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CHAPTER1

INTRODUCTION

Silicon avalanche photodiodes (Si APDs) are semiconductor p-n junction devices that convert
photons into amplified electrical current by enhancing generated charge via avalanche. They are
intrinsically immune to magnetic fields and achieve an internal avalanche gain greater than 50 at
low noise levels, which is a function of the APD’s doping profile (Figure 1.1). This profile is
created using spreading resistance measurements. These features give APDs a size, weight, and
power advantage over non-avalanche photodiodes. This is partially because APDs do not need

amplifiers to observe pulses.
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Figure 1.1. Doping profile of the characterized Si APD created using
spreading resistance.

These advantages make Si APDs a vital component in satellites for lidar (Light Detecting and
Ranging) applications and optical communications [1], as well as for astrophysics experiments [2].
For this study, we consider a CubeSat mission developed at Vanderbilt University [2] to detect
thermal neutrons using a °LilnSe, scintillator crystal. The purpose is to allow Vanderbilt
astrophysicists to measure the free neutron lifetime to an accuracy of 1% by determining the
photon production from neutron interactions with a scintillator crystal using a Si APD [2]. Since
low-Earth orbit (LEO) has a low thermal neutron density (2.2*10* /s/cm?) [3], an avalanche

photodiode is selected for this mission.



It is important to note that the space radiation environment may mask the APD’s desired photon
signal. This concern can be better understood after comparing photon transient response to ion
irradiation. The APD’s non-avalanche counterpart have already been used in a variety of space
missions. One use-case includes the imaging sensors in the Hubble Space Telescope [4]. These
imaging sensors incorporate HgCdTe photodiode arrays that help enable Hubble to observe in the
short-wave infrared (SWIR) to mid-wave infrared (MWIR) wavelength region [4]. Another
application is a precision-calibrated silicon photodiode used in the PanSTARRS telescope’s
Gigapixel imager. It is used as a metrology reference to allow the telescope to determine the
relative throughput of stars within the 400 nm to 1050 nm wavelength range [5]. And currently,
an initiative is underway between NASA’s Goddard Space Flight Center (GSFC) and Leonardo
DRS Electro-Optical Infrared Systems to develop HgCdTe APD arrays for space lidar receivers
[6].

To this end, an APD (a Hamamatsu Photonics device with type number S8664-1010) is irradiated
with ~5.5 MeV alpha particles from a 10 uCi Am?*'. The APD’s charge collection as a function
of bias is found to differ from that from photons. This study looks at this difference by comparing
the Si APD’s charge collection mechanisms. Charge enhancement for the alpha particles is found
to be reduced because the field where most of the charge is generated is not capable of providing
significant generated charge via avalanche. Meanwhile, the field can generate a larger number of
carriers sufficient for avalanche for a continuous photon source. Temporal characteristics (e.g.,

rise time) is used to compare the two sources’ responses.



CHAPTER 11

BACKGROUND

I1.1 Understanding the Si APD’s Physical Mechanisms

To understand the charge collection mechanisms taking place within the Si APD, we must first
understand the physics behind the APD’s abilities. They include photon absorption, Shockley-
Read-Hall recombination, and avalanche breakdown. Each plays a role in converting photons to
electrons, passing electrons through the device, and amplifying the electron signal, respectively.
Chapter II will review each concept separately, define charge collection explicitly, and review the

literature on prior experiments that observed this phenomenon in an Si APD.

I1.2 History of the APD

Before we continue, we need to understand the historical creation of the APD. The research that
led to the avalanche photodiode began in 1887 with the discovery of the photoelectric effect by
Hertz [7]. Realizing that certain materials can convert light to electrical signals, engineers began
looking into designs that could utilize this phenomenon. One of these early designs was the
photomultiplier tube (PMT). It is important to note that the physical processes behind APDs and
PMTs greatly differ despite their shared ability to absorb photons and release electrons in response
(which will be referred to as photon absorption). Specifically, the former is based on photodiode
technology (invented in the early 1940s [8]) and the latter is based on vacuum tube technology
(invented in 1904 [9]). Because vacuum tube technology was invented earlier, research was
conducted earlier into enabling this effect to occur in vacuum tube technology (e.g., the PMT).
Once this effect was applied to photodiode technology, engineers found it to have distinct
advantages over the PMT (which will be discussed below).

