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Abstract

Avalanche Photodiodes (APDs) are electronic devices that transduce a photon
flux into an electrical current and provide internal amplification of this current
exploiting the impact ionization mechanism. APDs are used as receivers in
optical fiber communication links as well as detectors in physics experiments
and medical imaging. According to the needs of the target application, they
can either be operated below (Linear mode) or above (Geiger mode) their
breakdown voltage.

For X-ray detection, APDs fabricated in III-V compound semiconductors,
such as GaAs, offer an interesting alternative to SIAPDs, thanks to the short
attenuation length at high energies offered by these materials. However, to
improve the poor noise performance of APDs fabricated in III-V compounds
given by similar electron’s and hole’s impact ionization coefficients, structures
alternative to p-i-n APDs have to be employed. A possible solution is the use
of staircase APDs, where heterojunctions between III-V compound semicon-
ductors and their alloys with metals are exploited to enhance the electron to
hole impact ionization probability by creating an artificial superlattice.

This thesis aims at proposing models to compute the figures of merit of
APDs fabricated in III-V compound semiconductors and operating in Linear
mode for the detection of X-rays. Since accurate modeling of impact ionization
is key to obtain reliable data from simulations, we present the development of
a suite of simulations tools that includes the finite difference and the Random
Path Length algorithm implementation of a newly derived nonlocal history
dependent impact ionization model and a Full Band Monte Carlo transport
simulator. All these models have been validated against experimental results
and are thus powerful tools in support of the interpretation of single photon
APDs electrical measurements and for the optimization of their performance.
These simulation tools have been used to compute the gain, the excess noise
factor, the response time, the bandwidth and the jitter of different APD struc-
tures, including staircase APDs.

In addition, the Full Band Monte Carlo transport simulator has been em-
ployed to assess the basic assumptions, identify the limitations and improve
the calibration of nonlocal history dependent impact ionization models. We
have found that, even though nonlocal history dependent models give results
that are in a satisfactory agreement with experiments, they neglect that af-
ter an impact ionization event secondary carriers are generated with non null
kinetic energy and that carrier-phonon scattering may lead to electrons and
holes that travel for few free flights with velocities that are opposite to the
direction of the electric fields. These aspects may become relevant and yield
misleading results, in particular for short devices.
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Terminology

Abbreviations and Acronyms

APD Avalanche PhotoDiode
BTE Boltzmann Transport Equation
DS Dead Space
EBHDM Energy Balance History Dependent Model
FBMC Full Band Monte Carlo
FBZ First Brillouin Zone
FD Finite Difference
FWHM  Full Width at Half Maximum
IR InfraRed radiation
IW Irreducible Wedge
MBE Molecular Beam Epitaxy
MQW Multi Quantum Well
MC Monte Carlo
NL-HD  Nonlocal History Dependent
PET Positron Emission Tomography
PDF Probability Density Function
PSD Power Spectral Density
QD Quantum Dot
RC Resonant Cavity
RPL Random Path Length
SAM Separate Absorption and Multiplication
SACM Separate Absorption, Charge and Multiplication
SiPM Silicon PhotoMultiplier
SRH Shockley Read Hall generation/recombination mechanism
TIA TransImpedance Amplifier
TCAD Technology Computer Aided Design
Uuv UltraViolet radiation
Symbols
ao Direct lattice constant of a crystal m
BW  3dB Bandwidth Hz
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Detector’s capacitance

Thickness of the intrinsic layer of a p-i-n APD
Electron’s dead space

Holes’s dead space

Density of States

Electric Field

Activation energy

Effective field for electrons
Effective field for holes
Electron-hole pair creation energy
Energy gap

Kinetic energy

Photon energy

Threshold energy for electron’s impact ionization

Threshold energy for holes’s impact ionization
Excess noise factor

Fano factor

Current

Dark current

Photogenerated current
Attenuation length

Gain

Electron’s effective mass
Hole’s effective mass

Number of multiplication steps

Electron’s impact ionization probability per step

Hole’s impact ionization probability per step
Scattering Rate

Temperature

Time delay

Jitter

SRH generation/recombination rate
Applied bias voltage

Applied reverse bias voltage
Breakdown voltage

Electron’s drift velocity

Holes’s drift velocity

Thermal velocity

Width of the depletion region
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Hole’s impact ionization coefficient
Conduction band offset

Valence band offset

Wavelength
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Holes’s energy relaxation length

Electron mobility
Hole mobility
Frequency
Electron’s lifetime
Hole’s lifetime
Built-in potential

Physical Constants

St S0

B
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Speed of light in vacuum
Planck’s constant
Reduced Planck’s constant
Boltzmann’s constant
Electron rest mass
Absolute electron charge
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TCAD simulations [76]. Two bias voltages lower than the break-
down voltage are considered: V = —28 V (black solid line) and
V = —-32V (blue dashed line). . . . .. ... ... ... ... ..
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4.6

4.7

4.8

4.9

4.10

4.11

a) Sketch of the SAM-APD of Figures 1.18b and 4.1. Electron-
hole pairs are generated at position z,. b), ¢) Comparison be-
tween the weighting functions w;(t) extracted by using Eqs. 4.5,
4.6 and nominal dgps and d, . values (symbols) and Eqgs. 4.10,
4.11 (lines) at two different positions inside the device (x =
—2.35 pm in red, that corresponds to a point close to the mid-
dle of the absorption region, and = = 0 in blue, that corresponds
to the coordinate where the multiplication region begins) and
at b) V = —-28 Vand ¢) V = —32 V. In plot ¢), the dotted lines
represent the w;(t) computed using Egs. 4.5, 4.6, but employing
effective values of d,s and d,,.;;. When Eqs. 4.5, 4.6 are used, a
constant conductivity inside the absorption region, equal to the
value of 0 at * = —dgs/2 in the TCAD simulation, has been
assumed. . . ...

a) Gain vs. voltage and b) excess noise factor vs. gain curves for
GaAs p-i-n APDs of different thicknesses. The results obtained
with the improved RPL algorithm (lines) are compared with the
results of the Finite Difference implementation (open symbols,
see Section 3.2) and with the experimental data from [23] (filled
symbols). . . ..

Same as Fig. 4.7, but for the staircase SAM-APD of Fig. 1.18b.
Experimental data are taken from [7, 21]. . . . . . . ... .. ..

Comparison between the current waveforms computed with TCAD
[76] (dashed lines) and with our algorithm averaging over 103
photon-induced generation events (solid lines). The generation
of a single electron-hole pair occurs at z, = —2.35 pm a), c)
or at x;, = —0.25 um, b), d) and two different bias voltages
have been applied: V' = —28 V a), b) and V = =32 V ¢), d).
In these simulations, impact ionization is turned off. Here and
in the next figures, the spatial coordinates are the same as in
Fig. 4.1. . . . . . . o

a) Gain vs. voltage and b) excess noise factor vs. gain charac-
teristics obtained with the improved RPL algorithm for a 1 pum
thick GaAs p-i-n APD and for the staircase SAM-APD reported
in Fig.1.18b. In the staircase SAM-APD we have an extended
voltage range where a gain significantly larger than one that is
achieved by the p-i-n diode. . . . . . . ... ... ... ...

Current waveforms at different gains for the multiplication re-
gion of the staircase SAM-APD of Fig. 1.18b obtained with the
improved RPL algorithm a) without or b) with hole impact ion-
ization. Carriers move at a constant velocity v, = v, = 107 cm /s
so that the transit time across the 1-yum multiplication region
iIsTr=10ps. . . . . . .
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4.12

4.13

4.14

4.15

4.16

4.17

4.18

a) Simulated Gain-bandwidth product of a 500 nm and a 1 pm-
thick GaAs p-i-n diodes and of the multiplication region of the
staircase SAM-APD of Fig. 1.18b obtained with the improved
RPL agorithm (open symbols). Filled symbols: experimental
data for a planar [95] and a thin layer [96] separate, absorp-
tion, charge and multiplication (SACM), a Multi Quantum Well
(MQW) [97], a quantum dot (QD) SACM [98] and a resonant
cavity (RC) APDs [99] based on III-V compound semiconduc-
tors. b) Same as plot a) in the range 1 < BW <20 GHz. . . . .

Simulated current waveforms for a staircase APD like the one
in Fig. 1.18b with Nge, = 6,12, 24,48 multiplication steps at
fixed gain M =10. . . . . . . .. .

Simulated current waveforms, after the convolution with the im-
pulse response function of a CR-RC shaper with time constant
T =1 pus, for a staircase SAM-APD as the one in Fig. 1.18b with
Nyiep = 6,12, 24,48 multiplication steps at fixed gain M = 10.

Representation of the Crossover Timing method to compute ¢*,
which is representative of a readout scheme used in time of flight
measurements. The original current waveform (a) is subtracted
to itself delayed by ¢p (b) to obtain a bipolar pulse (¢). A trigger
is generated at the zero-crossing point ¢*. In the inset of panel
(a), the procedure is reported in the form of a block diagram.

a) Sample current waveform for a single generation event and
b) the corresponding current power spectral density averaged
over N,, = 10% generation events computed with our algorithm
using the complete model described in Section 4.3 (black solid
line) or imposing w;(x,t) = 0 for z < 0 (red dotted line) for
V =—-28 Vand z, = —2.35 pm. A single electron-hole pair is
generated per absorbed photon. . . . . . . ... ... L.

Probability Density Functions of t* for a) V = —28 V and b)
V = =32 V for different tp. The generation point is z, =
-2.35 pm. PDF(t*) is the same regardless of the tp value.

Probability Density Functions of ¢* at V' = —28 V a), b) and
at V = —32 V ¢), d) when an electron-hole pair is generated
at ¥, = —2.35 pym a), c¢) or at x, = —0.25 ym b), d). The
PDFs extracted with the RPL algorithm (red solid lines) are
compared with a fitted inverse Gaussian distribution (Eq. 4.12,
black dashed lines). The delay of the readout of Fig. 4.15 is
chosen so that the falling edge of the original current waveform
crosses the rising edge of the delayed one, thus: tp = 0.5 -
it /Ve = 7 ps a), b) or tp = dpu/ve = 14 ps ¢), d). Note the
different scales of the z-axis and the Dirac’s delta like shape of
the PDF(t*) in graph d). Impact ionization is turned off. . . . .
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4.19

4.20

4.21

4.22

5.1

5.2

2.3

5.4

a), ¢), e), g): Sample current waveforms associated to the arrival
of a photon that generates one electron-hole pair at z, = 0
when impact ionization is turned on. The applied voltage is
V = —28 V. Since impact ionization is a stochastic process, the
gain m is not the same for all events: m = 1in a) and b), m = 2
in ¢) and d), m = 6 in e) and f) and m = 83 in g) and h). Plots
b), d), f), h) report the difference between the current waveform
and its delayed version when the delay is tp = du/ve = 14 ps.
The first zero-crossing point is highlighted with a red dot.

Probability Density Function of ¢* after the arrival of N, = 10°
photons, when the bias voltage is V' = —28 V. Single electron-
hole pairs are generated at the beginning of the multiplication
region (x =0). tp = dpuit/Ve =14 PS. . . . . . ...

a) Distribution of the number of generated electron-hole pairs in
GaAs for a photon with energy E,, = 500 eV according to [25].
b) Probability Density Functions of t* considering 10% times the
process of the arrival of a photon and the random generation of
electron-hole pairs, at z, = 0 in the device of Fig. 4.1. E,, =
125, 500 or 2000 eV (black solid line, red dashed line and blue
dotted line respectively). Impact ionization is turned on, the
applied voltage is V = =28 V. tp = dypuse/ve = 14 ps. . . . . ..

Comparison between the Probability Density Functions of t*,
extracted with the extended RPL after the arrival of N,, = 103
photons, when multiple electron-hole pairs are generated at z, =
—4.25 pm (black solid line), z, = —2.35 pum (red dashed line),
x4 = 0 (green dashed-dotted line) or when the generation follows
the profile given by Eq. 1.8 (blue dotted line). The applied bias
voltage is V' = —28 V and impact ionization is turned on. The
delay of the readout circuit of Fig. 4.15 is tp = dyput/ve = 14 ps.

a) First Brillouin Zone and b) Irreducible Wedge of the Face-
Centered Cubic reciprocal lattice. The symmetry points are
indicated in plot b). . . . . . ... oo oo oo

Comparison between the Band Structure of GaAs computed
by employing the Empirical Pseudopotential Method, including
Spin Orbit Interaction, by using the code of [104] with the pa-
rameters of Tabs. 5.1 and 5.2 (red lines), and the one calculated
by [105] (black circles). . . . . . . ... oo

Comparison between the I' valley of GaAs, along the [1,0,0]
direction, computed in this work by using the EPM with the
parameters of Tabs. 5.1 and 5.2 and the analytical dispersion
relation of Eq. 2.79 with the parameters of Tab. 5.3. . . . . . . .

Comparison between the GaAs Density of States computed by
using our code (red line) and the ones calculated by [60] (black
circles), [105] (blue squares) and [62] (magenta triangle-downs).
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2.5

5.6

5.7

5.8

2.9
5.10

5.11

5.12

5.13

5.14

0.15

5.16

Carrier-phonon scattering rates for a) holes and b) electrons as
functions of energy. Our results (red lines), obtained by using
the parameters in Tab. 5.4 and AE = 4 meV, are compared
with the calculations of [60] (black circles), [105] (blue squares),
[61] (green triangle-ups) and [62] (magenta triangle-downs). . .

Schematic representation of the impact ionization mechanism
for a hot electron in a direct bandgap semiconductor. The pri-
mary electron (1) in the conduction band interacts with an elec-
tron in the valence band (4). The process ends with two sec-
ondary electrons in the conduction band (2, 3) and a secondary
hole in the valence band (4). . . . . . . .. ... .. ...

a) Electron and b) hole impact ionization scattering rates in
GaAs as a function of energy. Our results (red lines), obtained
by using the Constant Matrix Element approximation [112], are
compared with the scattering rates computed by other authors
(105, 113, T14]. . . o oo

Secondary carriers’ energy distributions for a ionizing electron
with kinetic energy (a) 4 eV or (b) 6 eV. Positive energy refers to
electrons and negative energies to holes. The computation has
been performed by using Eqs. 5.35 and 5.36 with the constant
matrix elements of Tab. 5.4. AE =4 meV and ndiv = 20.

Same as Fig. 5.8 but for hole-initiated impact ionization.

