with sufficient energy hr, where h is the Planck’s constant and v is the photon
frequency, is absorbed an electron-hole pair is generated. This event is identified
with the number 1 in Figs. 1.2 b and c¢. Under the influence of the electric field the
photogenerated electron and hole are forced to travel in opposite directions. As the

electric field increases these carriers can gain kinetic energy from the electric field at
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a faster rate than they lose it to the various scattering processes. If the electron or
the hole acquire sufficient energy, i.e., higher than the ionization threshold energy,
a random collision with an atom of the material results in an impact ionization
event, which generates a new electron-hole pair. This is event 2 in Figs. 1.2 b and
c. The electric fields required to observe impact ionization depend on the band gap
of the material and may range at room temperature from ~ 10* V/em™! in low-
gap semiconductors, such as InAs (E, = 0.33 eV), to values well in excess of 10°
V/em™! in wide-gap materials, such as GaP (F, = 2.24 eV) [12]. During the impact
ionization the carrier responsible for the ionization (parent carrier) looses part or
all of its energy to create the new electron-hole pair. As a result, right after an
impact ionization the parent carrier and the newly-generated electron and hole have
almost no kinetic energy. However, at this point the electric field accelerates the
carriers and they start to acquire kinetic energy. If any of these carriers acquire
sufficient energy they can impact ionize once again generating another electron-hole
pair, shown as event 3 in Figs. 1.2 b and c¢. The repetition of this process can yield a
cascade of impact ionization events. This process is called avalanche multiplication.
When an APD is properly biased it operates by converting each electron hole pair,
resulting from the absorption of a photon, to a large number of electron hole pairs
via a cascade of impact ionizations. The three ionization events described above are
illustrated in Figs 1.2b from a spatial points of view. On the other hand, Fig. 1.2¢c
illustrates the schematic of the energy band transitions associated with the same

ionizations events.

The impact ionization rate is not only affected by the ionization threshold energy
but also by the phonon scattering rate [12]. At nonzero temperature, the atoms
in the crystal lattice vibrate around their fixed equilibrium. These vibrations are
quantized and the quantum of lattice vibrations is called a phonon [13]. In III-V
semiconductor materials phonon scattering is the dominant scattering mechanism.

In particular, the impact ionization rate is strongly affected by phonon scattering [12,
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Figure 1.3: Current-voltage characteristics of an APD under reverse bias. As the
voltage across the APD increases the APD goes from linear mode operation to Geiger
mode operation. The figure also shows the transitions between the on and off states

in Geiger mode operation.

14]. Collisions with phonons control the energy and momentum losses of the carriers
and thus influence the average distance required to create an electron-hole pair by
impact ionization [12]. In the absence of phonon collisions, this distance would
be Ey,/qFE where E is the electric field. Phonon scattering greatly increases this
distance. Scattering against the direction of the field is very effective in this respect,
since after suffering these collisions, carriers are slowed down by the electric field and

lose a considerable portion of their energy. This increases considerably the distance
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Figure 1.4: Basic quenching circuit.

required to gain the ionization energy [12].

1.1.1 Modes of operation

APDs can be operated in two modes: linear mode and Geiger mode. In the linear
mode operation, the APD is biased below its breakdown voltage, V;!. Thus, the
cascade of impact ionizations resulting from each injected carrier pair ends within
a finite, stochastic time, which is the aforementioned avalanche buildup time. The
total number of carrier pairs, injected or generated via impact ionization, constitutes
the multiplication factor by which the photocurrent is amplified. On the other hand,
in Geiger mode operation, the APD is biased above breakdown. As a result, the
number of impact ionizations may increase indefinitely, yielding, in principle, an
infinite multiplication factor. In this mode of operation the APD functions as a switch
alternating between the on and off states. Figure 1.3 shows a typical current-voltage

characteristics of an APD under reverse bias. It can be seen from the figure that

IThe breakdown voltage is the voltage after which the multiplication gain diverges.
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as the voltage across the APD increases the device goes from linear mode operation
(zone marked in orange), in which the multiplication gain is proportional to the
incident light, to Geiger mode operation (yellow zone), in which the multiplication

factor diverges.