The PMT was invented in 1936 by Zworykin [10], and it was incorporated into a variety of
instruments: radar jammers (during World War II), scintillation counters (for nuclear physics), and
headlight dimmers (for adjusting a car’s headlights/taillights based on the ambient light around the

car, but rarely used today) [11]. Today, PMTs are used in medical equipment (e.g., Positron



Emission Tomography and in-vitro assay), high-energy physics experiments (e.g., colorimeters),
and industrial measurement systems (e.g., laser scanners) [12].

Depending on its design, the PMT can achieve gains of 107 and higher at low noise [13]. Due to
this high avalanche gain output, the PMT is best equipped for low light-level conditions in UV to
IR wavelengths [13]. However, the PMT is prone to issues that make it unideal for various high
energy/high radiation environments. These issues include its delicate and complex design
(resulting in costs potentially greater than ~$1,500) [14], and a susceptibility to magnetism [12].
As aresult, the APD is preferred due to its immunity to magnetism and relatively lower costs [15].

The APD was patented in 1952 by Nishizawa [16]. Its creation was made possible by the theories
proposed by Shockley, Read, Hall, McKay, and McAfee (among many others). These theories
include generation-recombination in the space-charge region [17], and the multiplication effects
in pn junctions [18]. They helped lead to the photodiode by providing theoretical insight into their
innerworkings. Modifications to the photodiode design enabled the avalanche effect, thereby

leading to the avalanche photodiode.

I1.3 Photon Absorption Definition

Photon absorption occurs in a device’s photosensitive region in response to photons interacting
with it. The photons eject electrons with an energy proportional to the illuminating photons’
frequency (Figure II. 1) [19]. This electrical current only occurs when photons meet or exceed a
threshold frequency specific to the semiconductor’s material, which in our case is silicon [19]. For
the Si APD used in this study, the cutoff wavelength is 600 nanometers [20]. Furthermore, one
electron-hole pair is created per 3.6 eV of energy transferred through a silicon photodiode at 300
Kelvin. This effect is seen in the device’s bandgap diagram (Figure II. 2), which will be presented

in the next section.
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Figure 1II. 1: Schematic of photon
absorption.



I1.4 Shockley-Read-Hall Recombination

The bandgap diagram of this study’s Si APD can provide an understanding of the processes by
which electrons (in this case, the ones generated from photon absorption) move through the device.
Figure II. 2 presents the bandgap diagram simulated by TCAD of the APD, based on its doping
profile. This diagram is composed of a conduction band, a valence band, and a Fermi level Eg. The
conduction band is the uppermost band while the valence band is the lowermost band. The length
of time taken for an electron to travel between these bandgap edges is determined by recombination
and generation processes. For the APD studied here, one of the most important processes to
consider is the Shockley-Read-Hall (SRH). SRH recombination is important because it is directly
influenced by the number of energy states in the semiconductor. This is more of a consideration
for SRH than the other recombination and generation processes, for reasons that will be discussed

below.
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Figure II. 2. Bandgap diagram of the Si APD with no applied voltage.

SRH recombination and generation is a process that involves four processes: electron capture,
electron emission, hole capture, and hole emission. It is represented as a function that considers
electron minority carrier lifetime, 7,, (in a doped p-type material), hole minority carrier lifetime,

Tp, (in a doped n-type material), intrinsic level, E;, and recombination level, E;.

2
np —n-;
R = 1.1
CRID ™ 2, + ) + 14 (p + p1) (-
E,—E;
n,=n; exp( tn-T l) (11.2)
L
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Ei Et) (11.3)

Intrinsic level, E;, and recombination level, E;, are determined, in part, by the material’s
temperature and number of impurities/defects. For example, at room temperature (7) 300 K for
silicon, E; is 0.56 eV because it is near the middle of its bandgap of 1.12 eV, and kzT is 0.0259
eV. Meanwhile, carrier lifetimes, 7,, and 7,,, are defined as the average time before these minorities
carriers recombine. For example, a silicon pn junction device at 300 K will have a t,, at around
23.5 ps and a 7, at around 1.5 ps [21]. Because silicon is an indirect bandgap material, these
lifetimes are strongly dominated by SRH. This is because an indirect bandgap material largely
emits photons when lattice defects are present within the material’s bandgap [22], which is
typically introduced with n-type doping and/or p-type doping.