Schematic representation of the selection of the state after scat-
tering with the rejection algorithm. . . . . . .. ... ... ...

a) Electron velocity v, and b) hole velocity v, versus electric
field (E) curves in GaAs at T = 300 K. FBMC results (red
crosses) are compared with experimental data [50, 64, 115, 116]
(solid lines). . . . . . .. L

Electron’s and hole’s average energies as functions of the applied
electric field. Results of our FBMC simulations (red crosses and
(blue plus signs) are compared with the results of [60] (black
filled and open squares). . . . . ... ...

a) a and b) 3 versus the reciprocal of the electric field in GaAs
at T'= 300 K. FBMC (Eq. 5.45 (red crosses) or Eq. 5.46 (blue
solid line)) is compared with experiments [17] (black solid) and
with o and 8 used in [69] (black dotted line). . . .. ... ...
PDF(l,) at different electric fields. The red solid lines represent
Eq. 5.48. The magenta dashed line is the electron’s dead space
(d.) computed by using Eq. 2.60 with Ey,. = 2.69 eV (see
Fig. 5.22b). © oo
Same as Fig. 5.14, but secondary electrons are generated with
null kinetic energy in FBMC simulations. . . . . . . . . ... ..
PDF(l,) at different electric fields. The red solid lines represent
Eq. 5.48. The magenta dashed line is the hole’s dead space (dj,)

computed by using Eq. 2.61 with Ey, , = 3.12 eV (see Fig. 5.24b).
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5.17

5.18

5.19

5.20

5.21

5.22

5.23

0.24

5.25

5.26

Same as Fig. 5.16, but secondary holes are generated with null
kinetic energy in FBMC simulations. . . . . . .. ... ... .. 118

Sketch of the simulation domain employed in this work to com-
pute the gain and the excess noise factor in thin GaAs APDs. . 119

a) M versus V,., and b) F versus M curves for GaAs p-i-n
APDs. FBMC (solid lines) is compared with experiments [23]
(symbols). A built-in voltage ¥y = 1.2 V has been assumed [117].120

Discretization of the intrinsic region of a p-i-n diode with a
mesh with uniform spacing Az. x is the point where a carrier is
generated, optically or by impact ionization, and z’ is the point
where it ionizes. Electrons move from left to right with average
velocity v, (while holes move from right to left with average
velocity v, and = and z” are inverted). . . . .. ... ... ... 120

a(x|z’) extracted from FBMC simulations by using Eq. 5.53 in
a 100 nm-thick GaAs p-i-n APD with electron injection from
the left side at V,.., = 5.5 V (black) and V,., = 6.6 V (red). a)
x =0, b) z =50 nm. A built-in voltage ¥y = 1.2 V has been
assumed [117]. . . . . ..o oL 122

a) a (empty symbols) and o* (filled symbols) versus 1/E ex-
tracted from FBMC simulations of GaAs p-i-n diodes by using
Eq. 5.45 and Eq. 5.53 (plateau for 2’ > x), respectively. b)
Electron’s dead space d. versus 1/FE extracted, point by point,
with Eq. 5.49 from the a and o* of Fig. 5.22a with Eq. 5.49.
The blue dotted line in plot b is the least squares linear fit of the
d. values, giving a slope Ey, ./q = 2.69 V. The same parameter
inserted in Eq. 5.49 gives the blue dotted line in plot a. . . . . . 122

B(z|x’) extracted from FBMC simulations by using Eq. 5.53 in
a 100 nm-thick GaAs p-i-n APD with hole injection from the
right side at Vi, = 5.5 V (black) and V,e, = 6.6 V (red). a)
x =100 nm, b) z = 90 nm. A built-in voltage ¥y = 1.2 V has
been assumed [117]. . . . . . . ... oo 123

Same as Fig. 5.22, but for the hole’s impact ionoization coeffi-
cient 8. The the least squares linear fit of the dj, values in plot
b) (blue dotted line) has slope Euy,p/q=312V. . . . . ... .. 123

Comparison between the a) M and b) F versus V., curves for
GaAs p-i-n diodes obtained with the FBMC (circles) or by us-
ing the NL-HD model’s equations described in Section 3.2 with
a(z|z’') and [(z|z") extracted from FBMC simulations as inputs
(crosses). A built-in voltage Uy = 1.2 V has been assumed [117]. 124

Same as Fig. 5.25 but, after an impact ionization event, sec-
ondary electrons and holes are generated with null kinetic energy.124
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5.27

0.28

5.29

5.30

5.31

5.32

5.33

5.34

Comparison of the excess noise factor as a function of the gain
computed with FBMC simulations (solid lines) or by using the
NL-HD model’s equations described in Section 3.2 with «a(z|2’)
and f[(z|x') extracted from FBMC simulations as input (sym-
bols) for GaAs p-i-n APDs of different thickness. a) Secondary
carriers are generated with an inital energy determed with the
selectrion rules described in Section 5.4.2. b) Secondary carriers
are generated with null kinetic energy. The values of M and F
in plots a) and b) are the same reported in Figs. 5.25 and 5.26,
respectively. A built-in voltage Wy = 1.2 V has been assumed

Fitting of the values of a) o* and b) f* as a function of the
reciprocal of the electric field extracted from FBMC simulations
(and reported in Figs. 5.22a and 5.24a) by using Eqs. 2.72 and
2.73, respectively, with the parameters of Tab. 5.6.. . . . . . ..
Comparison of the electron’s impact ionization coefficient a(0|z")
extracted from FBMC simulations (black solid line) with the one
computed using the EBHDM (Eq. 2.72) with an energy depen-
dent relaxation length A.(z|z") (Eq. 5.54, blue dashed line) for
devices with different thickness and at different bias voltages:
a) d = 100 nm, Ve, = 6 V; b) d = 200 nm, V., = 9 V; ¢)
d = 500 nm, V,., = 17 V. The built-in voltage is ¥y = 1.2 V

Same as Fig. 5.29, but for the hole’s history dependent impact
ionization coefficient f(d|x’). . . . . . . ..o oL
a(0]z") for a 100 nm-thick GaAs p-i-n diode when hole impact
ionization is turned off. FBMC (black solid line) is compared
with the EBHDM described in Chapter 3 either with A\, = 18 nm
(red dotted line) or A, from Eq. 5.54 (blue dashed line) and
with the Dead Space model (DS) [35], when d, is taken from
Fig. 5.22b (green dashed-dotted line). A built-in voltage ¥, =
1.2 V has been assumed [117]. . . . . ... ..o
Same as Fig. 5.31, but for 5(d|z"). Electron’s impact ionization
isturned off. . . . . . .. Lo
Schematic representation of how conduction band steps have
been simulated in this thesis. The initial electron is injected
with energy AFE¢ in the simulation domain, that extends from
x = 0tox = d. An electric field is applied along the x direction,
to ensure that all the carriers exit from the simulation domain.
a) Gain and b) excess noise factor as functions of the applied
electric field in a 50 nm thick device when an electron with initial
AEc = 0eV (black), 0.3 eV (red) or 0.5 €V (blue) is injected at
x = 0. The results obtained with FBMC simulations (circles)
are compared with the results of the NL-HD model’s equations
described in Section 3.2 when a(z|z’) and f(z|2’) extracted from
FBMC simulations are taken as input. . . . .. .. .. ... ..
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2.3
5.36

5.37

2.38

5.39

6.1

6.2

6.3

6.4

6.5

6.6

Same as Fig. 5.34, but for a 100 nm thick device. . . . . .. .. 131

Gain variation (AM) as a function to the electron’s injection
energy (AE¢) w. r. t the case AEx = 0 eV in a a) 50 nm or in
a b) 100 nm thick device. . . . . . . ... oL 132

Comparison between the excess noise factor as a function of the
gain per step calculated by using Eq. 1.10 with Ng,, = 1 (black
solid line), F' = 2—1/M (black dashed line), which is Eq. 2.19 in
the k = 8/a — 0 limit, and the results of FBMC simulations of
100 nm thick GaAs conduction band steps at different applied
electric fields (symbols). For a given electric field, the increase
of the gain is achieved by increasing the electron’s injection energy.132

a(0]z") for a 100 nm-thick GaAs conduction band steps of dif-
ferent amplitude and at different values of the applied electric
field. FBMC (black solid line) is compared with the EBHDM
either with A = 18 nm (red dotted line) or A, from Eq. 5.54
(blue dashed line). . . . ... ... ... ... L 133

Comparison between a) the gain and b) the excess noise factor
as a function of the applied electric field and for different values
of AEc computed with the FBMC simulator (circles and solid
lines) and with the EBHDM by using constant A\, and A, (crosses
and dotted lines) or A.(z|z’') and Ap(x|2") from Eq. 5.54 (plus
signs and dashed lines). . . . . ... ... oL 134

Dark current as a function of the applied reverse bias voltage
V,ev for a subset of APDs. The breakdown voltage of the devices
(Vi) is around 38 V. The APD active area is circular, with
diameter 400 pm. . . . . ..o 138

Experimental IV curves of a representative APD for different
operating temperatures 7. . . . . . . . ... ... 138

Breakdown voltage as a function of temperature. The positive
temperature coefficient is a signature of the avalanche multipli-
cation process. . . . . . . ... 139

Arrhenius plots of the dark current for several V., values. Curves
show the expected exponential behavior down to low temper-
atures where they start to deviate from Eq. 6.1 likely because
a temperature independent dark current component enters into
play. . .o 139

Activation energy as a function of the appiled reverse bias volt-
age, Vyey, extracted from the Arrhenius plots in Fig. 6.4. E4 is
rather independent of the V,., value and close to E,/2. . . . . . 140

Arrhenius plots simulated for V.., = 20 V assuming constant 7,
and 7, and variable trap energy depth Ep. . . . . . ... .. .. 141
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6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

Arrhenius plots simulated with 7, = 7, as in Eq. 6.8, and with
Er = FE;. Simulations now reproduce the experiments for dif-
ferent V,.,. A power-law temperature dependence is assumed to
model the lifetimes (Eq. 6.8, m300x = 0.39 ns, @ = 6.06). At low
T, the experiments deviate from the linear behavior most likely
because of a temperature-independent component not included
in simulations. . . . . . ... ...

SRH generation/recombination function along the device depth.
x = 0 corresponds to the p-doped d-layer position that separates
the absorption and multiplication regions. Note that carrier
generation (Usry < 0) occurs in the small bandgap GaAs layers
of the multiplication region. V., = 20 V. 7, = 7, = T300x =
0.39ns, a=6.06. . . .. ...

Simulated IV curves with 7, = 7, as in Eq. 6.8. Simulations
well reproduce the experiments, except at low 7', when a tem-
perature independent leakage component most likely arises in
the measurements. . . . . . .. . ...

Typical experimental capacitance—voltage curves (symbols) of
the measured APDs. The TCAD simulation for nominal pa-
rameter values (line) is reported for comparison. . . . . . . . ..

Electron density n calculated in absorption layer at different in-
stants (¢) after the generation of an electron-hole pair (in the
middle). After the generation, carrier diffuse all over the ab-
sorption layer, due to the negligible electric field in the region.
Then, without the SRH process (a), electrons can exit the re-
gion only through the multiplication layer on the right. With
SRH (b), instead, electrons partly recombine before reaching
the multiplication layer. Area of the device is 1 um?. . . . . . .

Simulated current collected at the n-type contact as a function
of time after the generation of an electron-hole pair in the middle
of the absorption layer. The current is simulated including (red)
or not (black) the SRH generation/recombination. At V., =
28 V, the SRH process causes the loss of 45% of the photo—
generated charge. . . . . . . ... .. oL

Collection efficiency as a function of the position inside the ab-
sorption layer where the photo—generation takes place. If the
electron—hole pair is generated closer to the multiplication re-
gion (x > 4.5 pm), the collection efficiency is larger. . . . . . . .
Dose of the p-doped d-layer that separates the absorption and
the multiplication region of the staircase SAM-APD of Fig. 1.18b.
The dose is computed with Eq. 6.9 since a Gaussian doping pro-
file has been assumed in the TCAD simulations [76]. . . . . ..

Capacitance as a function of the reverse bias voltage obtained
with TCAD simulations [76] for different F'W H M values of the
dose of the p-doped d-layer (see Fig. 6.14). . . . . . . ... ...
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6.16 Schematic representation of the absorption and multiplication
regions’ contributions to the total capacitance of the staircase
SAM-APD of Fig. 1.18b. . . . . . . . .. ... ... .. ...

6.17 Experimental (symbols) and simulated (red lines) capacitance

versus applied reverse bias voltage curves of the staircase SAM-
APD of Fig. 1.18b for different doses of the p-doped d-layer. The

dose is a) 1.3x 10" cm™2, b) 1.6x10'? cm~2 and ¢) 2.5x10'? cm 2.

6.18 Conduction band profiles near the end of the absorption region
extracted from TCAD simulations [76] of the staircase SAM-
APD of Fig. 6.18 at differnt bias voltages: a) V.., = 10 V, b)
View =20V, ¢) Ve, =25 V. The dose of the p-doped d-layer is
1.3x10" em™2 (blue), 1.6x10" cm™2 (red) or 2.5x10'? cm™2.
Notice that in plot ¢) the blue curve is not visible beacuse it is
out of scale. . . . . . ...

7.1 Schematic representation of the simulation tools developed in
this thesis. Each model is suited to analyze different feature
sizes and times scales. . . . . ... ...

B.1 Hole-phonon scattering rate as a function of the carrier energy.
The deformation potentials of Tab. B.1 have been used and the
hole’s overlap integrals have been computed as in [124]. Our
results (red solid line) have been compared with the results of
[114] (black circles). . . . . . .. ..o

B.2 Hole’s drift velocity as a function of the applied electric field in
bulk GaAs at T = 300 K when the hole-phonon scattering rate
is the one of Fig. B.1. FBMC results have been compared with
the experimental results of [64, 115, 116] (black, blue and brown
solid lines, respectively). . . . . . ... . oL

B.3 Hole’s impact ionization a) scattering rate as a function of the
carrier energy and b) impact ionization coefficient as a function
of the reciprocal of the electric field. The results have been ob-
tained by multiplying by 3 the matrix element 7}, ;, of Tab. 5.5.
In plot a) our results (red solid line) have been compared with
the computations of [113, 114] (black circles and triangles, re-
spectively), while in plot b) FBMC results (red crosses) have
been compared with experiments (black solid line)[17]. . . . . .

B.4 a) M versus V,., and b) F versus M curves for GaAs p-i-n APDs
when the hole’s overlap integrals have been compued as in [124]
and the matrix element Tj; 5, of Tab. 5.5 has been multiplied
by 3. FBMC (solid lines) is compared with experiments [23]

(symbols). A built-in voltage ¥y = 1.2 V has been assumed [117].

B.5 Same as Fig. B.4, but the matrix element 7}; , of Tab. 5.5 has
been multiplied by 50. . . . . .. ...

B.6 Same as Fig. B.3, but the results for when the matrix element
T, of Tab. 5.5 is multiplied by 50 are also reported (blue solid
line). . . . .

148

149

177



B.7 Squared modulus of the hole’s overlap integrals Z(ny, no; k:, k;)
by using Eq. 5.15, with the wavefunctions given as output of
the solution of the EPM Hamiltonian (Eq. 5.4). For each plot,
the wavevector of the initial state is fixed (k; = I'), while the
band index n; goes from the highest valence band (V' B4) in plot
a) to the lowest one (V B1) in plot d). The final state (n, ko)
is chosen along the [1,0, 0] direction and the overlap integral is
computed only if |E(ny, ks) — E(ny, k1)| < 33 meV, which is the
maximum phonon energy in GaAs (Eq. 5.18 with the parameters
in Tab. 5.4). The dotted magenta line is the result of the Rigid
Ion approximation (Eq. 5.29). . . . .. ... ... ... ... ..

XXViil



List of Tables

2.1

2.2

3.1

3.2

5.1

5.2

2.3
5.4

2.5

2.6

5.7

B.1

Parameters for the computation of the impact ionization coeffi-
cients and of the dead space lenghts using the Dead Space model

B8], o o 32
Parameters for the computation of the impact ionization coeffi-
cients in the nonlocal model base on effective fields [36]. . . . . . 35

Model parameters for GaAs, Alg2GaggAs, AlggGagsAs, AlgsGagaAs
and InAs used in the EBHDM to fit experimental results for the

gain versus applied bias and excess noise factor versus gain mea-
surements. . . . ... Lo e o1
Comparison between the excess noise factor obtained with the
EBHDM and the one calculated using Eq. 3.21 for staircase
structures with different number of steps and conduction band
discontinuities with different amplitudes. . . . . . . . . . .. .. 60

Empirical Pseudopotential parameters for GaAs used in the

code of [104]. . . . . . ... L 98
Spin Orbit Interaction parameters for GaAs used in the code of
[104]. . . . 98
Band structure parameters for bulk GaAs. . . . . ... ... .. 99
Deformation potentials and other parameters used for the com-
putation of the carrier-phonon scattering rates in GaAs. . . . . . 106
Constant Matrix Elements used for the computation of the hole’s
and electron’s impact ionization scattering rates in GaAs. . . . . 109
EBHDM model parameters for GaAs calibrated on the results
of FBMC simulations. . . . ... ... . ... ... ....... 126

Values of the parameters Ay, and B, to insert into Eq. 5.54
to compute the electron’s energy dependent relaxation length
O 2 127

Deformation potentials used for the computation of the hole-
phonon scattering rates in GaAs when the hole’s overlap inte-
grals have been computed as in [124]. . . . . .. ... ... ... 176

XXIX



XXX



Chapter 1

Introduction

Studying the interaction of an electromagnetic wave (or, in other words, due
to the discrete nature of light, of photons) with other objects is of extreme
importance in our daily life. In astronomy, radio waves are used to discover
new planets, stars and galaxies. In telecommunications, infrared (IR) and
ultraviolet (UV) light are exploited for data transmission in optical fiber links.
In medicine, X- and v-rays are used for the diagnosis of fractures, tumors and
other diseases. In addition, in physics and material science experiments, new
properties can be analyzed by observing the behavior of a material when it is
irradiated by a photon flux.