To prevent the runaway of the avalanche current, also know as the persistent
current, in Geiger mode operation, a ballast resistor, Ry, is sometimes introduced in
series with the APD to provide negative feedback, as shown in Fig. 1.4. In this con-
figuration the applied voltage, V, is split between the APD and the ballast resistor.
As a result, the voltage across the APD decreases as the avalanche current increases.
This reduction in the voltage across the APD causes, in turn, the avalanche current
through the device to decrease. Depending upon the value of the applied bias, the
load resistor and the breakdown voltage, the avalanche current may terminate due
to stochastic fluctuations in the carrier production at a stochastic time, known as
the quenching time, after which the diode behaves once again as an open circuit [15].
After a recovery period the voltage across the APD once again reaches the value of
the voltage supply and the APD is ready for another avalanche trigger. This mode of
operation is referred to as the passive quenching mode [15], since the persistent cur-
rent is allowed to terminate spontaneously. Figure 1.3 shows the transitions between

the on and off states in an APD under Geiger mode operation.

The use of passive quenching circuits is the simplest way to terminate the avalanche
current of an APD working in Geiger mode [15]. The alternative way to terminate
the avalanche current is by employing active quenching circuits [15], which are much
more complex. The operation of an active quenching circuit includes the early de-
tection of the avalanche current after an avalanche is triggered and the ultra fast
reduction in the voltage across the APD to terminate avalanche pulse. The repe-
tition rate that can be achieved by using active quenching circuits is much higher

compared to that of the passive quenching approach. However, the simplicity of the
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latter makes them very attractive in applications such as single photon imaging and

quantum key distribution [16].

1.1.2 APD versus PIN photodiode

Next, the performance of APDs operating in linear mode and PIN photodiodes is
compared by calculating the signal to noise ratio (SNR) of both photodetectors.

The most common way to measure the performance of an optical receiver is by

calculating the SNR [17, 18, 19, 20]. The SNR of an electrical signal is defined as [18]

. 2
average signal power s

SNR =

= 1.2
noise power o2+ 02’ (12)

where the two fundamental noise mechanisms o2 and ¢% are the shot noise and the
thermal (Johnson) noise, respectively. Additional noise is generated if the incident
optical power, P,,, is itself fluctuating because of noise produced by optical ampli-
fiers [19]. However, this section focuses only on shot and thermal noises. The total

shot noise in an APD is given by [18, 19]
0% app = 24M*F(RP;, + 1) A, (1.3)

where M is the multiplication gain, F' is the excess noise factor, fR is the responsivity,
q is the charge of the electron, I; is the dark current, and Af is the effective noise

bandwidth of the receiver. For a PIN photodiode, in which M =1 and F' =1, (1.3)

reduces to

ol o =2q(RP, + I)Af. (1.4)

s, pin

The thermal noise term, o7, in an APD is given by

U:ZF,APD = (4kT/Rr)FL A, (1.5)
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where k; is the Boltzmann constant, R; is the load resistor in the front end of the
optical receiver, T is the temperature, and F;,, which accounts for the amplifier noise,
is called the amplifier noise figure. The thermal noise in (1.5) remains the same in
PIN receivers since it originates in the electrical components that are not part of the

device.

Using equations from (1.2) to (1.5), and having in mind that the photocurrent in
an APD is given by I, = MRP,,, we can calculate the SNR of an APD as [18, 19]

g (MRP,,)?
SNRupp = 5+ = = 1.6
APD T 52 4 62 T 2qM2F(RPy, + 1)Af + (4kT/RL)F,Af (16)
similarly, for a PIN photodiode (M =1 and F' = 1) the SNR is calculated as
Py)?
SNR,, = RAF) (1.7)

Figure 1.5 shows the calculated SNR as a function of the optical incident power,
P,,, for a PIN photodiode and an APD. The multiplication gain of the APD was
assumed to be M = 5. The rest of the parameters used in the SNR calculation are
typical parameter values for a 1.55 pym InGaAs receiver: Ry, =1k, F, =1, R=1
A/W, I; =1 nA, Af =10 GHz. It can be seen from the figure that the SNR of
an APD receiver is worse than that of a PIN when input powers are relatively large.
The reason behind this behavior is related to the enhancement of shot noise in APD
receivers [18, 19, 20]. At low power levels, thermal noise dominates over shot noise,
and the APD gain is beneficial. However, as the incident optical power increases,
shot noise begins to dominate over thermal noise, and APD performs worse than a
PIN photodiode under the same operating conditions [18, 19, 20]. To illustrate this
point, the thermal-noise limited SNR and the shot-noise limited SNR are considered

separately.