SRH recombination takes advantage of these defects (also known as energy states) by moving
electron and hole populations between the band edges (conduction band and valence band) through
them. Specifically, an electron (or hole) becomes trapped by an energy state in this bandgap region.
Then, depending on whether the hole (or electron) moves up to the same energy state before the
electron (or hole) is thermally re-emitted into the conduction band, it may recombine. Meanwhile,
the majority carriers are quickly captured in these localized states. As a result, SRH recombination
and generation is determined by the number of impurities in the silicon because that influences the
number of energy states.

Two other recombination mechanisms exist but are not considered relevant in this study’s Si
APD: radiative recombination and Auger recombination. Radiative recombination is
predominantly a direct bandgap process that involves direct electron combination with a hole in
the conduction band, and as mentioned, silicon is an indirect bandgap material. Meanwhile, Auger
recombination occurs at high carrier densities, which is not a characteristic of this Si APD based

on its doping profile (Figure 1.1).

I1.5 Avalanche Breakdown Definition

Avalanche gain occurs within the space-charge region of a reverse-biased pn junction when an
electron attains enough energy from an electric field, &€, to break the bond between one of the
atoms in the device lattice and one of the atom’s electrons during a collision. This phenomenon is

demonstrated in Figure I1.3, which provides a general overview of the avalanche process [23]. As

6



mentioned, the process begins when an excited electron collides with the device lattice inside the
space-charge region of a reverse-biased pn junction. It results in three carriers: the initial electron,
the electron created from the collision, and the hole created from the collision. The incident
electron is represented as a wavy arrow entering the pn junction. The straight arrows emitting from
the ‘x’ are the three carriers. Due to drift caused by the electric field, the electrons move toward

the n-type region and the hole moves toward the p-type region.
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Figure I1.3. Avalanche process (top). Schematic of carrier motion through space-charge region, and
electric field position (bottom).

I1.6 Generated Charge Definition

Experimentally, an APD’s avalanche gain is related to the ratio of collected charge, Q.q, to
deposited charge, Qqep- In other words, gain reflects how much charge is outputted from the APD
relative to the amount of charge entering it. Deposited charge can be calculated by taking the
integral of the linear energy transfer, LET(z), of the incident ion through the device lattice
(Equation II.6). Figure II. 4 demonstrates the linear energy transfer, LET(z), of a 5.486 MeV alpha

particle through silicon, which is the ion under consideration in this study [24]. LET(z) is the rate



of change of the electronic stopping energy E.jo.(z) of the ion as it moves through a material in

units of Mev*cmz.
mg
1dE z
LET(2) = _1dEaec(2) (I1.4)
p dz
Dion
Quep = 2 f LET(z)dz ans)
Eehp

0

The constants for the above equations are defined as follows: p is the density of silicon, Ep,j, is

the energy required to create an electron-hole pair in silicon (3.6 eV/ehp), and D,,, is the depth

traveled by the ion. An important ratio for converting pC to MeV for silicon is 22.5 MeV/pC.
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Figure II. 4. Linear energy transfer (LET) of a 5.486 MeV alpha particle through silicon.

I1.7 Previous Research on APDs

Prior research has shown that an APD can measure generated charge by charged particle
irradiation, as shown in Fig. 4.4.1 from [1]. Distribution of collected charge values resulting from
incident gamma rays and alpha particles shows that collected charge produced by 5.11 MeV alpha
particles weakly depends on reverse bias. Unfortunately, the literature is limited in explaining
APD’s charge collection mechanisms [1]. Two Si APDs and one InGaAs APD were tested, and
they found that these ionizing particles resulted in pulses of a smaller gain compared to pulses
from energetic photons with respect to increasing reverse bias. A notable difference between the

tested devices was that the APD used in this work had a capacitance of 270 pF and a surface area



of 100 mm? [20], while the capacitances and surface areas of the APDs in [1] were all around 2 pF
and 1 mm?, respectively. A larger capacitance requires more deposited charge to output the same
signal from the APD as compared to one with a smaller capacitance. The APD’s large capacitance
did not have a noticeable effect on the observed results compared to the charge distribution plot
(Fig. 4.4.1 from [1].).