The energy of a photon (E,;,) is linked to the frequency (v) and wavelength
(M) of the electromagnetic wave by the relation

Eph:hV:%, (11)

where h is the Planck’s constant and c is the speed of light.

The realization of new generations light sources able to work on the short
wavelength side of the spectrum (see Fig. 1.1), such as advancements in syn-
chrotrons and Free Electron Lasers, requires the development of detectors able
to resolve high energy photons, so that new phenomena, down to the atomic
scale, can be observed. For instance, energies in the order of 1 keV corresponds
to A ~ 1.2 nm.

Size of Human Bodies Insects Bacteria Proteins Atoms
10* 10" 10°° 7+4x107 108 10710 10712
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Figure 1.1: Electromagnetic spectrum.

In this thesis, we will focus on the modeling of solid state detectors for
high energy photons and in particular of a specific type of detector used for
the analysis of X-ray photons (100 eV < E,, < 200 keV), the Avalanche Pho-
todiode (APD). In this Chapter, we review the working principles of APDs to
understand the trade-offs at the basis of their design, while different modeling



methodologies will be discussed and applied in the following ones. A detailed
description of the structure of this thesis is provided in Section 1.9.

1.1 Radiative Generation and Impact Ioniza-
tion

Avalanche Photodiodes are electronic devices that transduce a photon flux into
an electric current and that provide intrinsic amplification of this current. To
do so, two generation/recombination mechanisms of semiconductor materials
are exploited: radiative generation and impact ionization.

When a photon hits a semiconductor, its energy E,, is transferred to an
electron that populates the valence band of the material. If the photon’s en-
ergy is larger than the bandgap of the semiconductor (Ey), then the electron
in the valence band may be promoted to the conduction band, leaving a hole
in the valence band: a new electron-hole pair is, thus, created (see Fig. 1.2a).
This mechanism is called radiative generation. If an electric field E(x) is now
applied to the semiconductor, then carriers will move, with their respective ve-
locities (v, for electrons and vy, for holes) according to the direction of the field
(Fig. 1.2b), inducing a current at the contacts (the so-called photogenerated
current, Lp).

a) b) <«—E(x)
hv > E, E @ E O_.ve
“LLXC n =
Eq E,
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Figure 1.2: a) Radiative generation of an electron-hole pair due to a photon
with energy E,;, = hv > E,;. b) Motion of the photogenerated carriers when
an electric field is applied.

Figure 1.3: Representation of impact ionization triggered by electrons (a sim-
ilar process can be triggered by holes). a) An electron moves inside the con-
duction band and its kinetic energy grows from 0 at t = ¢y to £ > E, at
t = t;. b) A scattering event transfers the energy Ej to an electron in the
valence band, promoting it to the conduction band.



Figure 1.3a shows that, when a strong electric field is applied, a primary
electron moving in the conduction band can acquire a kinetic energy Fj, > F|,.
A scattering event, denoted as impact ionization, may now transfer Ej to an
electron in the valence band, creating a new secondary electron-hole pair (see
Fig. 1.3b). The primary electron loses its kinetic energy and falls at the bottom
of the conduction band. This mechanism is responsible for the amplification of
I, since, as shown in Fig. 1.3, starting from a single electron in the conduction
band we end up with two electrons in the conduction band and a hole in the
valence band. Indeed a sequence of generation events will generate a bunch
of secondary carriers, thus increasing appreciably the current from its original
value. This process is also called avalanche multiplication and, like impact
ionization, it occurs also for holes moving inside the valence band. Avalanche
multiplication is quantified by the so-called multiplication factor, M., defined
as the ratio of the total (electron) current density to the injected starting
electron current.

Finally we remind that impact ionization is a stochastic process and, thus,
it is a source of noise. This is an important aspect in view of APD detectors
development, usually quantified in terms of the r.m.s. of the multiplication cur-
rent. Impact ionization depends on the device geometry, the bias configuration
and the semiconductor material at the microscopic level. Impact ionization is
quantified through the impact ionization coefficients, « for electrons and [ for
holes, that are the reciprocal of the average distances between two consecutive
ionizing events. As it will be clear in the following, it is also useful to define

k=8/a[1].

1.2 p-i-n APDs

The simplest structure of an APD is a reverse biased p-i-n junction (Fig. 1.4a).
The electric field inside the depletion region is responsible for both the sepa-
ration of the photogenerated electron-hole pairs and the amplification of I,,.
The width of the depletion region is given by

2¢ (1 1
W=/Z(—+—) (V- 2 ~ 1.2
\/q (NA+ND)< 0= V) +d~d, (1.2)

where ¢ is the permittivity of the material, ¢ is the electron’s charge, N4 and
Np are the acceptor and donor dopants concentrations, Wy is the junction’s
built-in potential, V' is the applied voltage and d is the thickness of the intrinsic
layer. This means that, since W depends mainly on the geometric parameter
d, the maximum electric field inside the device,

-V WV

Emaz - — ) L.
7 y (1.3)

is a function of the geometry of the structure and of the applied voltage. As
qualitatively shown in Fig. 1.4b, the electric field profile is uniform along the
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whole depletion region as long as N4 and Np are constant and the hole’s and
electron’s densities, p and n, are therein negligible.

a) V<0 b)

L T~ £

. Emax
I
d=W

> o W x

Figure 1.4: a) Sketch of a reverse biased p-i-n diode, d is the thickness of
the intrinsic layer and W is the width of the depletion region. b) Qualitative
representation of the electric field profile inside the device of panel a).

The region of the APD where impact ionization occurs (i. e. the intrinsic
layer in the case of a p-i-n APD) is called multiplication region.

Two different modes of operation can be implemented with this device (see
Fig. 1.5):

e (Geiger Mode: the applied voltage is larger, in modulus, than the break-
down voltage (|V| > |V4:]). A photon that hits the device generates
electron-hole pairs that trigger the avalanche multiplication with multi-
plication factors exceeding 10°. An external quenching circuit interrupts
the avalanche only when the output current reaches a defined thresh-
old. A short current pulse is thus generated upon arrival of the photon.
An APD operating in Geiger mode is, thus, a binary device, since the
amount of charge at the output of the device is independent of both £,
and the number of incident photons. The very high charge amplification
(~ 10° [2]) makes these devices suited for the detection of single pho-
tons. Geiger mode APDs are typically used for timing measurements,
such as in time-of-flight experiments, like PET scanners [2, 3] and lidars
[4]. Photon counting is possible at low fluxes or using pixellated detec-
tors [5]. Silicon PhotoMultipliers (SiPMs) represent the state of the art
for APDs operating in Geiger mode [2].

e Linear Mode: the applied voltage is smaller, in modulus, than the break-
down voltage (|V| < |Vir]). A photon that hits the device generates
electron-hole pairs that trigger the avalanche multiplication but the ap-
plied voltage is not high enough to sustain the positive feedback, so that,
after the occurrence of few impact ionization events, the multiplication
ends autonomously. The amplitude of the current at the output of the
APD is proportional to £, since the number of generated electron-hole
pairs is a function of the photon’s energy (via the so-called quantum
yield), and on the number of incident photons. For this reason, APDs
in linear mode are used for experiments where it is important to de-
termine the energy of incident photons (such as spectroscopy) [6, 7, §].
APDs in linear mode are also widely used as receivers in optical fiber
communication links [9, 10].
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Figure 1.5: Modes of operation of an APD: Linear mode (|V| < [V},]) and
Geiger mode (|V'| > |Vi|).

In this thesis we will always consider APDs working in the Linear regime,
but, for completeness, some details about APDs operating in Geiger mode are
also provided.

1.3 Figures of Merit of APDs

To evaluate the performance of APDs and to understand the main trade-
offs that are at the basis of the design and fabrication of these devices, it is
important to know which are the figures of merit to look at. Here, a brief list
for APDs operating either in Geiger or in Linear mode is reported:

Dark current (Iqx). It is the current measured, at a given operating
voltage, at the contacts of the APD with no photon flux impinging.
It originates from thermal generation of carriers and/or band-to-band
tunneling. Beside being a source of noise, it sets a limit for the minimum
I, that can be detected.

Photogenerated current (I,;,). It is the current that flows into the device
when it is exposed to the photon flux that has to be resolved. I, should
be significantly larger than I;,,.

Gain. It is the ratio between the current measured at the contacts and
the photogenerated current (M = I/(Ipn+ Laark) = 1/ Lo if Iy > Liark)-
Essentially M coincides with the multiplication factor of the depletion
region.

3dB bandwidth (BW). It is the frequency at which the Fourier transform
of the output current is attenuated by 3dB. A large BW indicates a fast
response time of the APD. An example is reported in Fig. 1.6, obtained
with a model that will be explained later in this thesis.

Detector’s capacitance (Cp). It depends on the device area, on the per-
mittivity of the materials used for its fabrication and on the thickness of
the depletion region. As it will be shown in Section 1.7, the value of Cp
affects the energy resolution of the APD.

Collection efficiency. Ratio between the number of photogenerated car-
riers that contribute to the output signal and the total number of pho-
togenerated carriers (i.e. that includes carriers that are photogenerated
but recombine and do not contribute to the current).
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Figure 1.6: Computation of the 3dB bandwidth (BW) of an APD with gain
M = 8 ~ 18 dB. The y-axis plots the Fourier transform of the current re-
sponse to the optical generation of a single electron-hole pair. The lobes above
100 GHz are given by the fact that the current response is similar to a rect
function in the time domain, which becomes a sinc in the frequency domain.

1.3.1 Geiger Mode

In this Section, some useful figures of merit of APDs operating in Geiger Mode
are listed [11]:

o Jitter (¢;). It is defined as the statistical fluctuation of the time inter-
val between the photon arrival and the output pulse leading edge. It
can be measured as the variance, or equivalently, as the full-width half-
maximum of the temporal variation in the avalanche breakdown pulses
resulting from an incident photon beam.

e Dead Time. Time, due to accumulation of charge in the active region of
the device, during which the APD is not responsive. It depends on the
time needed to quench avalanche multiplication and to reset the device.

e Dark Count Rate. Rate, per second, at which avalanche multiplication
is triggered by the dark current (i. e. internal generation of electron-hole
pairs) and not by a photogenerated carrier.

e Afterpulsing. False detection, caused by secondary peak pulses that orig-
inate from carriers released by traps in the semiconductor that were filled
by the primary current peak.

1.3.2 Linear Mode

In this Section, the figure of merit that quantifies the noise in APDs operating
in Linear mode is introduced.

If the contribution of the dark current to the noise is neglected, two noise
sources can be identified. The first one, given by I, relates to the discrete
nature of the photon arrival and of the electric charges: the photogenerated



current [, will give a “shot noise” contribution to the total current noise power
spectrum. This can be modeled with a Poisson statistics [1], hence

Sii,shot = 2quh' (14)

The second noise source, instead, relates to the gain, that is, to avalanche
multiplication. In fact, as reported in Section 1.1, carrier amplification occurs
via impact ionization, that is a stochastic process and comes with an associated
multiplication noise. Hence, the gain, M, can be represented by the random
variable m, so that:

I
Ly,
where the angular brackets indicate the ensemble average.
The figure of merit that measures the contribution of the multiplication

noise to the total noise power spectrum is:

e Excess Noise Factor (F' > 1). It indicates how much the power spectrum
of the noise of the device differs from the power spectrum of pure shot
noise. By definition [6],

F = (m?)/M* (1.6)

The noise power level measured when we connect an APD to a spectrum
analyzer (Fig. 1.7) is then obtained combining Eq. 1.4 with Eqgs. 1.5 and 1.6,
that is:

S =2ql,,M*FBRy, (1.7)

where B and Ry, are, respectively, the instrument bandwidth and impedance.

hlc\\W
] Spectrum > S =2ql,M2BR,
Analyzer P
APD
v

v

Figure 1.7: Sketch of an APD connected to a spectrum analyzer through a
transimpedance amplifier (TIA).

It has been demonstrated that a low F' and a high gain-bandwidth product
can be achieved only if the impact ionization probability of one type of carriers
is way greater than the one of the carrier with opposite charge, that means
that the ratio between the impact ionization coefficients k = 5/a has to be far
from unity [1, 12].

In Silicon o ~ 208 [13] at electric fields | E| < 300 kV /em [6] (see Fig. 1.8a
and, therefore, this material is suitable for the realization of APDs operating
in the Linear mode (SiAPDs) with good performance. However, the following
considerations have to be made:



e Silicon has a small bandgap (£, = 1.12 eV). Since the intrinsic concen-
tration and, thus, the dark current, go as exp(—E,/2kyT"), cooling of
SiIAPDs at ' = —20 °C or even at T' = —90 °C [6] is fundamental to
achieve a low [g,, in order to limit its contribution to the total noise
and obtain a good energy resolution (see Section 1.7).

e According to the Beer-Lambert’s law, the intensity of a photon flux that
is transmitted through a material is an exponential decaying function of
the distance (z) and of the attenuation length (L) [8], namely

O = Dpexp (—%) .

(1.8)
L is a function of the photon energy E,; and is a property of the material
where the photon is transmitted. The small atomic number of Silicon
(Zs; = 14) is responsible for large attenuation lengths at high photon
energies [14]. For instance, the attenuation length is about 5+ 6 nm for
UV photons with E,, >~ 7.29 ¢V (i. e. A = 170 nm) [15], while for X-ray
photons with E,, = 6 keV, L ~ 30 um [15]. At E,, = 15 keV, instead,
L ~ 442 pm (see Fig. 1.8b). A large attenuation length requires p-i-n
structures with large W and this translates into a low bandwidth.
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Figure 1.8: a) Ratio between the hole and electron impact ionization coeffi-
cients for Si [16] (black solid) and GaAs [17] (red dashed) at room temperature.
b) Attenuation length in Si (black solid) and in GaAs (red dashed) for photon
energies in the range 30 < E,;, < 15000 eV [14].

For these reasons, SIAPDs are not recommended for applications at room
temperature and in harsh environments (e. g. space applications) and for the
detection of photons at high energies, such as X-rays, since this would require
the fabrication of very thick and, consequently, very slow devices [7, 18].

ITI-V compound semiconductors represent a valid alternative for the fab-
rication of X-ray detectors. In fact, materials such as GaAs have a higher
atomic number (Zg, = 31, Z4, = 33) and a larger bandgap (E, = 1.42 eV)
with respect to Silicon. This corresponds to remarkably smaller attenuation
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lengths for a given photon’s energy (at, e. g., E,, = 15 keV, L ~ 20 ym in
GaAs, see Fig. 1.8b) and opens also the possibility to work at higher operating
temperatures (i. e. room temperature). However, the main drawback of I11I-V
compound semiconductors is that, for most of them, k = 5/ ~ 1 [13] (see
Fig. 1.8a for GaAs), thus, in principle, APD fabricated in III-V compounds
show a higher F' and a smaller gain-bandwidth product than SiAPDs.