In the thermal noise limit, in which o > o, the ratio between the APD’s SNR

10
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—— p-i-n photodiode (M=1, F=1)
45H — APD with a gain M=5

-25 -20 -15 -10 -5

Incident optical power, Pin, [dBm]

Figure 1.5: Calculated SNR as a function of the optical incident power, P;,, for
a PIN photodiode and an APD. The multiplication gain of the APD was assumed
to be M = 5. The rest of the parameters used in the SNR calculation are typical
parameter values for a 1.55 um InGaAs receiver: R, =1k, F,, =1, R=1A/W,
I;=1nA, Af =10 GHz.

and the SNR of the PIN photodiode, given by equations (1.6) and (1.7), is

N
S 0
As expected, the SNR of the APD is improvement by a factor of M? compared to
that of the PIN photodiode. On the other hand, in the shot-noise limit, in which
os > or, the ratio between the APD’s SNR and the SNR of the PIN photodiode is

SNRupp 1
_ L 1.9
SNRym  F (1.9)

In this case the SNR of the APD is reduced by the excess noise factor, F', compared
to that of the PIN photodiode. This analysis illustrates the detrimental effect of the

excess noise factor on the APD’s performance.

11
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1.2 Single photon avalanche photodiodes (SPADs)

APDs operating in Geiger mode are also know as single-photon avalanche diodes
(SPADs). These photodetectors are very important in sensing very weak optical
signals in applications which span a wide range of the electromagnetic spectrum,
from the ultraviolet (10-400 nm) to the long-wave infrared (8-12 pm). As described
earlier, APDs operating in Geiger mode employ a nonlinear detection scheme, in
which the absorption of a single photon results in a large, saturated current which
can easily be detected without ambiguity by electronic circuitry. This detection
scheme is usually implemented to measure the arrival time of the incoming photon

or in photon counting applications.

1.2.1 Performance characterization of SPADs

Contrary to the case of linear-mode APDs, the concept of gain is less important in
SPADs since the operation of the SPAD devices moves between the off state and the
on state. Thus, performance metrics like the excess noise factor, which is very impor-
tant to characterize APDs working in linear mode is not relevant when characterizing
SPADs. This reveals important differences between the linear and the Geiger-mode
that need to be considered at the moment of the design and characterization of one

or the other type of device.

The performance of a SPAD is primarily measured by the photon detection effi-
ciency (PDE), the dark count rate (DCR), and the afterpulsing probability (AP). The
PDE is the product of the detector quantum efficiency and the avalanche breakdown
probability. The DCR constitutes false counts and it is a measure of how noisy the
detector is. Dark counts originate from dark carriers generated in the absence of illu-

mination; the larger the number of dark carriers, the larger the dark-count probability

12
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is [21]. There are several mechanisms that contribute to the concentration of dark
carriers. At high electric fields, the dark-carrier concentration is strongly affected
by band-to-band tunneling, which depends exponentially on the electric field [22],
and it constitutes a limiting factor in APDs that have thin multiplication regions.
Another important mechanism that contributes to the number of dark carriers is
tunneling through defects. It has been reported that in some materials the tunneling
current due to defects is higher than that of band-to-band tunneling [23]. The AP is
a measure of the likelihood of afterpulses events, which are false counts originated by
detrapped carriers. When charge flows during an avalanche event, some fraction of
the carriers are trapped at defect sites in the avalanche region of the SPAD. If these
carriers are detrapped at a later time when the device is ready for another avalanche
trigger, they can lead to dark counts, referred to as “afterpulses.” Larger avalanches
involve the flow of more charge, which results in a greater number of trapped charges
and consequently larger AP [24, 25]. One way of reducing afterpulsing, in Geiger
mode operation, is to keep the voltage across the SPAD below breakdown (hold-off
time) for a sufficiently long time interval, longer than the lifetime of the trap. Thus,
the next time the SPAD is ready for another avalanche trigger the trap levels are
empty. However, since the typical detrapping time is in the ps range, this approach

limits the photon counting rate to a few MHz [24, 25].