The S8664-1010 APD was most recently used in CERN’s Large Hadron Collider to detect low
light yields from colliding particles [25]. The CERN team chose an APD with a surface area
relatively larger than the typical photodiode to maximize the number of photons colliding with the
detector per mm?. In our case, the S8664-1010 APD was used to maximize the number of alpha
particles produced by an Am?*! button source colliding with the detector. Other studies have also
attempted to explain the effects of radiation particles on Si APDs [26] [27]. The experiments
discussed in [26] and [27] focused on the feasibility of small satellites using APDs in LEO to detect

ionizing and non-ionizing particles.



CHAPTER III

EXPERIMENTAL SETUP AND PROCEDURES

III.1 Test Structures

A short-wavelength Si APD (S8664-1010) was acquired from Hamamatsu Photonics. A cross
section of this type of diode is shown in Figure III.1 [28]. When exposed to photons, the APD
multiplies the charge through avalanching when charge carriers are accelerated by the device’s
electric field after exceeding a diode-specific voltage in reverse bias (>200 V in our case) [20]. At
these reverse biases, a photon first passes the epoxy layer labeled ‘AR (anti-reflection) coating.’
The epoxy improves the quantum efficiency of the device by reducing reflection loss. The photon
then enters through the contact layer. The anode is located here and is held at ground. Light is then
absorbed in the collection region, where it undergoes the photoelectric effect [28]. E-h pairs are
generated. This is a significant feature of the photodiode because it allows these pairs to be
generated before reaching the depletion region. The depletion region is where the electric field
peaks (Figure I11.1), which allows for electron drift that leads to the avalanche effect producing
gain. The gain in the output signal allows low photon counts to be detectable. The gain response
from the APD’s documentation can be found in Figure I11.2 [20]. The simulated gain response for

the APD (Figure I11.2) will be discussed later.

Ar coating

Electric field ‘ : Contact | *) (2
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Figure III.1. A concept of an Si APD for short-wavelength light
detection. Based on [28]. Not drawn to scale.
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The CubeSat application mentioned in the introduction uses an APD combined with a scintillator
crystal to enhance signals produced from photon absorption. The scintillator crystal used is
°LiInSe, and covers the Si APD’s entire surface area. Furthermore, it converts the thermal neutrons
into photons. 21,000 photons [3] with wavelengths ranging from 400 to 800 nm, and peaked at
~510 nm (see Fig. 4 in [20]), are produced per thermal neutron collision. (This APD design enables
photon detection for wavelengths between 320 nm and 1000 nm [20]. This wavelength range is a
key reason the APD was chosen for the crystal.) And finally, generated charge through photon
absorption is spatially uncorrelated within the APD, unlike for an ion.

A ~5.5 MeV alpha particle is also produced via thermal neutron capture as a reaction product.
This alpha particle can get passed through the APD if formed between the APD and the scintillator.
Furthermore, the space environment contains many alpha particles. As a result, this study focuses
on the responses from both 420 nm photons and ~5.5 MeV alphas.

It is also important to note that gain is not exclusive to electrons. Holes can also experience gain,
which leads to signal masking in the form of dark current. For our Si APD, holes that enter the
avalanche region from the drift region undergo a smaller gain relative to the electrons [28]. This
is because the multiplication factor for holes is smaller than that for electrons [29]. The electrons
then enter the substrate, which is the region of our APD that leads to the back contact. Then,
electrons are collected via drift from the back contact. The cathode is located here as well, where
positive bias is applied. This is so that the diode can be fully depleted and allow for drift under
reverse bias. The total collected charge is significantly higher than the charge generated by the

photon spectrum because of avalanche.
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Figure I11.2. Documentation gain vs. simulated gain of a continuous
wave of 420 nm photons from the Si APD.