1.4 Staircase APDs

One of the main advantages of I1I-V compound semiconductors is the possibil-
ity to perform bandgap engineering. In fact, the energy gap of a III-V material
can be modulated by creating alloys between the semiconductor and a metal
(e. g. Aluminum). Figure 1.9 shows the value of E, of Al,Ga;_,As as a
function of the Aluminum concentration [19]; it is worth noting the transition
from direct to indirect bandgap taking place at x = 45%.

2.5 T T T T 7 T T T T
Direct : Indirect

>
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1.0 1 1 1 | I 1 1 ] 1
-0 20 40 60 80 100
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Figure 1.9: Dependence of the bandgap of Al,Ga;_,As on the Aluminum mole
fraction (z). At z = 45%, a transition from direct to indirect bandgap occurs.

Consequently, heterojunctions between a II1I-V-metal alloy and a III-V com-
pound semiconductor with a matched lattice constant, as in the case of Al-
GaAs/GaAs, can be exploited to artificially enhance the electron’s impact
ionization probability with respect to the one of holes. In fact, as schemat-
ically reported in Fig. 1.10, when an electron moves from AlGaAs to GaAs,
it crosses a conduction band discontinuity AFEc that adds its energy to the
kinetic energy Ej. On the other hand, when a hole moves from GaAs to Al-
GaAs, it encounters a valence band discontinuity AFEy that is opposite to its
direction of motion, hence AFE) is subtracted from the kinetic energy of the
hole.



AlGaAs

GaAs
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Figure 1.10: Representation of an electron moving from AlGaAs to GaAs.
AEc and AFEy are the conduction and valence band discontinuities, respec-
tively.

For this reason, [13] proposed the fabrication of APDs with the multipli-
cation region constituted by the periodic repetition, for Ny, times, of abrupt
AlGaAs/GaAs heterojunctions; linear grading of the Al mole fraction is used
to pass from the material with a smaller bandgap (GaAs) to the one with a
larger gap (AlGaAs). Owing to the configuration of its band diagram, [13]
called this device staircase APD (see Fig. 1.11).

Ec

Figure 1.11: Sketch of the band diagram of a staircase APD.

In [13], it is also demonstrated that if hole impact ionization is completely
suppressed and electron impact ionization occurs only when the carrier crosses
a conduction band discontinuity, then the gain and the excess noise factor in
a staircase APD can be computed, respectively, as

(M) = (14 P,)Nster (1.9)

(1= P)[1— 1+ B) Noter]
14+ P, ’

where P, is the electron impact ionization probability at each heterojunction.

Figure 1.12 shows the excess noise factor of a staircase APD as a function
of Ngteps, computed using Eq. 1.10. It is worth noting that, under the assump-
tions reported above, in staircase APDs it is possible to achieve a noiseless
multiplication (F' = 1) only when P, = 1, that means that electrons undergo
an impact ionization scattering event every time they cross a conduction band
discontinuity. In fact, in this case carrier multiplication is no longer a random
process.

F(Nstep, P) =1+ (1.10)
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Figure 1.12: Excess noise factor for a staircase APD with N, = 1,2,5 and 12.
The computation has been performed using Eq. 1.10 [13].

Staircase APDs are nowadays used both in optical fiber communication
links [10], where also III-V compunds with small bandgaps and an intrinsic
low k£ = [/a can be exploited (like InAs alloys [20]) and for X-ray detection
7, 21, 22].

1.5 APDs with Separate Absorption and Mul-
tiplication Regions

As discussed in Section 1.3.2, the depth at which a photon can be absorbed

has an exponential dependence (Eq. 1.8) on the attenuation length L (see
Fig. 1.8b).

a) b)
UV photon X-ray photon

2
Multiplication
Region
Figure 1.13: a) A UV photon hits an APD: electron-hole pairs are generated

only inside region 1, before the multiplication region. b) A X-ray photon hits

an APD and, if it is absorbed, it can generate an electron-hole pair in region
1, 2 or 3.
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The location where photons are absorbed has a huge influence on the gain
and on the excess noise factor of the APD [8, 23]. This can be easily understood
by looking at Fig. 1.13. In fact, in a Silicon device, a UV photon will be
absorbed in the first few nm of region 1, generating all the electron-hole pairs
before the multiplication region so that all undergo the same multiplication
process (Fig. 1.13a). On the other hand, in the same device, an X-ray photon
can be absorbed in region 1, 2 or even region 3, generating electron-hole pairs
that can be fully, partially or not amplified (Fig. 1.13b). As it will be discussed
in Section 1.7, this non-uniformity of the gain gives a relevant contribution (¢7)
in worsening the energy resolution of the device.

A possible solution to reduce the gain non-uniformity is the fabrication of
Separate Absorption and Multiplication (SAM) APDs (see Fig. 1.14).

The aim of the absorption region, whose thickness is designed according
to the energy of the radiation that has to be detected, is to absorb most of
the impinging photons, so that electron-hole pairs are generated before the
multiplication region and get amplified by it in the same manner. The electric
field in the absorption region in very low (to avoid unwanted multiplication
and band-to-band generation), so that carriers move mostly by diffusion. The
applied bias voltage falls, instead, almost entirely on the multiplication region,
that is responsible for the carrier amplification. Electric separation between
the absorption and the multiplication regions is obtained by means of a thin
p~-doped charge sheet layer (also called dp-layer [7]).

Ec op-layer
hv GO—

—F Absorption
Region

Ev

Multiplication
Region

Figure 1.14: Band diagram of a Separate Absorption and Multiplication APD.

Another advantage of SAM-APDs is that almost pure unipolar injection
of only one carrier type (electrons) can be achieved, that means that only one
type of carrier is injected in the multiplication region. This is beneficial for
the excess noise factor [7, 8, 23].

SAM-APDs are nowadays used for both optical fiber links [10, 24] and
X-ray detection [7, 8, 21, 22, 25].

1.6 Pulse Shaping

In many applications that involve X-ray detection, such as X-ray spectroscopy,
the aim of the experiment is the accurate measure of the charge available at
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the detector output, that is proportional to E,, [26] (see Fig. 1.15a). The
processing of the signal that comes out from a detector is called pulse shaping
and consists of an integrator followed by an appropriate filter, called shaper,
as shown in Fig. 1.15b.

Of course, pulse shaping comes with an associated electronic noise, whose
relevance depends on the detector capacitance and on the time available for
the measurement of a single event [26], that affects the accuracy of the charge
measurement. In the following, we will demonstrate that an optimum shaping
filter exists, in the sense that it exists a design that minimizes the noise power
at the output of the shaper.

a) |I|A b) Vv

- - PULSE
SHAPER
| QocEp, +

ADC

Figure 1.15: a) Time response of an APD to a single photon with energy E,,
that hits the device at ¢ = 0. b) Setup of a charge measurement circuit.

If we denote as ) the charge at the output of APD, C'p the detector ca-
pacitance, C; the preamplifier input capacitance, G..(w) and G;(w) the power
spectra of the equivalent voltage and current noise generators, respectively,
H (jw) the transfer function of the shaping filter and as X (jw) = @ the Fourier
trasform of the input signal x(t) = QJ(t) (i.e. the time response of the APD is
much faster than the readout time constant), then the equivalent noise circuit
can be represented as in Fig. 1.16 [26].

Gee(w)
(O—INTEGR. |
+
dOtO = F= Olew ey [Hw)X(w)
1 Hiw) |

Figure 1.16: Equivalent noise circuit of the charge measurement system of
Fig. 1.15b.

As described in [26], for the applications of our interest the two generators
Gee(w) and Gy;(w) can be considered uncorrelated. We write them as:

o Ge(w) =ay + ay/|w|; a; is a white noise term and accounts for thermal
noise in the channel of the field-effect devices of the preamplifier, while
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the term as/|w] is the contribution of the 1/f noise. For the sake of sim-
plicity, we can neglect the effect of ay and, thus, consider G, independent
of w [26].

o Gii(w) = b1(w) + be(w); bi(w) accounts for the leakage current in the
transistors of the preamplifier, while by(w) is the contribution due to
the shot noise associated to the dark current of the APD. b; and by are
independent of w and, thus, also G;; does not depend on the frequency.

Several shaping circuits can be found in the literature [26]. Here, we will
focus on the CR-RC scheme reported in Fig. 1.15b, that is commonly used in
X-ray spectroscopy [25].

Figure 1.17: Schematic representation of a CR-RC shaping circuit.

The transfer function of the filter in Fig. 1.17, in the frequency and time
domains, can be written as

H(jw):cit73< ! )2:>h(t): At (—i> o), (111)

1+ jwry Cint Ts Te

where A is a suitable gain, 7, = RC' is the filter’s time constant and ©(t) is
the Heaviside step function.

The noise resulting from the dark current of the APD and from the read-
out electronics can be derived as in [27]. Firstly, the expression for power of
the current noise is extracted from the Norton equivalent circuit of the noise
generators at the input of the readout (Fig. 1.16):

+o0 +oo
Poise :/ Gii(w)|H(jw)|2df+/ Gee(w)wQCfot|H(jw)|2df, (1.12)
0 0

where Cyy = Cp + C;. The expression for |H(jw)| in Eq. 1.11 can be now
substituted in Eq. 1.12 and, since, as previously discussed, Gy;(w) and Ge.(w)
can be considered independent of w, the solution of Eq. 1.12 yields

A2
8C?

wnt

02
Pnoise - (Gz’iTs + Gee tOt) . (113)

TS
The value of 7 (7s0p) that minimizes Pppse and the corresponding Ppise opt
can be found by minimization of Eq. 1.13, namely

aPnoise Gee A2
or =0= Ts,opt = Ctot G = Pnoise,opt - Wctot V GeeGii' (114)

wnt
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For X-ray spectroscopy, 7s oy is in the order of few us [25].

On the other hand, the signal at the output of the filter (w(t)) is given
by the convolution between the input signal Qd(t) and the filter’s impulse
response function h(t). Hence

w(t) = h(t) « 0s(t) = LA L eny (—i) o(t) (1.15)

Cint Ts

The maximum value of the output signal w,,.., can be found by differentiation
of Eq. 1.15
ow(t A E,,MA
w(>:O:>wmam:Q _ 95pn 7
ot eCint 6Eﬁehpcfint

where e is the Euler’s constant. In Eq. 1.16 it has been made explicit that
Q) = ¢M E,;,/E.pp, where ¢ is the electron charge, E,, is the photon energy, M
is the APD gain, E.p, is the average energy required for the creation of a single
electron-hole pair in the material used for the fabrication of the detector.

The noise, expressed in eV2, resulting from the dark current of the APD
and from the electronic readout can be finally computed as:

Pnoise 1 6E1eh ? 020
012\7 = E]?h w2 = g (q—]w_p) <GiiTs + Gee ;St) (117)

max

(1.16)

The multiplication by E,, in Eq. 1.17 is necessary to translate in energy the
output, expressed in V, of the readout of Fig. 1.17.

1.7 Energy Resolution of an APD

To compute the energy resolution of an APD, several sources of uncertainty
have to be taken into account [15]:

e o%: the statistical fluctuations of the number of electron-hole pairs gen-
erated per incident photon and of the gain of the APD.

e o7: the non-uniformity of the gain (see Section 1.5).

e 0%: noise resulting from the dark current of the APD and from the
readout electronics (see Section 1.6).

These noise sources are all independent, hence the total variance is the sum
of the single contributions:

0’ =04+ o0p +ox. (1.18)

Following [6], the statistical fluctuation of the APD gain can be computed as

(m?) — M? _

ohpp = (m*) — M?* = M* M2

M?*(F —1). (1.19)
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The effects of the stochastic natures of carrier generation and avalanche mul-
tiplication can be combined exploiting the fact that these two processes are
independent, thus the final variance scaled by M?, in eV?, is

M?c? + No?
O-Z' = Eeth hng APD = Eezhp [Uzhp + N(‘F - 1)] ) (12())

where N is the average number of electron-hole pairs generated by a photon
with energy Epp,.

When we consider X-ray detection, the variance associated to the process
of carriers generation is [6, 15]

O-ghp = va (121)
where f is the Fano factor. Consequently, 0% becomes

og=N(f+F-1)E2, (1.22)

The energy resolution is usually expressed as the full width at half maxi-
mum (FW HM), which is related to the variance by the relation FWHM =
24/2In(2)o ~ 2.350. The intrinsic energy resolution of an APD expressed in
eV is, thus,

o0\ 2 En(f+F—1) jopy2
FWHM,, ~ 2.35¢/ 0% + (M) ~ 2.35Eehp\/ b ED, (ﬁ) |

(1.23)
where it has been made explicit that N = E,;/FE.p,. As mentioned in Sec-
tion 1.5, the non-uniformity of the gain is an important aspect to consider in
the case of X-ray detection. For this reason, ¢ is included in Eq. 1.23.

Exploiting the analysis performed in Section 1.6, it is now possible to com-
pute the energy resolution (F'W HM) accounting also for the contribution of
0% In fact, the current at the output of the APD is given by

I= Mldark,p + Idark,n + M.[ph- (124)

where I44,1p is the dark current that originates in the region before the mul-
tiplication region (i. e. region 1 of the devices in Fig. 1.13) and, thus, gets
multiplied, while 14,15, is the dark current that originates after the multipli-
cation region (i. e. region 3 in Fig. 1.13) and does not suffer the avalanche
multiplication [15]. For this reason, the power spectrum of the equivalent noise
generator GG;; can be written as

Gii = ZQ(Idark,n + ]dark,pMQF)' (125)

On the other hand, the power spectrum of the voltage noise current source can
be modeled with an equivalent resistance R., [15], hence

Gee = 4kpT Re,, (1.26)

where kp is the Boltzmann constant and 7' is the temperature.
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By substituting Eqgs. 1.25 and 1.26 in Eq. 1.17 we get

2 T 2
2 eEepyp kT ReqCh,y | qTs 2
= + — (Laarkem + Lagrk M“F) | . 1.27
oN <qM){ 27, 4(6"“ dark,p ) (1.27)

Finally, the total energy resolution is given by
FWHM? ~FW HM?

wnt

eEehp 2 kg1 RethQt qTs 2
9% 4 Loorien + Lgari oy M“F) |,
QIM Eph) |: 27—5 4 ( dark darlp )

(1.28)

where FW H M,,, is given by Eq. 1.23. From Eq. 1.28, we can notice that it
exists an optimum gain M, that allows to obtain the best energy resolution.
M, can be found by setting OF W HM?/OM = 0. In Section 1.8, we will see
how the choice of M affects the energy resolution by looking at two practical
examples from the literature [7, 25].

+ (2.35

1.8 APDs inIII-V Compound Semiconductors
for X-Ray Detection

Many different architectures have been proposed for the fabrication of avalanche
photodiodes in III-V compound semiconductors for the detection of X-rays:
from simple p-i-n diodes [18, 28, 29, 30] to SAM-APDs featuring a uniform
[8, 25] or a staircase [7, 21, 22] multiplication region.