1.2.2 Breakdown probability

The breakdown probability is a key parameter in the operation of a SPAD; it is a
measure how likely it is to trigger an avalanche event. Besides the strength of the
electric field and the properties of the material, the probability of a carrier triggering
an avalanche breakdown is determined by the place where it is born [26]. A carrier
created in the start of the multiplication region has a greater probability of triggering

an avalanche event compared to that created close to the end of the multiplication

13
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region. This is because a primary carrier created early on in the multiplication
region has a larger distance to travel compared to those created close to the end of the
multiplication region. For example, for a separate absorption separate multiplication
(SAM)? APD, a carrier created in the absorption layer is more likely to cause an
avalanche compared to that created in the multiplication region. More generally, the
dependence of the breakdown probability on the birth location of a carrier is crucial
in determining the SPAD’s performance when the number of dark carriers inside the

absorption and multiplication layers is taken into account.

1.3 Midwave infrared detection

Mid-infrared (MIR) sensors in the 3-25 pum range are very important devices in ap-
plications such as medical imaging, fire fighting equipments, and defense and security
applications [27, 28]. Among the different technologies available the most important
midwave infrared detectors are HgCdTe [29], InSb [30], type II InAs/GaSb strained
layer superlattice (SLS) [31], and bolometers. In addition, the quantum dot infrared
photodetector (QDIPs) and the quantum dots-in-a-well (DWELL) photodetector are
among the most promising alternatives for high background threshold applications
due to their beneficial characteristics, which include normal absorption of the in-
cident radiation and low dark current. In addition, QDIP and DWELL detectors
benefit from a mature growth and processing technology of I1I-V semiconductors,

which makes it possible to produce devices with good spatial uniformity over a large

2Separate absorption multiplication APDs are avalanche photodiodes in which the
photo-generation of carriers and the avalanche multiplication take place in different layers.
The goal of this structure is to provide sufficiently high electric field in the multiplica-
tion region to achieve avalanche gain while maintaining sufficiently low electric field in the

absorber region to suppress tunneling effects in this layer.
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area. This characteristic is essential for fabricating large area focal plane arrays

(FPAs).

The structure of a DWELL detector is a hybrid between a conventional quantum
well infrared photodetector (QWIP) and the QDIP and benefits from the advantages
of both of them [32]. Apart from sensitivity to normal incidence radiation and
dark current, the DWELL detector has demonstrated bias tunability and multicolor
operation in the mid-wave infrared (MWIR, 3-5um), long wave infrared (LWIR, 8-
12pm) and very long-wave infrared (VLWIR, >14pum). In the DWELL design the
quantum dots are placed inside the quantum well and the intersubband transitions

are from the dot to the well and from the dot to the quasi-bound state [27].

1.3.1 Avalanche multiplication in midwave infrared detec-

tion

It it known that DWELL detectors suffer from low quantum efficiency (QE), which
translates into low responsivity and detectivity [27]. Several ways have been sug-
gested to improve the conversion efficiency of DWELL detectors. These ideas in-
clude the use of a resonant cavity and the addition of a photonic crystal cavity.
One other proposed design involves incorporating gain in the device, the addition of
an avalanche photodiode (APD) in conjunction with the DWELL produces a novel
sensor called quantum dot avalanche photodiode (QDAP) [33]. In the QDAP, an
intersubband quantum dot (QD) detector is coupled with an avalanche photodiode
(APD) through a tunnel barrier. The tunnel barrier reduces the dark current while
the avalanche section supplies the photocurrent with internal gain. In this three-
terminal device, the applied bias of the QD-detector and the APD section of the
QDAP are controlled separately. This feature permits the control of the responsivity
and dark current of the QD detector independently of the operating avalanche gain.
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When operated in Geiger mode the QDAP has the potential for use as a single-photon

detector.