I1I1.2 Experimental Setup

The APD was delivered with an epoxy layer on top of the APD (Figure III.3), which was
removed prior to any experimental testing to reduce attenuation of the alpha particle energy. Alpha
irradiation was performed at Vanderbilt using a 10 uCi button source of Americium-241 with a
surface area of 100 mm?. The Si APD and button source were placed 152.4 mm apart from each
other to detect particle strikes as close to normal incidence as possible. This distance was calculated
to ensure 1 particle strike per second per mm? (100 particle strikes per second for the entire diode)
at angles up to 13°. The APD was shielded from ambient light and RF noise, and then placed in
the vacuum chamber in total darkness at room temperature (25°C). Alpha irradiations at reverse
biases of 0 V, 50 V, 100 V, 150 V, 200 V, 250 V, 300 V, 350 V, and 400 V each lasting 1000

seconds were conducted.
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A pulse-height analysis (PHA) setup was used to measure the charge collection spectrum [30].
The setup converted each current transient into a voltage pulse, recorded the pulse’s height, and
saved the total number of pulses of each height per channel. (Current transients from the APD
were fed into a Ortec 142A preamplifier, which then went into an Ortec amplifier. The amplifier
pulses went into an Ortec MCA (multichannel analyzer), which was then read via computer
through Ortec’s MAESTRO MCA emulation software.) Each channel in this histogram was then
matched to an energy range by calibrating the diode to a radiation source where the channel-to-
energy ratio was already known for a different diode. In this case, it was a surface barrier detector
(SBD) with a known PHA calibration using Am?>*' [31]. Low-channel noise was removed from all
runs by setting a noise discriminator to channel 100 (equivalent to ~1 MeV). A pulser was used to

aid in the APD’s calibration by aligning the pulses found in the SBD to the APD.

Figure II1.3. Close-up of epoxy on the APD (Credits:
Professor Enxia Zhang)

I11.3 Calculating Voltage Output

When measuring the voltage output of the Ortec 142 A preamplifier, we found that the multimeter
was reading an output 10% less than the incoming voltage from the power supply. It was
determined that this discrepancy had to do with the input impedance of the multimeter itself.
Finding the total resistance and total current of the setup resulted in the correct valuation of the

voltage output. A schematic of this setup can be found in Figure I11.4.
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To find the total resistance, the resistors in the preamplifier (101.5 MQ in total) is in series with
the input resistor of the multimeter (10 MQ for a Fluke 115 multimeter). However, the
multimeter’s resistor is in parallel with the power supply’s resistor (1 MCQ). As a result, the
calculated resistor value in parallel between the two devices is 909.1 kQ. Leading to the total
resistance of the circuit being 102.4 MQ.

Vacuum Chamber

Si APD Q| Preamplifier ——CQ Amplifier }——C mca

(I) O

Power
Supply

Figure II1.4. Schematic of PHA Setup

Then, to find the current, Equation III.1 was used from the power supply’s documentation to get
a value of 1.012 pA [32].

_ Vy(Rp +1%10°)
D Rp(1%109)

Ip refers to detector current, Vy; refers to measured voltage, and Rp refers to the input resistance

(I11.1)

of the multimeter.
Equation III.2 was then used to find the output voltage to be 103.6 V, which is approximately
equal to the 100 volts.
V=IxR (111.2)

I11.4 Energy Resolution

Energy resolution is another important parameter to consider because it allows us to understand
how well the device can differentiate between these particles. The lower the energy resolution is

equivalent to better detection, as shown in Equation III.3.
FWHM
Channel Peak

The energy resolution was calculated in a vacuum chamber at Vanderbilt University (Table

Energy Resolution (%) = (111.3)

III.1). Without the epoxy layer and in a vacuum, the APD was more sensitive toward the alpha
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energies at operating reverse bias and above for the reasons mentioned above, resulting in narrower
pulses. For background, alpha decay from 2*' Am results in 5.443 MeV particles (13.0% of the
time), 5.486 MeV particles (85% of the time), and 5.388 MeV particles (2% of the time). They

also decay into 59 keV gamma rays.