For the reasons reported in Section 1.3.2, Al,Ga;_,As, with different con-
centration of Al, is the most used for the realization of such devices. The p-i-n
APDs in [18, 28, 29, 30], for instance, exploit the large bandgap of Aly gGagoAs
(B, = 2.09 eV) and feature a 100-nm thick multiplication region. The best
energy resolution achieved is FWHM = 1.47 keV for the detection of **Fe
photons (E,, = 5.9 keV), at room temperature.

a) b)

_ 5

9o
5 5 4500nm GaAs
g 400nm GaAs 2
2 < Op-layer
2 c 35nm GaAs 0=2.5e12cm™
s 50nm GaAs p=2.6e17cm™ S
5 80nm Al ,Gag ,As p=2.6e17cm? 3
= 100nm Al sGag ,As £ 20nm Al,Gay.,As
= = § 25nm Al 45Gag s5As x12
§ 100nm Aly sGag ,As n=2e18cm 35nm GaAs
200nm GaAs n=2e18cm 100nm GaAs n=2e18cm™

Figure 1.18: a) SAM-APD with a uniform AlygGagoAs multiplication region
for the detection of X-rays at E,, = 5.9 keV [8, 25]. b) SAM-APD with a
staircase Al 45Gag 55As/GaAs multiplication region for the detection of X-rays
at E,, = 13.96 keV [7, 21, 22].
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To improve the energy resolution of AlygGag2As devices, [8, 25] realized
a SAM-APD that consists of a 400-nm GaAs intrinsic absorption region,
separated from the 100-nm intrinsic AlysGagoAs multiplication region by a
130-nm p-doped GaAs/AlysGagoAs charge sheet layer. The 300-nm n-doped
AlgsGagoAs/GaAs layer between the multiplication region and the nt GaAs
substrate avoids the depletion of the substrate when a bias voltage is applied.
A schematic representation of the structure is shown in Fig. 1.18a. The best
energy resolution for the detection of X-ray photons at £,, = 5.9 keV achieved
with this device is FWHM = 1.08 keV, at room temperature and with a gain
M = 3.6 [8, 25] (see Fig. 1.19a).

A staircase SAM-APD, based on Al 45Gag 55As/GaAs heterojunctions, was
instead proposed in [7, 21, 22] for the detection of X-rays at E,;, = 13.96 keV.
The architecture of the APD, sketched in Fig. 1.18b, consists of a 4.5-um
i-GaAs absorption region, separated from the multiplication region by a d-p
doping with dose o = 2.5x10'? cm~2. The multiplication region is the periodic
repetition of a structure composed by a 20-nm linearly graded i-Al,Ga;_,As
(z from 0 to 0.45), a 25-nm i-Alj 45Gags5As and a 35-nm i-GaAs layers. The
total length of the this region is ~ 1 pum. Finally, a 200-nm n-GaAs layer is
placed between the nT-GaAs substrate. The best energy resolution that was
obtained at room temperature is FWHM = 0.9 keV for a gain M = 4.1 [7]
(see Fig. 1.19b).

3.5 T T T T T T T 3.5
b) E,, = 13.96 keV

3.0 - 3.0
< 2.5 - 253
=, 2,
=20 20s
= =
=15 153

1.0k - 1.0

1 | 1 | 1 | 1 | | | | | | |
0.57 2 3 4 5 2 4 6 8 10 12 14 18”2

Gain (M) Gain (M)

Figure 1.19: Energy resolution as a function of the gain for the devices of
a) Fig. 1.18a [8, 25] and b) Fig. 1.18b [7, 21] at E,, = 5.9 keV and E,, =
13.96 keV, respectively.

1.9 Aims and Structure of the Thesis

The aim of this work is the development of a set of simulation tools for the
study of the figures of merit (gain, excess noise factor, response time, band-
width and jitter) of Avalanche Photodiodes fabricated in III-V compound
semiconductors used for X-ray detection and operating in Linear mode, with
particular focus on the GaAs/AlGaAs staircase SAM-APD of Fig. 1.18b.

An overview of the existing models for impact ionization is provided in
Chapter 2, from the simple Local model to more complex approaches such as
Analytical and Full Band Monte Carlo transport simulators.

18



The derivation and the implementation with a Finite Different scheme of
a new nonlocal history dependent impact ionization model are described in
Chapter 3. The model is then used to compute the gain and the excess noise
factor of p-i-n and staircase APDs fabricated with different I1I-V compound
semiconductors and to optimize the design of staircase APDs in terms of num-
ber of conduction band steps.

The Random Path Length implementation of the nonlocal history depen-
dent model described in Chapter 3 is presented in Chapter 4. The algorithm
describes carriers’ drift and diffusion as well as multiplication and is used to
compute the response time, the bandwidth and the jitter of APDs with differ-
ent structures.

The development, the implementation and the calibration for GaAs of a
Full Band Monte Carlo transport simulator (FBMC) are presented in Chap-
ter 5. The FBMC is used to compute the gain and the excess noise factor of
thin GaAs APDs, to analyze some major limitations of nonlocal history de-
pendent impact ionization models and to improve the calibration of the model
described in Chapter 3. The FBMC is also employed to compute M and F' in
GaAs APDs with conduction band discontinuities.

Experimental characterization and DC, AC and time dependent TCAD
analyses of GaAs/AlGaAs staircase APDs are performed in Chapter 6. TCAD
simulations calibrated on experiments are used to predict the dark current and
the collection efficiency of the device fabricated by CNR-IOM (Trieste) in the
framework of a PRIN project coordinated by the University of Udine.

Finally, conclusions are drawn in Chapter 7.
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Chapter 2

Overview of Models for Charge
Multiplication in APDs

Accurate modeling of impact ionization is fundamental to extract reliable in-
formation from simulations of Avalanche Photodiodes and to understand how
changes in the device structure affect the figures of merit. In this Chapter,
we review the main models for charge multiplication that have been developed
and employed in the past by other authors, from the analytical Local Model to
more complex numerical models based on Full Band Monte Carlo transport
simulators.

2.1 The Local Model

The main assumption of the local impact ionization model is that the im-
pact ionization generation rate and, thus, the electron and hole ionization
coefficients (a(z) and (z)), depend on variables at the same location z. In
particular a(x) and fB(x) are functions of the electric field E(x) following the

Chynoweth’s law [31]:
a(z) = A.exp {— (EE(I))W} (2.1)

B(x) = Anexp {_ (%)7] | (2.2)

The coefficients A.j,, Eeen and 7. are chosen in order to reproduce experi-
mental measurements of multiplication currents in p-i-n diodes.

The device structure assumed in the following is the one shown in Fig. 2.1.
The p-i-n diode depletion region extends from x = 0 to x = W; electrons
are swept by the electric field from left to right and move at constant average
velocity v., while holes move from right to left with uniform average velocity vy,.
If an electron-hole pair is injected at © = 0, pure electron injection is achieved
(as opposed to pure hole injection, that takes place when the injection occurs
at © = W).
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0 W X

Figure 2.1: Electric field profile and motion of carriers inside a p-i-n junction.

Under these circumstances, the electron and hole continuity equations can
be written as:

1 0Je(,1) 0Je(x,t)

e ot = Oé(iL')Je(iL',t) + B(I)Jh(l‘, t) + qGopt(xyt) + o (23)
% aJhéf,t) = a(2)Jo(@, t) + B(x) Jn(2,1) + ¢Gopt (i, ) — %’ (2.4)

where J.(z,t) and Jy,(x,t) are, respectively, the electron and hole conduction
current densities and Gp:(,t) is the optical generation rate, induced by pho-
tons absorbed at location x and time ¢ in the APD.

2.1.1 Gain and Excess Noise Factor

The expressions for the gain, M (z), and the excess noise factor, F(z), in
the framework of the local model can be derived directly from the transport
equations (Egs. 2.3, 2.4) but, for the sake of simplicity, instead of the current
densities J.(z,t) and Jy(z,t), we will use as unknowns the corresponding fluxes
¢e(z7t) = _Je(xvt)/q and Qbh(xvt) = Jh(xv t)/Q-

In steady-state conditions, current conservation implies

¢ = ¢e(x) + Pn(x) = const. (2.5)

W oo @) GO (a)gua) + Ba)on(a) + Cole) (20
Equation 2.5 can be rewritten as ¢p(z) = ¢ — ¢.(x), thus

d(b;;ﬂ?) = [o(z) — B(x)] de(x) + B(x) + Gope (). (27)

The solution of 2.7 yields

/

e() :/0 [B(2")¢ + Gopi ()] exp (-/0 [a(2”) — B(z")] d:v") da’ .

o ([ late) - e ar).
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Hence, the total flux ¢ = ¢.(W) (¢ (W) = 0, since we are injecting an electron-
hole pair at ) can be expressed as

L Canl@)eap ([ o) - B do’) da
= Y e (1 o) - Bl da) da

= /OW Gopt(x)M (x)dx,

(2.9)

where
cxp (fJV o) — B(')] ')
1— fo exp (fw [a(z") — B(z")] dx”) dz’

M(z) = (2.10)

The gain in the case of pure electron (M (0)) or hole (M (W)) injection can
be easily derived from Eq. 2.10.

M(0) = ! (2.11)

1-— fo Nexp ( fox/ [a(z”) — B(z")] d$”> dx’
1

1-— fo Nexp (fW la(z") — B(a")] dx”) dr'

M(W) = (2.12)

It is also worth noting that M (z) can be expressed as a function of M (W)
using the following relation

M(z) = M(W)exp ( / i la(z') — B(z)] dm’) . (2.13)

Each generation term in Eqs. 2.3, 2.4 (e, Bon, Gop) acts as a source of
shot noise. Knowing that M is transfer function of the system under consid-
eration, we can write the current noise spectral density as

w
S; = /0 2¢° [a(2) e () + B(x)dn () + Gopt(x)] M?(z)dx (2.14)

and, by substituting Eq. 2.6 into Eq. 2.14, we obtain

w
S; = 2¢° /O d¢£ix)M2(x)da7. (2.15)

Equation 2.15 can be solved integrating by parts (see Appendix A), which
leads to

S; = 2q° {/0 G opt () M? ()

_ 9 /0 Gop(2) M2 (2) F (),

2 [V B(a") M2 (2")de!  MA(W)
SR V1 R VI
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M) 2 [ Ba)eap (2 1 [a(a") = B(a")] da") da’ 1
eap (J," lafa’) = Bla')] do) |

(2.17)

Finally, under the assumption of constant electric field, that implies o(z) =
a and f(x) = B, it is useful to express the gain and the excess noise factor as
a function of k = §/a [1, 32]. In case of pure electron injection we can write

_ . la=pB)epl(a— B W] _ 1—k
M(0) =M = a— Bexp[(a —B)W]  explalh— 1) W] -k (2.18)
F(0)=F=kM+(1-k) (2—%) (2.19)

Figure 2.2 shows the excess noise factor as a function of the gain for different
values of k. Low values of F' can be obtained only if £ < 1 [1]. It is also worth
nothing that, in the limit k£ — 0, F = 2 —1/M, which sets a lower limit F' = 2
for the excess noise factor at high gains.
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Figure 2.2: Excess noise factor as a function of the gain, in the case of pure
electron injection, for k£ = 0.01,0.25,0.5,0.75, 1.

Considering that the noise in staircase APDs is largerly influenced by hole
impact ionization in the constant electric field regions between consecutive
steps, the local model can be used to derive analytic expressions for the gain
and the excess noise factor in staircase APDs including hole impact ionization.
For example, in case of pure electron injection [32] proposes:

(14 P.)Nster(1 — k)

M(P., Py, Nuop) = 2.20
(P P o) = (0 P11, (1 % Py 220
(1—1/M)(1 — k)
F(Pg,PhaNstep):1+ 2+P(1+k)p
(14 Ky (2.21)

1— k, P2 1+ P 1
_P 42— "P"c | \fk e
X{ + 1+ kP, pl—kp+1+PeH’
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where P, is the electron impact ionization probability at each step (see Sec-
tion 1.4), Ny, is the number of steps,

P, = /OLﬁ(x)dx -1 (2.22)

is the hole impact ionization probability in the layer of length L between two
steps and k, = P, /P,. As demonstrated in [32], in the limit k, — 0, Egs. 2.20,
2.21 coincide with Egs. 1.9, 1.10 in Section 1.4 [13].

2.1.2 Frequency Response

The frequency response of a p-i-n APD will be derived as a particular case
of the analysis performed in [33]. Assuming a uniform electric field in the
depletion region (a(x) = «a, B(x) = B), in the Laplace domain the transport
equations (Egs. 2.3 2.4) can be written in matrix form as

D 1(r) = A, 5) + Con(9)Q, (2.23)

where

I(z,s) = [ e 8)] (2.24)

A(S):{@/ve—m 3 1:{ ] -

Q= {_q} (2.26)

and s = jw = j27v (v is the electronic signal frequency).

We will consider the case of pure electron injection, corresponding to a
current having the shape of a Dirac’s delta injected at x = 0, thus, with
reference to the scheme proposed in Fig. 2.1, the boundary conditions that
have to be applied to the differential equation in Eq. 2.23 are

1.(0,5) = q (2.27)
I,(W,s) =0 (2.28)
The solution of Eq. 2.23 is
I(z,s) = exp[A(x, )] 1(0, s) + G(z, s), (2.29)
where
exp[A(z,s)] = {i;gi: z; j;zgi: zﬂ (2.30)
G(z,5) = Gope(5) /0 cxp[A(z — o, 5)| Qda’ — [g;g g] (2.31)



A2€/\1x o )\16)\256 + all (6/\293 o eAlx)

= 2.32
AH(ZE,S) /\2 — /\1 ( 3 )
12 (6)\2x _ eklz)
A = 2.33
12('17’ 8) )\2 _ )\1 ( )
a9y (6)\296 . 6)\11‘)
= 2.34
A21($, 8) )\2 — /\1 ( 3 )
)\ )\1£B _ )\ )\22 + )\23{? _ )\1{E
Aa(z, 8) = 22 1+ az (27— ) (2.35)
Ao — A\
qGopt(s) | eMT er2® — 1]
=—" — - A — A
Gi(z,s) N — A _(011 @12 2) " + (—a1 + as + A1) v
(2.36)
Gop(s) [ | I
GQ(.CE, 8) — C])\2 it()\l) _(a21 — a99 + )\2) )\1 -+ (—azl + a99 — )\1) )\2 |
(2.37)
and A 5 are the eigenvalues of the matrix A(s) (Eq. 2.25)
Mo = (a11 + ag) £ \/(an + ag2)? — 4(ar1a — a12a21)' (2.38)

2

Since I.(0, s) and I,(W, s) are given by the boundary conditions (Eqs. 2.27,
2.28), I;(0, s) can be derived from Eq. 2.29 as

Ih(VV, S) — Agl(W7 8)[8(0, 8) - GQ(VV, S)

[h<07 8) = A22(I/V7 5)

(2.39)

Finally the impulse response in the Laplace domain is given by the Ramo’s
theorem [34]

W/ (z,8) + In(x,s)] dx

= [A11(s) + A21(8)] 1(0, 5) + [A21(s) + A2a(5)] [n(0, 5) + G1(s) + Ga(s),
(2.40)

where Ay;(s), Aia(s), Aa1(s), Ax(s), G1(s) and Ga(s) are, respectively, the in-
tegrals over x of Ayq(z,s), Aia(z, s), Asi(x,s), Asa(x,s), Gi(z, s) and Gy(z, s).

The study of Eq. 2.29 at different values of @ and k = §/a allows us to
extract the 3dB bandwidth of the APD as a function of the gain (see Sec-

tion 1.3). By assuming v, = v, = v, [12] demonstrated that, if we denote
M = M(w=0) and M > 1/k, we can write

M

M(w) =~ :
\/ 1+ w2 M2TZ

(2.41)

where Ty, .rr = NET,, is the effective transit time, T}, = W /v is the actual
transit time across the multiplication region and N is a number that varies
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slowly between 1/3 and 2 as k goes from 1 to 1078 [12]. Figure 2.3 shows the
3dB bandwidth as a function of the gain for different values of k, we notice
that the constant gain-bandwidth product implied by Eq. 2.41 decreases as k
approaches unity.
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Figure 2.3: Normalized 3dB bandwidth as a function of the gain, in the case
of pure electron injection, for k£ = 0.01,0.05,0.2,0.5, 1. Data taken from [12].

Interestingly, as detailed in [33], the local model can be used also to study
the frequency response of staircase APDs by considering Ny, layers where
uniform conditions can be assumed, so that, given the boundary conditions in
Eqgs. 2.27, 2.28, Eq. 2.23 can be solved for each stage of the device by exploiting
recursion.