1.4 Motivation for this dissertation

1.4.1 State of the art

The type of detector technology used for SPADs is determined by the range of wave-
lengths of the specific application. In the wavelength range from near infrared to mid
infrared ( 0.7 — 5 pm) the most important materials for single-photon detection are:
Silicon and the compounds InGaAs-InP, InGaAsP-InP, HgCdTe. In the following,
a brief overview of the most relevant detectors technologies in the wavelengths 0.7
— 5 pm will be presented. Additionally, their state-of-art performance will also be

discussed.

Near infrared single photon detectors

For wavelengths shorter than 1 ym Silicon SPADs are the detectors that exhibit the
best performance [34]. The PDE for a Si SPAD with an active region diameter of
200 pm under an excess bias of 5 V has a peak of 52 % at 550 nm and it is about 15
% at 820 nm [34]. The DCR decreases almost exponentially with temperature: at a
temperature of -25 °C the typical DCR is 5, 50, and 1500 counts/s for SPADs with
an active region diameter of 50, 100, and 200 um, respectively [34]. However, for
wavelengths beyond 1 um the PDE of Si SPADs do not exceed a few percent, due to
the low absorption of Si at these wavelengths, and single photon detection using Si
SPADs is not longer possible [24]. For the wavelengths beyond 1 pm devices that use

the alloy Ing 53Gag 47As, from now on referred to as InGaAs, as the absorber layer and
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InP as the multiplication region are used. These detectors are the separate absorption
multiplication InGaAs/InP SPADs. They cover the 1.1-1.65 pym wavelength interval,
which covers the telecommunication range of wavelengths. The typical value of PDE
of commercially available InGaAs/InP SPADs is 20 % and the DCR is about 50
kHz measured at 218 K [35]. However, the relatively narrow bandgap of the InGaAs
absorber, used to achieve a wavelength cutoff of 1.65 pum, leads to relatively high
dark count rates. This performance tradeoff is unnecessary if detection of these
longer wavelengths is not desired [36]. Therefore, for application at 1.06 um the
InGaAs absorber layer is changed for the wider bandgap InGaAsP [22, 36]. For
InGaAsP/InP SPADs typical values of the photon detection efficiency of is about 30
% with a DCR of 1000 Hz measured at 237 K.

Figure 1.6: Basic circuits for the electronic detection of charge [37]. (a) Source
follower with load transistor, (b) Current-sink inverter, (c¢) Source follower with reset

transistor RST and effective input capacitance C.
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Mid-Infrared detectors

HgCdTe electron APDs working in linear mode with cutoff wavelengths from 2 pm
to 11 pum exhibit single-carrier electron (k = 3/« =~ 0) ionization properties that
are a consequence of the band structure and the scattering processes characteristics
of HgCdTe [38]. This results in a extremely low, gain-independent, excess noise
factor close to unity at 77 K for gains up to greater than 1000. To date, the highest
sensitivity that has been demonstrated is 7.5 photon input at a gain of 964. The low
excess noise property of HgCdTe, which provides an almost deterministic gain, has
motivated the interest of many research groups [39, 40, 41] to develop HgCdTe-based

mid infrared single photon imaging systems.

According to the definition proposed by Seitz and Theuwissen [37] “Single-photon
imaging is the detection of two-dimensional patterns of low-intensity light, i.e. mean
photon numbers in the pixels of less than 10, where the electronic photocharge detec-
tion process contributes such little noise that the probability of erroneously reporting
a photon where there is none is appreciably smaller than the probability of having at
least one photon in a pixel [37].” To achieve such low levels of noise the read-out in-
tegrated circuit (ROIC) needs to be carefully designed. Figure 1.6 shows three basic
ROICs for the electronic detection of charge. Among these circuits, the one shown
in Fig. 1.6¢ is the more complete pixel circuit [37]. Tt is based on the source follower
scheme, shown in Fig. 1.6a, for the detection of photogenerated charge () on the gate
of the measurement transistor, M. This scheme includes a reset transistor (with
reset signal RST) and the effective capacitance C' at the gate of the measurement