Table I1I.1. Energy Resolutions of Alphas Produced by Americium-241

Energy Resolution
Button Source | Reverse Bias (V) FWHM Channel Peak (%)

Americium-241 0 79 687 11.50
Americium-241 50 100 3070 3.26
Americium-241 100 300 4100 7.32
Americium-241 150 600 4850 12.37
Americium-241 200 907 5300 17.11
Americium-241 250 1000 5480 18.25
Americium-241 300 1020 5660 18.02
Americium-241 350 1653 5500 30.05
Americium-241 400 2300 6000 38.33
Americium-241 450 2300 5800 39.66
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II1.5 Data Analysis

A thorough understanding of the charge collection processes within the Si APD can provide
insight into its avalanche effect. By considering the depletion approximation, we can use Poisson’s
equation to determine the maximum electric field observed in the Si APD and compare it against
the breakdown electric field necessary to induce avalanche. Using this approximation allows us to
view the space-charge as a region confined to a distance of x4 units. It also allows us to assume the
electric field’s magnitude decreases linearly as a function of position. Meanwhile, Poisson’s
equation provides insight into the relationship of a pn junction’s carrier concentrations to its
dopants by relating the device’s charge density p (charge/cm?) to the potential gradient of its
electric field V * &:

V=E&=p/Kse, (111.4)
Ks is the semiconductor dielectric constant and g, is the permittivity of free space. The charge

density p can be found using the following equation:
p =Ei(p—n+ND+ - N,) (111.5)
S

where p is the total number of holes per cm? in the valence band, q is the electronic charge, € is
the relative permittivity of the material, n is the total number of electrons per cm? in the conduction
band, Np™* is the number of ionized donors per cm?, and N~ is the number of ionized acceptors
per cm’.

A combination of these equations and this assumption allows us to divide the pn junction into
distinct zones that are either ‘neutral’ or ‘completely depleted of mobile carriers.’ In this depletion
region (the area between -x,, and x,,, shown in Equations III.6 and II1.7), we expect the charge
density to equal the ionized dopant concentration. Integrating Poisson’s equation given this
assumption produces the following equations for electric field, which varies depending on the

region in which they are found:

N,
s(x)=—q d(xn—x); for0 <x<x,, (n —region) (111.6)
S
0 = - (e b x ) for—x, <x <0,  (p—region) (1.7
e() = ——(x +xp); for —x, <x , p — region :

N
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This integration tells us that we should expect the peak electric field to occur where these two
regions meet. It also tells us that the depletion region’s width varies inversely with the magnitude
of the dopant concentration and can be represented by Equation II1.8:

Ngx, = Ngxp (111.8)
In other words, increasing dopant concentration corresponds to a smaller space-charge region. In
our case, the APD is highly asymmetrical in which the lighter doped region is the n-region at
around n = 3.16 * 10** cm™3. Meanwhile, the heavier doped p-region is around 3.16 *
10 cm™3. Therefore, the depletion region moves into the lightly doped n-region of
3.16 * 10'* cm™3, which extends to 40 pm before reaching a heavily doped n-region of
3.16 * 1016 cm™3.

Using these values, we can then calculate the expected maximum electric field at each reverse
bias from 0 V to 450 V in increments of 50 V. The maximum electric field at each reverse bias
provides a measure of determining when the breakdown electric field is exceeded, and thus
inducing impact ionization. We use Equation II1.9 to calculate the maximum electric field at each

reverse bias increment, which is plotted in Figure II1.5.
1

2
> where N; < N, (111.9)

Emax

<2q Ng| V|
ES
Given these values, we now need to determine the breakdown electric field. Hamamatsu provides
us with that number, which is 200 V, but it is possible to independently derive it as well. First, we
find the value for the breakdown electric field in silicon. Given that this field is dependent on the
lighter doped region in a doping profile, we can determine that this field is around 1.51 =
105 V.cm™! for an N concentration of 3.98 * 10* cm™3.

€%,

BV =
2qN,

(111.10)

Plugging these values into Equation III. 10 for breakdown voltage gives 186 V. This value is very
close to the Hamamatsu’s measurements for the start of gain.