2.2 Nonlocal Models

In principle, the position where a carrier is generated, optically or by impact
ionization, plays a significant role in determining its ionization probability.
In fact, a carrier that starts its path with almost zero kinetic energy has to
travel a certain distance, often referred to as dead space (d.p, for electron and
holes respectively [35]), before gaining an energy that is sufficient for impact
ionization.

As stated in Section 2.1, the local model assumes that, at position x, the
electron and hole impact ionization coefficients depend only on the value of the
local electric field at the same location (E(x)). It is clear that this hypothesis
is valid only if the width of the multiplication region and the distances over
which the electric field varies are much longer than the dead space.

Modern technologies for the device fabrication, such as Molecular Beam
Epitaxy (MBE), allow to control the thickness of the different layers that form
an APD almost at a nanometric scale. This translated into the fabrication
of p-i-n APDs with very thin intrinsic region [36, 37, 38], of APDs where
heterojunctions are exploited to induce steep variations of the electric field
profile [24] and of staircase APDs with steps that have lengths of few tens of
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nm [7, 21, 22]. To study the behavior of these devices, models that include
in the computation of the impact ionization probability the information of
both the point where the carrier is generated and the point where impact
ionization occurs have been developed. These models are called nonlocal or
history dependent models.

The importance of including the nonlocality principle in the computation of
the the ionization probability for the study, for instance, of short p-i-n diodes is
visible in Fig. 2.4. In fact, while the local model, using the parameters of [17],
predicts an increase of the excess noise factor for a given gain as the thickness
of the diode shortens, experimental results (for GaAs in this case) show the
opposite behavior [23].

12 T T T T T
— A J
S v A
5 10 LA ow ]
O
© vV A i
L 8 [ | ® °
3 " o®
6 6 PY _
% ® 100 nm
v 4 ®m 200 nm —
[} A 500 nm
S v 800 nm
w 2 — Local Model -

|. | 1 | 1 1 | 1 | 1

]
5 10 15 20 25 30
Gain (M)

Figure 2.4: Comparison between the measured excess noise factor versus gain
curves for GaAs p-i-n diodes [23] and the predictions of the local model using
the parameters of [17].

The situation that we will consider for the derivation of the expressions for
the gain and the excess noise factor is similar to the one sketched in Fig. 2.1,
but now we will denote as = the position where a carrier is generated and as
2’ the position at which it ionizes.

0 X W X

Figure 2.5: Motion of carriers inside a p-i-n junction in the framework of a
nonlocal model: x is the position where a carrier is generated (optically or by
impact ionization), while z’ is the point where impact ionization occurs.

Two main nonlocal models can be found in the literature, namely the Dead
Space model [35] and the model based on Effective Fields by [39]. They differ

28



in the way they compute the impact ionization coefficients a(x|2") and 5(z|z’),
but they share the same set of equations for the derivation of the gain and the
excess noise. Hereafter, the equations proposed in [35] will be presented with
the notation used in [39].

2.2.1 Gain and Excess Noise Factor

The position dependent impact ionization coefficients («(z|z") for electrons
and S(z|z’) for holes) are defined as the probability for a carrier generated
at x to suffers an impact ionization event at 2/, within the incremental dis-
tance dz’, assuming that it travels from x to ' without having other ionizing
collisions. Consequently, the electron and hole position dependent impact ion-
ization probabilities are:

/

pe(x|z")dz' = a(m|x’)exp( - / oz(m|x")dx") dr' = a(z|r") Py (x|2")da'
(2.42)

pu(ala’)da’ = @<x|x'>e:rp( -/ 5<x|as">da:") d' = Blale!) Pon el
(2.43)

where Py (x|z") and Py,(z|z") are the electron and hole survival probabilities,
thus, the probability for a carrier to travel from x to 2’ without ionizing during
its path.

We consider now an electron generated, optically or by impact ionization,
at position x that ionizes at position x’. This primary electron will give birth
to a secondary electron-hole pair, so that, at the end of the process, we find
two electrons and a hole in 2’ (see Fig. 2.6a). Secondary carriers may, subse-
quently, suffer impact ionization scattering events and generate more electron-
hole pairs. The total number of carriers generated by the ionization in z’ of
an electron generated in x is

ne(z|a’) = ne (a') + nea(x') + np(a), (2.44)

where neq ('), neo(z') and ny(2') are the number of carriers generated by the
ionization of the primary electron, the secondary electron and the secondary
hole, respectively. A similar reasoning can be applied for the ionization in '
of a hole that was generated in z. This results in two holes and an electron in
2’ (Fig. 2.6b) and, thus, we can write

np(z|z") = npi(2) + npa(x’) + ne(2). (2.45)
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Figure 2.6: a) An electron generated in x ionizes in z’. In 2’ we find the
primary electron and a secondary electron-hole pair. b) A hole generated in
x ionizes in /. In 2’ we find the primary hole and a secondary electron-hole
pair.

If we denote the ensemble averages as

No(ala) = (ne(ele") (2.46)
Np(z|z") = (np(x]z") (2.47)
N(2') = (ne(2)) (2.48)
Np(2') = (ny(2")), (2.49)

then Eqs. 2.44, 2.45 become

Ne(x|z") = 2N (2') + Np(x) (2.50)
Np(z|x') = 2Ny (2") + Ne (') (2.51)
The total number of carriers, in z, resulting from the ionization of the

primary electron or hole (N.(z) and Np(x), respectively) can be found by
integrating over =’ Egs. 2.50, 2.51, namely

W
Ne(z) = Pie(z|W) —I—/ [2Ne(2") + Ny ()] pe(x|2")da’ (2.52)
Ni(z) = Py, (x]0) + /03«“ 2N, (2") + Ne(2")] pr(z|2")dx'. (2.53)

In Eqgs. 2.52, 2.53, the first term is the probability that the primary carrier
reaches the boundary of the multiplication region without suffering impact
ionization scattering; on the other hand, the second term is the average num-
ber of ionizations that result from a first ionization that occurred anywhere
between x and W, for electrons, or between 0 and z, for holes [39].

The gain is
Ne(x) + Np(x)

2

The expression for the excess noise factor can by found by substituting

Eq. 2.54 into Eq. 1.6, which yields

(@) (@) A mn@)?)  {(me@)?) + () + 2N )N (@)
M (x)? 4M (z)? AM (z)? )

M(z) = (2.54)

(2.55)
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(ne(x)?) and (ny(z)?) can be derived from Eqgs. 2.45-2.53 as follows
%
(ne(w)?) = Pae(ax|W) +/ ((ne1(2) + nea(@) + na () )pe(fa’)da’

= Py(z|W) +/ + (np(2")?) + 2N (2")? + 4N, (2 )Ny (2")]

X pe(x|z’)dx’
(2.56)

(nu(2)?) = Pan(]0) + [ (a1 (z) + na () + ne())*)pr (2] 2”)dar’ =

_|_

- Lo
o+ Lo

+ (ne(2")?) + 2Ny (2")? + 4N, (2 )Ny (27)]

X pp(z|a")dx'.
(2.57)

Usually, Eqs 2.52, 2.53, 2.56, 2.57 are solved by successive iterations once
that the boundary conditions N.(W) = N,(0) = 1 are given [35, 39].

2.2.2 Dead Space Model

As stated at the beginning of Section 2.2, a carrier needs to travel across a finite
distance, the dead space length (d. for electrons and holes, respectively), in
order to acquire an energy that is sufficient for its ionization. The Dead Space
model, proposed by [35], translates this concept into a threshold behavior for
the electron and hole impact ionization probabilities:

0, ¥ <x+d ()
(z]2)) = . 2.58
pe(ala’) {a(x’)exp(— Jorau@ @(@")dz"), x+de(z) <2’ <W (2.58)

zlz) = 07 X —dh(I> <z
i) {5< Neap(— [ B, 0<d <o —dyle) )

In fact, in Eqgs. 2.58, 2.59, we notice that the ionization probability is set to
zero if a carrier still has to travel over a distance equal to its dead space length,
while it is an exponential decaying function otherwise.

The impact ionization coefficients are computed using Eqs. 2.1, 2.2, while
the dead space lengths depend on the reciprocal of the electric field through
the following relations:

d.(z) qE(:E) (2.60)
 Eun
dp(z) = E(z)’ (2.61)

where Ey, . and Ly, p are the threshold energies required to trigger impact
ionization in the considered material. The parameters for the computation
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of the impact ionization coefficients and the threshold energies are chosen in
order to reproduce experimental results for the excess noise factor as a function
of the gain in p-i-n APDs [38] (see Tab. 2.1 and Fig. 2.7).

GaAs AIO.QGaO.gAS InP IHO.52A10.48AS
A, [10°/cm]  6.01 5.39 3.01 417
E.. [105V/em] 2.39 2.71 2.45 2.09
Ye : 0.90 0.94 1.08 1.20
Eine eV 1.90 2.04 2.20 2.00
A, [10°/cm] 359 1.28 4.29 2.65
Es  [10°V/em]  2.26 2.06 2.08 2.79
Yh - 0.92 0.95 1.12 1.07
Eunn eV 1.55 2.15 2.20 2.00

Table 2.1: Parameters for the computation of the impact ionization coefficients
and of the dead space lenghts using the Dead Space model [38].
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Figure 2.7: Comparison between the excess noise factor versus gain curves
measured for GaAs p-i-n diodes of different thicknesses (symbols) and the
ones obtained with the Dead Space model using the parameters of Tab. 2.1.
Data taken from [38].

In Fig. 2.7 we notice that the Dead Space model correctly predicts the
reduction of the excess noise factor for a given gain that is experimentally
measured in p-i-n APDs as the diode thickness shortens.

Figure 2.8 compares the electron and holes impact ionization coefficients
measured for GaAs and the corresponding o and § computed using the pa-
rameters in Tab. 2.1 for the same material [38]. The difference between the
experiments and the coefficients used in the model can be explained by looking
at the fact that the model coefficients are valid once that a carrier has already
traveled over its dead space length. On the other hand, the information on
the dead space lengths is somewhat included in the measurements [40].
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Figure 2.8: Comparison between the experimental impact ionization coefhi-
cients for a) electrons and b) holes [17] in GaAs and the ones used in the Dead
Space model [38].

In [40], a relation between the experimental impact ionization coefficients
(o, and f,,,) and the ones that have to be used in the Dead Space model is
proposed, given that the electron and hole ionization threshold energies (Ey e
and Ey, ) are known with accuracy. The probability that an electron travels
from x to 2’ without ionizing can be derived from Eq. 2.58, namely

1, ¥ <x+d(x)

exp|—a(r' —x —d.)], z+d(r) <z <W. (2.62)

P, (x]z) = {
If we assume that the electron has been generated by the previous ionization of
its parent electron, then we now have two electrons in x that start their motion
and the probabilities that they reach ' without suffering an impact ionization
scattering event are, respectively Pj.;(x|z’) and Ps.a(x|z’). The probability
that they both reach 2’ without ionizing is Py, j(x|2") = Pse 1 Pse 2, thus

1 ! de
P j(z2’) = { 7 <@+ d(a) (2.63)
’ exp[—2a(z' —x —d.)], z+d(r) <z <W.
The joint impact ionization probability O(1 — P ;)/0x" is
0, ¥ <x+d(x
Pey(ala’) = , (@) (2.64)
2aexp [20(2’ —x —d.)], x4+de(zr) <2 <W.

From Eq. 2.64 it is possible to extract the mean distance between two
consecutive impact ionization events

(0.)
Tiie = / 2'pe ;(0]2")da" = 2i + de, (2.65)
0 a
where d. is computed using Eq. 2.60 once that Ey, . is known.
From the experimental measurements, instead, the impact ionization coeffi-
cient is related to the mean distance between two consecutive impact ionization
events by the relation

1
Oy, = —.
21‘2‘2‘,e

(2.66)
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The expression in Eq. 2.66 can be found by using Eq. 2.65, substituting o with
., and setting d. = 0 in Eq. 2.64.

Finally, by equating Eq. 2.65 and Eq. 2.66 we can derive the relation be-
tween «,, and «.

1
CLl424
A similar relation holds also between (3, and 3 [40].
Interestingly, [41] demonstrated that, in the framework of the Dead Space
model, an expression for the position dependent gain M (z) similar to Eq. 2.10
can be obtained from a first order expansion of the recursive Eqgs. 2.52 and
2.53 if @ and 8 in Eq. 2.10 are replaced by suitable effective impact ionization
coefficients that include the effects of dead space.

(2.67)

Om

2.2.3 Model Based on Effective Fields

The history dependent model proposed by [39] starts from the same assump-
tions of the Dead Space model of [35] described in Section 2.2.2, but the hard
threshold expressions of the impact ionization probabilities typical of the Dead
Space model are substituted by a soft threshold behavior that tries to better
reproduce the physics of impact ionization [39]. This is achieved by defin-
ing suitable effective fields for electrons and holes by convolution of the local
electric field with Gaussian functions with characteristic lengths A, and Ay,
respectively. Hence,

Buretale) = [ B2 ey (S Y ey

/

AN ‘ :L‘” 2 er _(x//_x/)2 x//
Bunatole') = [ B o= en (< Y, o)

where
Mo(z) = % (2.70)
An(z) = ;(dz) . (2.71)

Ve and Vi, represent the voltage drop across the electron and hole dead space
lengths [39].

Finally, the nonlocal impact ionization coefficients are computed using the
following expressions:

a(zlr’) = Aexp [— (EE—)y} (2.72)

effe(T|T’

Blzla') = Apexp {— (L)yh} : (2.73)

Eeppn(z|a’

that are essentially Eqs. 2.1 and 2.2 with the effective fields instead of the
local electric field. The model parameters for different materials, A, Eeen,
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Ve,r and Vg 5, are chosen in order to fit experimental results for the gain as a
function of the applied bias voltage and for the excess noise factor versus the

gain [36] (see Tab. 2.2 and Fig. 2.9).

GaAs Alo_gGao_gAS InP In0_52A10.4gAS
A, [10%/cm] 3.30 883 2.91 19.9
E.. [105V/em] 1.75 3.74 2.80 3.62
Ve : 1.00 1.00 1.00 1.00
Ve \4 2.00 2.20 1.90 2.00
A,  [10%/cm]  0.69 6.47 12.4 3.21
Eg [105V/em]  1.38 2.72 3.05 3.23
Y _ 1.00 1.00 1.00 1.00
Van \Y 2.25 2.48 2.14 2.25

Table 2.2: Parameters for the computation of the impact ionization coefficients
in the nonlocal model base on effective fields [36].
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Figure 2.9: Comparison between the a) gain versus applied voltage and b) ex-
cess noise factor versus gain curves measured for GaAs p-i-n diodes of different
thicknesses (symbols) and the ones obtained with the nonlocal model based
on effective fields using the parameters of Tab. 2.2. Data taken from [36].
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Figure 2.10: Comparison between the experimental impact ionization coeffi-
cients for a) electrons and b) holes [17] in GaAs and the ones used in the
history dependent model based on effective fields [36].
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Figure. 2.9 shows that the nonlocal model based on effective fields well fits
the experimental results of thin GaAs p-i-n diodes. In particular, the decrease
in the excess noise factor for a given gain as the diode shortens is correctly
reproduced.

In Fig. 2.10 we can notice that, for the same reasons explained in Sec-
tion 2.2.2, the impact ionization coefficients for GaAs computed using the pa-
rameters of Tab. 2.2 [36] slightly differ from the ones experimentally measured

in [17].