MOSFET. The root-mean-square noise, o, of this ROIC is [37]

4k T Bag

™ (1.10)

O'Q:C

where k;, is the Boltzmann constant, 7' is the temperature, B is the measurement

bandwidth, g,, is the transconductance of the MOSFET, and ap is a parameter that
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depends on the operation regime of the MOSFET. In saturation ag = 2/3. Using
this source-follower based detection approach, and assuming the following parameter
values: C' = 50 fF, 1/g,, = 1 kQ, T'= 300 K, and B = 20 MHz; the thermal-noise

limited charge measurement resolution is g = 4.6 electrons [37].

The most effective way to reduce the ROIC noise given by (1.10) is to lower
the effective capacitance C' [37]. One way to do this is by employing very small
transistors. This approach has led to capacitances C' of only a few fF. Another
possibility is to reduce the operating temperature. However, this is not very effective
because the absolute temperature appears under the square root of (1.10). The
real benefit of lowering the temperature is the reduction of the dark current of the
photodetector [37]. The reduction of the measurement bandwidth B is a practical and
successful approach to single-electron photocharge detection. However, reducing the
output bandwidth of the image sensor will necessarily decrease the system’s frame-
rate [37]. An alternative to circumvent this problem is to provide the image sensor

with multiple output channels, each of them operating at a reduced bandwidth.

One way to relax the noise requirement on the ROIC is to employ physical am-
plification mechanisms to produce more than one charge per incoming photon. In
particular, single photon avalanche photodiodes have received a lot of attention by
the single photon imaging community due to their ability to provide internal gain.
Today, HgCdTe avalanche photodiodes are the photodetector of choice to be used
in mid infrared single photon imaging systems [39, 40, 41]. Beck et al. [39] reported
a gated-mode infrared imaging system based on a 128x128 FPA that uses HgCdTe
APDs and a custom designed ROIC, which shows an rms noise of 100 electrons. The
authors reported median gains as high as 946 at 11 V bias with noise equivalent
photon inputs as low as 0.4 photon at 80 K and 1 us gate times. The gated-mode
operation of this system was demonstrated at ranges out to 9 km. As a future work

the authors aim to reduce the ROIC/system noise, which translates into lower gain
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requirements on the APDs. Another example is the FPA of the James Webb Space
telescope, called the NIRSpec, which has two 2048x2048 HgCdTe arrays based on
the Teledyne HAWAII-2RG ROIC, which shows a readout noise of 6 electrons rms
per 1008 second exposure. The median readout noise of the HAWAII-2RG at 100

kHz pixel readout rate at a wavelength of 2.5 um is < 18 electrons.

1.4.2 Prior work

Modeling methods: Metrics of performance

The development of models to describe the performance of SPADs has been inves-
tigated by many authors. Kang et al. [21] developed a model to calculate the dark
count probability and the single-photon quantum efficiency (SPQE) of SPADs. The
SPQE is calculates as SPQE = (P,, — Py)/ Py, where Py is the dark count probabil-
ity, which can be determined as P; = 1 —exp(—Ny4F,) where P, is the probability of a
carrier to cause an avalanche and Ny is the total number of dark carriers in the multi-
plication region. The authors identify four sources of dark carriers that contribute to
P, and relate them with the operating condition and the physical parameters of the
device such as transit time, gain bandwidth product, detrap time constant, etc. The
model assumes the probability of a carrier to cause an avalanche, P,, as a parameter
independent of the structure and electric field profile. In a more material specific
work Karve et al. investigated the origin of dark counts in Ings3Gags7As/Ing 50As
SPADs with a multiplication region of 400 gm. This thin multiplication region gives a
very good timing performance. However, as a result of the thin multiplication region
the dark count rate is dominated by band-to-band tunneling due to the high electric
field. Based on experimental data, Donnelly et al. [23] developed a model that can
p