11.68 * (8.865 * 10~ Fcm™") * (1.51 * 10° Vcm™1)?

=186V
2% (1.6%x1071°C) x3.98 x 1014 cm—3

Given this rationale, our expectation is that charged carriers generated by alpha particles should
undergo gain beginning at a reverse bias of 186 V. The breakdown electric field presents a

breakdown reverse bias slightly higher than 200 V (based on eyeballing Figure 4.14 from [23]).
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Figure I11.5. Maximum electric field (V cm™) vs. reverse bias (V) with breakdown
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CHAPTER 1V

DISCUSSION

Figure IV. 1 shows the pulse height spectrum created during the ten runs, color-coded according
to the applied reverse bias, and plotted by energy (MeV) vs. total number of counts. When the
applied reverse bias increases from 0 V to 200 V, the peak shifts to higher energy levels. This is
attributed to the increased depletion region with bias, resulting in more charge being collected. For
reverse biases larger than 200 V, the peak saturates near 5 MeV, just short of the full 5.5 MeV
alpha particle energy. The slight difference is due to a small amount of energy loss in the overlayer
materials. Next, we use TCAD to investigate the results for reverse bias > 200 V.

241Am Across from APD in a Vacuum Chamber

Black is O V.

Red is -50 V.

Green is -100V.

Blue is -150 V.

Gold is -200 V.

Light blues is -250 V.
Magenta is -300 V.
Silver is -350 V.
Gray is -400 V.

35

30

25

20

Counts

15

10

0 0.089 0.18 0.27 0.36
Collected Charge (pC)

Figure IV. 1: Pulse charge distribution plot of ~5.5 MeV alpha particles
from a 10 pCi Am241 button source through the experiment’s 100 mm2
Si APD placed in a stainless-steel vacuum chamber.

The doping profile used in TCAD is the one seen in Figure I.1. The measurements are
recalculated to provide doping profiles, which are then read into Sentaurus TCAD via a text file.
Sentaurus TCAD allows devices to be tested for various radiation environment based on their
doping profiles. Even though the doping profile extends to 470 um, a doping profile limited to 60

micrometers is incorporated because the doping was found to remain at n* after that depth.
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Once the file is read into Sentaurus TCAD, the Si APD’s width is set to a cylindrical area equal
to the true diode’s area for 2D cylindrical transient simulations. To confirm the doping profile is
correctly inputted into TCAD, the experimentally derived doping profile is simulated. The two
doping profiles were found to match (Figure 1.1 to Figure IV.2).

107

£ 0% Simulated From TCAD

- 103 e Doping Concentration

s 18 _ P
= 10 l p-region y

€ 10" n-region |

§ 10" h pn-junction

5 4

2 10 :\ -

g' 14 uu/.

a 10 i S ! | 1 1]

0 20 40 60

Depth (micrometers)

Figure IV.2. Doping profile (combined electrons and holes) of the Si APD as
outputted by TCAD.

Another simulated plot is the electric field under reverse bias at 400 V, which is used to check
against the known electric field shape of the Si APD (Figure 1V.3), as well as the known maximum

value of the electric field (2.5 * 10° V/cm) [28]. The plots and maximum values matched each

other.
2.5x10°
€ 2.0x10°
> ; Appliéald ReveFrs?dVoltage (400 V)
> s
5 15X10 —@— ElectriCc rie
2 5
[
o 1.0x10
s 5
9 0.5x10
w

5
10010 20 30 40 50 60

Depth (micrometers)
Figure IV.3. Electric field of the APD under reverse bias of 400V.

The avalanche generation model used is the van Overstraeten-de Man model [33]. This model is

distinct from alternative TCAD avalanche models because it is based on empirical data that
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prioritized electric fields between 1.75 x 10° % to 6 x 10° % This worked well with the APD,

because based on its doping profile, the APD has a breakdown electric field of ~3 x 10° % The

model’s equation can be found below [34]:

_bn(p)
Anp) = np)e ¢ (Iv.1)

The variables are defined as the following: € is the electric field within the APD at a given reverse

bias. A L) is the ionization coefficient [34], a ) is the maximum number of carriers
n® \cm n(p) \cm

that can be generated per unit distance at very high electric fields, and by, (l) is the critical

cm

field constant for electrons or holes, depending on what is being calculated. It is related to the
ionization energy and the mean free path of the carriers between ionizing collisions [35].