2.2.4 Time and Frequency Response: the Random Path
Length Algorithm

Analytic expressions for the derivation of the time and frequency response in
the framework of nonlocal models have been proposed in the literature. In [42],
for instance, a set of equations to be solved by successive iterations, similar to
the one of Section 2.2.1, was developed to compute the evolution in time of
number of carriers using the Dead Space model. On the other hand, in [39] the
transport equations (Eq. 2.3, 2.4) have been solved in the time domain and
rewritten as a function of the nonlocal impact ionization probabilities p.(x|z’)
and pp(x|z’).

Interestingly, the problem at hand has been also tackled in [43, 44| using
a Monte Carlo approach combined with the view of the Dead Space model,
to mimic the motion of the carriers inside the multiplication region of a p-i-n
APD. Due to its easy implementation and to its usefullness in the rest of this
thesis, in this Section we will review this latter algorithm, called Random Path
Length (RPL) as originally proposed in [43, 44].

Firstly, from Eq. 2.62, the distance that an electron travels before its ion-
ization can be computed by equating its survival probability P (x|z") to a
random number 7, generated with uniform distribution in the [0, 1] interval,
namely
In(r)

«

r=P(zlzr+1) =1l =d. — (2.74)

A similar expression holds also for [, the random distance that a hole travels
before its ionization.

The RPL algorithm simulates N,, independent trials; each trial corresponds
to the absorption of a photon in the APD. For each trial, an electron-hole pair
is injected at position = € [0, W], then, for each carrier:

1. I is computed.
2. lf ' =ax+1. ¢ [0,W] (2 =x — I, for holes), the carrier is collected by
the contact, otherwise the gain of the trial (m;) is increased by one and

a new electron hole pair is generated in z’.

3. The simulation of a single trial ends when all the carriers have been
collected by the contacts.
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The mean gain and excess noise factor can be finally computed as

1 NE’U
M = ; 2.75
N, =" (275)
1 NEU
_ 2
F = ANYE ; m (2.76)

Assuming constant velocities for electrons and holes [44], v, and vy, respec-
tively, it is easy to compute the time required for a carrier to travel from x to
2’ and to keep track, for each trial, also of the number of electrons and holes
at time ¢, ne;(t) and np(t). Then, the mean current as a function of the time
can be computed using Ramo’s Theorem [34]

i(t) = 7 [ Ne(t) + v N (1) (2.77)
where N
Nen(t) = Nl Z Neni(t)- (2.78)

The procedure detailed in this Section is valid only for p-i-n APDs, the use
of the RPL algorithm in combination with a generic nonlocal model for the
study of staircase APDs will be detailed in Chapter 4.

Figure 2.11 shows the current waveforms as a function of the time, in
the case of pure electron injection at x = 0, computed with the RPL algo-
rithm and the parameters of [43] for GaAs p-i-n APDs with thickness d =
100,500, 1000 nm and at two different gains, M = 5 and M = 10. We no-
tice that, at a given gain, the duration of the current waveform increases as
the thickness of the APD increases. However, the increased duration is com-
pensated by a reduction of the amplitude of the peak, so that, for all the
thicknesses, f0+oo i(t)dt = Mq.
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Figure 2.11: Current waveforms as a function of time for GaAs p-i-n APDs at
gains M =5 (black solid line) and M = 10 (red dotted line). The thickness of
the device is a) d = 100 nm, b) d = 500 nm and ¢) d = 1 um. The computation
has been performed with the RPL algorithm, using the parameters of [43].
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The 3dB bandwidth can be easily calculated from the Fourier transforms
of the current waveforms computed with the RPL algorithm by using the
procedure described in Section 1.3.

2.3 Monte Carlo Models

The Monte Carlo method for the solution of the Boltzmann Transport Equa-
tion in semiconductor devices consists of the simulation of the carriers’ motion
inside the semiconductor crystal taking into account the action of the applied
electric field and of scattering mechanisms [45]. The carrier’s motion is repro-
duced by means of successions of free flights interrupted by scattering events.
The scattering mechanism responsible for the interruption of the free flight is
randomly chosen according to the probability of occurrence of each scattering
mechanism [45].

A detailed description of the Monte Carlo method is provided in [45, 46],
in this Section, instead, we will review some applications of Monte Carlo sim-
ulations for the study of the performance of APDs. In fact, the mean gain,
the excess noise factor and the time response of APDs can be computed with
Monte Carlo simulations by using Eqs. 2.75, 2.76 and 2.77 introduced in Sec-
tion 2.2.4 for the RPL algorithm [47]. Moreover, differently to the local and
nonlocal models described in Sections 2.1 and 2.2, Monte Carlo models give a
full description of the particles’ dynamics up to and above the energies required
to trigger avalanche multiplication in the considered material [48].

In the following, results of analytical and full band Monte Carlo simulations
will be presented separately.

2.3.1 Analytical Monte Carlo Simulations

In this Section we will review some interesting results concerning analytical
Monte Carlo simulations of GaAs and Al,Ga;_,As APDs. In analytical Monte
Carlo simulations, the transport is described by means of an effective dispersion
relation in the form

h2k?
2m*

Er(1+4 a.Ey) = (2.79)
where Ej, is the kinetic energy, k is the wavevector, a. is the nonparabolicity
correction factor, m* is the carrier’s effective mass at the valley minima and
R is the reduced Planck’s constant [49]. «a. and m* are usually adjusted to
reproduce the shape of the band diagram around a minimum.

Acoustic and optical carrier-phonon scattering rates are described by effec-
tive coupling constants that are chosen in order to fit experimental results for
the drift velocity as a function of the applied electric field [49, 48]. Figure 2.12
compares the results of the analyticl Monte Carlo simulations of [48] with the
experimental results of [50] or with the results of other MC simulations [51],
showing a good mutual agreement.
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Figure 2.12: a) Electron and b) hole drift velocity as a function of the applied
electric field in GaAs at T' = 300 K. Results obtained with analytical Monte
Carlo simulations by [48] (red circles) are compared with the experimental
results in [50] or with other MC simulations [51]. Data are taken from [48]
(black lines).
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Figure 2.13: Comparison between the experimental electron and hole impact
ionization coefficients [17] (black solid and dotted lines) and the ones com-
puted with the analytical Monte Carlo simulations of [47] (red circles and blue
squares). Data are taken from [47].

The impact ionization scattering rate as a function of the carrier’s kinetic
energy Ej, is computed using the Keldysh expression [52, 53]

(2.80)

E,— E,;, 1"
SRir=Cir {u} )

Eun

where C'yy, Ey, and n are fitting parameters chosen to reproduce through Monte
Carlo simulations the experimental impact ionization coefficients [47] or exper-
imental measurements of gain and excess noise factor in homojunction APDs
[54]. Momentum conservation is neglected and the difference between the
energy of the primary ionizing carrier and the bandgap is usually equally di-
vided between the three secondary particles [48, 47]. Figure 2.13 compares the
electron’s and hole’s impact ionization coefficients extracted by [47] by using
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analytical Monte Carlo simulations with the ones experimentally determined
bi [17]. At electric fields below F = 5 x 10° V/cm, where a comparison is
possible, the agreement is good.

Analytical band Monte Carlo simulations have been exploited by [49] to
analyze the dependence on the position of the impact ionization coefficients
in GaAs and Al,Ga;_,As APDs of different thickness. To compute a(z), [49]

used the expression
1 dJ.(x)
alx) = { [ ] } , (2.81)
Je(l’) dx electron II

where J.(x) is the electron current flux and dJ.(z)/dx is the change in J.(z)
in the [z,z + dz| interval caused by electron’s impact ionization. A similar
expression holds also for 5(x). Figure 2.14 shows the position dependent im-
pact ionization coefficients computed by [49] for two GaAs p-i-n diodes with
thickness d = 0.1 pym and d = 1.0 pym in the case of electron injection at z = 0.
We can notice that both a(x) and S(x) saturate to a constant value after few
tens of nm.
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Figure 2.14: Position dependent impact ionization coefficients in GaAs p-i-n
diodes of thickness a) d = 0.1 ym and b) d = 1.0 pum computed by using
analytical Monte Carlo simulations. Data are taken from [49].

An interesting application of analytical Monte Carlo simulations is the one
proposed in [54]. Using a model similar to the one of [49] and after hav-
ing calibrated it to reproduce experimental results for the gain and excess
noise factor in GaAs, Alg2GaggAs and AlygGagsAs p-i-n APDs, [54] used
Monte Carlo simulations to analyze how the performance of a heterojunction
Al 6Gag4As/GaAs/AlyGag4As APD are affected by the carrier’s initial in-
jection energy and by the thickness of the GaAs layer.

Figure 2.15 points out that when III-V compounds and their alloys with a
metal are stacked to form devices such as the heterojunction APD in [54], it
exists an optimum thickness for the layer of the quantum well that minimizes
the excess noise factor at a given gain. Increasing the thickness of the quantum
well from 60 nm to 100 nm translates into an increase of the excess noise factor,
since dead space effects become less relevant, while decreasing the thickness of
the GaAs layer from 60 nm to 20 nm translates into an increase of the excess
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noise factor because the device tends to act as a homojunction alloy APD,
that shows a higher noise [54].
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Figure 2.15: Dependence of the a) gain versus applied bias and b) excess noise
factor versus gain curves of an AlysGag4As/GaAs/AlysGagsAs APD on the
thickness of the GaAs layer. Data are taken from [54].

Finally, analytical Monte Carlo simulations have also been used to compute
the time response and the bandwidth of APDs in GaAs [55, 56] and other I1I-V
compound semiconductors [57].

2.3.2 Full Band Monte Carlo Simulations

A detailed description of a Full Band Monte Carlo transport simulator will be
given in Chapter 5. In this Section, instead, only the main results concerning
the simulation of APDs in I1I-V compound semiconductors obtained by other
authors will be presented.

In Full Band Monte Carlo simulations the band structure and the scat-
tering rates are computed as a function of the wave vector k and stored in
look-up tables. Since the computation of these quantities in the entire First
Brillouin Zone can be very computationally demanding, usually calculations
are performed by exploiting the symmetry of the crystal (e. g. diamond and
zinc-blende crystals, such as Si and GaAs, have a 48-fold symmetry). A com-
mon method for the computation of the band structure in Full Band Monte
Carlo simulations is the Empirical Pseudopotential Method (EPM) described
in its local and nonlocal implementations in [58] and [59] respectively, while
the scattering rates are computed by using the Fermi Golden Rule, that im-
plies momentum and energy conservation. Usually, the expressions reported
in [60], for the calculations of the scattering rates, that use effective coupling
constants chosen to reproduce the experimental drift velocities as a function of
the applied electric field, are employed. Figure 2.16 shows the carrier-phonon
and impact ionization scattering rates for electrons and holes used in the Full
Band Monte Carlo simulations of [61] and [62]. Since [61] does not report the
holes’ scattering rates, a comparison is possible only for electrons. We can
notice that, even if the results between the two authors for both the electron-
phonon and the impact ionization scattering rates are slightly different, the
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drift velocities versus applied field curves are in good mutual agreement and
correctly reproduce the experimental results of [50] (see Fig. 2.17a). The simu-
lations of [61] and [62] are also able to fit the experimental results for the drift
velocity of holes (Fig. 2.17b). Tt is worth noting that the complete Full Band
calculation of the impact ionization scattering rate is so demanding in terms
of computational time that often several approximation are adopted even in
Full Band Monte Carlo simulators. In [61], for instance, the impact ionization
scattering rate is computed only as a function of the carrier energy using, for
each band, the expression

SR =Ch By — Eth,j]nj ) (2.82)

where Ej, is the carrier’s energy and j is the band index; [62], instead, used a
Full Band approach but neglected the momentum conservation, using the so
called random-k approximation proposed by [63].
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Figure 2.16: Comparison between the a) electron and b) hole scattering rates
as a function of the carrier’s energy used for GaAs in the Full Band Monte
Carlo simulators of [61] (red) and [62] (blue). The solid lines represent the
carrier-phonon scattering rates, while the dotted lines are the impact ionization
scattering rates.
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Figure 2.17: a) Electron and b) hole drift velocities as a function of the applied
field. The results of the Full Band Monte Carlo simulations of [61] (red circles)
and [62] (blue squares) are compared with the experimental results of [50] and
[64] (black solid lines).
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The electron and hole impact ionization coefficients extracted in [47] and
in [62] are compared in Fig. 2.18 with the experimental results of [17] and both
the simulators fairly reproduce the measured data.
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Figure 2.18: a) Electron and b) hole impact ionization coefficients as a func-
tion of the reciprocal of the electric field. The results obtained by the Full
Band Monte Carlo simulations of [61] (red circles) and [62] (blue squares) are
compared with the experimental results of [17] (black solid lines).

Full band Monte Carlo simulations are exploited in [61] to extract the gain
and excess noise factor (with Eqgs. 2.75 and 2.76) (see Fig. 2.19, the probability
of impact ionization as a function of the position inside the multiplication
region and also the temporal behavior of GaAs p-i-n APDs in Linear mode

[65).
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Figure 2.19: a) Gain versus applied bias voltage and b) excess noise factor
versus gain curves for GaAs p-i-n diodes with thickness d = 100 nm (black)
and d = 200 nm (red). The experimental results of [66] (filled symbols) and
[67] (empty symbols) are compared with the results of the Full Band Monte
Carlo simulations of [61] (solid lines).

On the other hand, [62, 68] used Full Band Monte Carlo simulations to
study the breakdown probability and the mean time to breakdown as a function
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of the applied bias in single photon APDs in GaAs and other III-V compound
semiconductors operating in Geiger mode.
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Chapter 3

The Energy Balance History
Dependent Model

In this Chapter, a new nonlocal model for the computation of the gain and
the excess noise factor in p-i-n and staircase APDs, in the following referred
to as the Energy Balance History Dependent Model, will be introduced. Our
aim is to use the developed model to study, in DC, the figures of merit of
complex structures, such as staircase APDs, and to understand how changes
in the design of these devices affects their gain and the excess noise factor.
The results that will be presented in the following are an extension of the ones
published by the author of this thesis in [69, 70, 71, 72].

3.1 Derivation of the Model’s Equations

The application of the nonlocal models described in Section 2.2 to staircase
APDs (or to APDs that exploit variations in the doping concentration to mod-
ulate the electric field in the multiplication region [24]) is not straightforward.
For instance, to mimic what happens in the presence of a heterojunction,
Ref. [73] used the Dead Space model taking into account the fact that, at a
given electric field, the dead space of a hot carrier is reduced w. r. t. the
one of a cold carrier, while [24] introduced the concept of scattering aware
ionization coefficients, assuming that a carrier becomes cold if it travels for
a suitably-defined distance across a region with an electric field below a spe-
cific threshold. On the other hand, the nonlocal model based on electric fields
proposed by [39], is not applicable to staircase APDs because it relates the
parameters A\, and \j, to the reciprocal of the electric field, that is singular at
conduction or valence band discontinuities (see Egs. 2.70 and 2.71).

Inspired by [74, 75], to overcome the limitations of the nonlocal models
described in Section 2.2, we present an improved nonlocal model applicable
to interpret the electrical measures of staircase APDs. The starting point of
the derivation of the model’s equations is the approximate solution (with the
method of moments) of the Boltzmann Transport Equation (BTE) as done in
[75]. The derivation of the model’s equation will be detailed here for electrons,
but the same calculations can be adapted to holes.
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The zero-th and second order moments of the BTE, that correspond to
charge continuity and energy conservation, are

88”; +V - (ned) = C, (3.1)
onw - . . o L =
Ne T +V-Q+wV- (nde) +nde - Vw+V - (nekpTve) + qnetve - E = Cyy.