An electrical breakdown simulation is also run to calibrate the TCAD model (Figure IV. 4), and
it is found that the APD’s simulated breakdown closely matches that from the APD data sheet [20].
The data sheet also shows how the enhanced charge of the APD as a function of reverse bias
changes in response to a 420 nm continuous optical wave. Optical simulations with an intensity of
0.1 W/s and a wavelength of 420 nm were also run for calibration purposes (Figure II1.2). It was

found that the simulated electrical breakdown and optical gain agree with the data sheet.
3*1010
2.5%10%0
2*10%0

1.5*%101°

Current (A)

1*10°%0

s*101t

0/

0 100 200 300 400
Voltage (V)

Figure IV. 4. I-V curve showing electric
breakdown.

21



The calibrated TCAD model created simulations of 5.5 MeV alpha particles where the total
collected charge is ~0.27 pC at a reverse bias of 200 V. The collected charge is ~0.65 pC at a
reverse bias of 400 V. It is found that a small amount of charge enhancement
(chargesoov/chargezoov = 2.5x) occurs but is lower than the static DC normalized gain at 400 V
associated with a photon CW (>100x) (Figure III.2). Meanwhile, TCAD simulated photon
irradiation agrees with the chargeasoov/chargezoov = 100x. This is because a transient ion is different
from a continuous wave of photons. As the ion vertically moves through the device, it creates a
spatially localized and highly localized track of charge. A large portion of the depletion region is
also passed, resulting in carriers being collected, avalanching, or recombining. The charge
transport mechanisms in this region are affected by this highly localized plasma. This is not the
case for photons generated spatially uncorrelated charge. To highlight this point, TCAD results
show that generated charge from avalanche is larger for photon irradiation compared to ion
irradiation.

Transient optical simulations are run to compare alpha response to spatially uncorrelated photon
response. Figure IV.5 shows the current transients from these simulations, where the simulated
photon waves have durations of either 10 ns or 100 ps. The current reaches steady state for the 10
ns photon wave and can be considered continuous and analogous to the static DC continuous wave
condition. The 10 ns and 100 ps photon waves at bias conditions 200 V and 400 V have two orders
of magnitude separating the peak currents. This matches the APD data sheet, which shows a
normalized gain of ~100x at these bias conditions (Figure I11.3). Furthermore, the photon’s rise
time is different from that of the alphas. This is because the CW is laterally spread throughout the
device with a lower peak charge density. However, a much wider region of impact causes more
total charge. Significant avalanche occurs for a long period when this charge is deposited mostly

within the device’s avalanching region. This contrasts with the alpha particle strike’s behavior.
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Figure IV.5. Time Signature comparison for alphas and 510 nm photons.
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CHAPTER V

CONCLUSIONS

APDs tend to be used to detect low levels of photons because its intrinsic charge enhancement
allows photons to be observed above the background noise. Alternative detectors (e.g., surface
barrier detectors) do not have such intrinsic charge enhancement.

This work examines the generated charge characteristics of a Si APD in response to Am?*!

alpha
particles. Trends are found experimentally using a pulse height analysis setup that measure the
number of counts detected at reverse bias from 0 V to 400 V in increments of 50 V with respect to
collected charge. An LET curve is used to determine the amount of deposited charge from the
alpha particle used (~5.5 MeV alpha). Furthermore, as discussed in the introduction, a CubeSat
mission is being created to observe thermal neutrons using an APD. 420 nm photons and 5.5 MeV
alphas were considered.

Figure IV.5 shows a calibrated TCAD simulation of current transients that show a great
difference between alpha particles and photons. While the alphas reveal a fast rise time, the
photons do not. Peak current is also not bias-dependent for alphas. A peak current gain of
approximately 1x is found. Meanwhile, photon waves show a peak current that is strongly bias-

dependent. They have peak current gain of approximately 100x. And finally, the photon’s rising

edge profile is significantly reduced when compared to that from alphas.
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