(3.2)
By substituting Eq. 3.1 into Eq. 3.2 we get

0 o . .
nea—t) +V-Q+nd.-Vw+V - (nkgT¥.) + qn.v. - E = Cy — Cow, (3.3)

where w is the average carrier energy, U, is the average velocity, E is the
clectric field, @ = [ 3mc?éfdu is the heat flux, f(ug,u,, u.) is the distribution
function, ¢ = @ — 7. is the random component of the carrier velocity, 7" is a
tensor defined as: nkgT;; = f Me;c; fd3u, C, and Cy are the collision terms.
We can then write

i %mu2 fd3u 1

1
=2 = —m+ k(T T T53). 4
T fdPu 5 MVe + 5 B(Th1 + Ty + T3) (3.4)

We will now use the following approximations:

e Instead of the tensor T, we use the scalar quantity 7,.

o Cw—Cow = —ne (relaxation time approximation), wy = %kBTO, T

is the lattice temperature.
° Q = —k.VT,, k. is the thermal conductivity.

Assuming steady-state conditions, knowing that J. = —qn.U. and taking into
account continuity equations, it is possible to rewrite Eq. 3.3 as

—

e L
~V- k;eVTe+?(w+kBTe) =E-J.—n.

w — Wo

— U.w, (3.5)

™w

where U, = R — G is the recombination-generation function. We now make
three additional simplifications:

° @ is neglected.
e The kinetic term imv? inside w is neglected.
o U, =0.

Along the x direction, Eq. 3.5 can be rewritten as

—% (%gw) — JE(x) - n.

w — Wy

™w
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From the continuity equations, in steady-state conditions U, = 0 implies
dJ.(x)/dx = 0, hence Eq. 3.6 becomes

% (gw) = —gB(z) - L= (37)

Tw Ve

If the energy relaxation length for electrons is defined as A\, = gveTw [75], then
Eq. 3.7 is equivalent to

ar T-T, 2g

@’ L B(x) =0. .
dx+ N +5kB (x) =0 (3.8)

The integration of Eq. 3.8 yields the following expression for the carrier’s tem-
perature

2 T " __
T(x)=To+ -4 E(x")exp T d (3.9)
5 kB 0 )\e
When we reach the situation d7'/dx = 0, Eq. 3.8 becomes
5k
A\E(z) = E_B [T(z) —Tp). (3.10)
q

Equation 3.10 can be now exploited for the definition of an the effective field
(that keeps into account the history of a carrier from its generation point z to
its ionization point z’) by equating it to Eq. 3.9, namely

1 z’ dE. " .
Eppe(z]z’) = —/ clz >e:1:p (m ’ ) dz”. (3.11)

Ae dz"” Ae

A similar expression holds also for the hole’s effective field:

L [TdEy(z") (2 —a"
Bnalele) = 5 [ i ey (T8 ) )

It is worth noting that in Egs. 3.11 and 3.12, the electric field E(z) that
appears inside the integral in Eq. 3.9 has been substituted by the conduction
and valence band gradients, respectively. This is fundamental for the analysis
of staircase APDs, since, as explained in Section 1.4, owing to the configuration
of the band diagram of such devices electrons and hole are subjected to different
driving forces.

Since Eqgs. 3.11 and 3.12 are derived from an energy balance equation
(Eq. 3.7), we denoted the developed model Energy Balance History Depen-
dent Model (EBHDM).

In the EBHDM, the parameters A, for electrons and A, for holes are con-
stant (i. e. they neither depend on position nor on the bias) and represent
a sort of mean free path: the ionization probability tends to that of the local
model after traveling a distance larger than A from the generation point. Con-
sider for example a region of almost uniform electric field: regardless of the
initial conditions at the generation point, the carrier distribution a few mean
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free paths from the generation point tends to a unique function of energy well
defined by the value of the electric field.

As in the nonlocal model based on effective field of [39], the electron and
hole impact ionization coefficients are computed by using Eqs. 2.72 and 2.73,
while the gain and the excess noise factor are computed by using Eqs. 2.54,
2.55 and the related equations detailed in Section 2.2.1.

3.2 Numerical Solution

The conduction and valence band profiles Ec(x) and Ey (x) are extracted from
TCAD simulations [76] of the devices of interest at the desired bias voltages,
assuming that the charge generated by photons or by impact ionization does
not affect the polarization of the device. Then, after that the effective fields
and the impact ionization coefficients are computed using Eqs. 3.11, 3.12, 2.72
and 2.73, instead of using the iterative procedure proposed in [35, 39|, we
devised a method to calculate the matrix form for Eqs 2.52, 2.53, 2.56, 2.57.
In the following, we will refer to the solution of Eqgs. 2.53 and 2.53, but the
same method has been used also for Eqs. 2.56 and 2.57.

After discretization on a spatial mesh (see Fig. 3.1), Egs. 2.52 and 2.53 can
be written as products between vectors and matrices:

Ne=A + BN, + B3N, (3.13)

Np = C + D,N}, + D, N, (3.14)
where N, N}, are colu_mn_ vectors which represent the values of N, and N, on
the simulation mesh; A, C are column vectors that do not contain neither N,
nor N, while B; and Dj, with 7 € {1,2}, are the constant matrices which will

multiply the unknown variables. We can further re-arrange the expressions
obtaining the following matrix equation:

—_— pr— = pr— 71 —
N B;—-1 B, <A>
<Nh> ( D; D;- I) C (3.15)
It has to be observed (see again Fig. 3.1) that N, Ny, include only the un-
known samples of N, and Nj,. The values imposed by the boundary conditions

[NL(0) = 1, N.(W) = 1] are not part of these vectors (highlighted in red in
Fig. 3.1).

N (1 N@2 N(@ N (i+1 N (N-1 N=1
D g N D gy N N vy N
N=1 N N (i-1) N (i) N,(N-2) N, (N-1)

Figure 3.1: Spatial discretization of the variables N, and N, and indication of
the boundary conditions (in red).
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3.3 Model Calibration

As in the Dead Space model [35] and in the nonlocal model based on effective
fields of [39], the adjustable model parameters are eight; namely the mean free
paths A\, and A, for electrons and holes in Eqs. 3.11 and 3.12, respectively, and
Ae, A, Eeey Eon, Ve, vn which relate the effective fields with the ionization
coefficients (see Eqgs. 2.72 and 2.73). As stated in Section 3.2, the model
calibration firstly requires a reliable estimate of the conduction and valence
band profiles. To this end, we have reproduced with TCAD [76] the same
doping concentrations and geometrical structure for the p-i-n diodes reported
in [23, 36, 77, 78, 79, 20], simulated them at different bias voltages and then
applied the EBHDM in post-processing, taking as input the band profiles from
drift-diffusion TCAD simulations. The good agreement at high gains validates
the post-processing approach, indicating that the generated charge has little
impact on the applied electric field.

Figures 3.2-3.6 compare the model results with the measured gain as a
function of bias and excess noise as a function of gain. In both cases, good
agreement between simulations and experiments is found over a wide range
of intrinsic layer thicknesses with a unique set of material dependent model
parameters summarized in Tab. 3.1.

Figures 3.2-3.4 show that in GaAs, Aly2GaggAs, AlgsGagsAs the excess
noise factor increases proportionally to the gain (plots b) and that it is smaller
for thinner intrinsic layers. As pointed out in [23], this behavior is in con-
trast with the predictions of the local model [1], but it is consistent with the
measurements. In fact, when the extension of the intrinsic region becomes
comparable to A\, and \p, the ionization probability of the secondary carriers
decreases, making the ionization process somewhat more deterministic.
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Figure 3.2: a) Gain versus applied bias voltage and b) excess noise factor versus
gain curves for GaAs p-i-n diodes with different thickness. The experimental

measurements reported in [23] (symbols) are compared with the results of the
EBHDM using the parameters of Tab. 3.1 (dotted lines).
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Figure 3.3: Same as Fig. 3.2 but for Aly2GaggAs p-i-n diodes. Experimental
data are taken from [36].
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Figure 3.4: Same as Fig. 3.2 but for Aly¢Gag4As p-i-n diodes. Experimental
data are taken from [77].

The F versus M curves for AlysGag2As (Fig. 3.5) put in evidence a more
complex non-monotonic trend as a function of the thickness of the intrinsic
layer (d); in fact: when d decreases from 1024 nm to 312 nm, F increases for
given M, owing to the fact that at high electric field (as in the short diodes)
approaches « [1]. However, as d shortens, nonlocal effects come into play and
reduce F' as in the other considered materials.

Figure 3.6 shows that the measured excess noise factor for InAs p-i-n diodes
is slowly increasing as the gain increases and, for all the considered values of M,
F < 2. This suggests that InAs is a semiconductor where, for the considered
range of applied electric fields, electron’s impact ionization is dominant w. r.
t. hole’s impact ionization. For this reason, consistently with the assumptions
of [20], we assumed f(x|z") = 0 Vz, 2" in the EBHDM.
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Figure 3.5: Same as Fig. 3.2 but for AlysGagoAs p-i-n diodes. Experimental

data are taken from [78, 79].
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Figure 3.6: Same as Fig. 3.2 but for InAs p-i-n diodes. Experimental data are
taken from [20].

GaAs A].O.Q Gao_gAS A10_6 Ga0.4As Alo.ggao.gAS InAs
A, (105 /cm] 3.30 88.3 88.8 14.8 0.046
E. [10°V/ecm] 1.75 3.74 4.13 3.53 0.14
Ve - 1.00 1.00 1.00 1.00 0.38
Ae [nm] 18.0 17.0 18.0 20.0 73.7
Ap [10°/cm] 0.73 10.8 260 0.14 -
Eg [105V/cm]  1.42 2.99 4.99 0.67 -
Vh - 1.00 1.00 1.00 5.12 -
A [nm] 24.0 21.5 16.0 35.0 -

Table 3.1:  Model parameters for GaAs, AlyoGaggAs, AlggGagsAs,

AlpsGagoAs and InAs used in the EBHDM to fit experimental results for
the gain versus applied bias and excess noise factor versus gain measurements.
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3.4 Gain and Excess Noise Factor of APDs
featuring Heterojunctions

In the following, we apply the EBHDM to the two realistic structures al-
ready detailed in Section 1.8: the Separate Absorption and Multiplication
(SAM) GaAs/AlysGagaAs APD described in [8, 25] (Fig. 1.18a) and the
GaAs/Al,Ga;_,As staircase SAM-APD presented in [7] (Fig.1.18b).

3.4.1 GaAS/Alo_gGao_QAS SAM-APD

The nominal structure of the device reported in [8, 25| (Fig.1.18a) is repro-
duced with TCAD [76] and the comparison between the simulated and the
experimental [8] C-V curves is shown in Fig.3.7. The agreement between mea-
surements and simulations is good, meaning that the TCAD provides a reliable
estimate of the electric field profile. Note that the Thermionic Emission Cur-
rent model for transport at the heterointerfaces has been used [76]. This may
be incorrect in indirect-to-direct band gap heterojunctions, as in this case [80].
However, this is expected to have a negligible impact on the device electrostat-
ics. It may however result in a different value of the effective AFE¢ to use in
our post-processing model, but this can be assessed only via accurate Monte
Carlo simulations.
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Figure 3.7: Comparison between simulated (dashed line) and experimental
(circles) C-V characteristics at v = 1 MHz of the SAM-APD in [8] (Fig. 1.18a).

The EBHDM is then applied using as inputs the E¢ and Ey profiles ob-
tained from TCAD to compute M(z) and F(z). The employed model pa-
rameters are the ones listed in Tab. 3.1 for GaAs and AlygGagoAs. The gain
and the excess noise factor are shown in Fig. 3.8. The breakdown voltage is
slightly underestimated by the model, while the noise from the model is hardly
comparable with the experiments in [25]. In such reference only the FWHM
value is reported. Assuming that the only noise contribution comes from the
multiplication noise of the APD, one extracts a ' ~ 7 almost constant over
a range of gains up to 5 (no data available for higher gains). This suggests
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that experiments (at such low gains) are mostly dominated by the noise of the
read-out.
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Figure 3.8: a) Simulated (dotted line) and measured (circles) gain versus volt-
age and b) excess noise factor versus gain for the SAM-APD reported in [8, 25].

3.4.2 GaAs/Al,Ga; ,As Staircase SAM-APD

The structure of the GaAs/Al,Ga;_,As staircase SAM-APD fabricated and
measured in [7] is reported in Fig. 1.18b. We recall that the multiplication
region of this device consists of twelve identical steps made of a 20 nm-
thick graded Al,Ga;_,As layer (z from 0 to 0.45), a 25 nm-thick graded
Aly 45Gag s5As layer and a 35 nm-thick GaAs layer. In principle, the conduc-
tion band discontinuities at the Alg45Gags5As/GaAs heterojunctions should
enhance the impact ionization probability of electrons w. r. t. the impact
ionization probability of holes, improving the noise performance of the APD,
as described in Section 1.4.

In the TCAD simulations [76], we reproduced the nominal structure, as-
suming abrupt doping profiles. A sample band structure profile is shown in
Fig. 3.9a: we observe the conduction band steps, while the ones in the valence
band are very small. Since the energy barriers seen by the electrons are quite
thick (45 nm) and include a graded region, tunneling is not accounted for in
our model.

Simulated C-V curves (from TCAD), obtained by using default values pro-
vided by the simulator [76] for the dielectric constant and the affinity of each
material, are reported in Fig. 3.9b. The discrepancy between TCAD simula-
tions and experiments in Fig. 3.9 suggests a possible out-diffusion of dopants
from the substrate to the multiplication region [69].
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Figure 3.9: a) Band diagram at equilibrium of the multiplication region of the
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Figure 3.10: Simulated (dotted line) and measured (circles) a) gain versus
voltage and b) excess noise factor versus gain for the staircase APD reported
in [7]. Experimental results for plot b are taken from [21]. The structure
in [21] slightly differs from the one in [7], but the EBHDM, with the model
parameters of Tab. 3.1, gives the same F'(M) curve for both of these devices.

The EBHDM is applied using as inputs the Ex and Ey profiles obtained
from drift-diffusion TCAD simulations activating the Thermionic Emission
Current model for the transport at heterojunctions. The model parameters
for an arbitrary mole fraction of Al in Al,Ga;_,As have been linearly interpo-
lated from the ones reported in Tab. 3.1. The gain versus voltage and excess
noise versus gain curve are shown in Fig.3.10a and b. The agreement between
simulated and measured gain versus voltage is not perfect, while the trend of
the excess noise versus gain is reproduced quite well.
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The strong dependence of the gain on the applied voltage points out that
at the electric fields necessary to trigger impact ionization, both carriers ionize
also in the regions between consecutive steps and give an important contri-
bution to the multiplication process, more than the energy steps alone, which
are only 0.5 eV high [76]. The substantial role of hole’s impact ionization on
the results is demonstrated in Fig. 3.10b by the comparison of the measured
and EBHDM results with the curves obtained with the EBHDM imposing
B(x|z") = 0 Vx,2’. When we turn off hole’s impact ionization in the model,
we have F' < 2 also at high gains. These results confirm that low noise per-
formance requires that the energy amplitude of the conduction band discon-
tinuities must be larger than, or at least comparable to, the bandgap of the
material where multiplication takes place [10].

3.5 Optimization of the Noise Performance of
Single Carrier Avalanche Photodiodes

The detector performance in near infrared optical fiber communication links
can be improved by fabricating device in InAs alloys, where « is inherently
much larger than 3 [20] (see Fig. 3.6). A notable example of such a device is
the Separate Absorption and Multiplication (SAM) single step staircase APD
fabricated and measured in [10].

As reported in Section 1.4, the simple analytical formula in Eq. 1.10 de-
rived in [13] can be used for the computation of the total excess noise factor
in a staircase APD with N, identical steps, under the assumption that mul-
tiplication is dominated by electron impact ionization (so that hole impact
ionization can be neglected). A model accounting for hole’s impact ionization
due to the electric field between the steps has been proposed in [32] based on
the theory in [81] and assuming that all the steps have the same amplitude
in energy. A large electric field between the steps is needed in AlGaAs/GaAs
systems where the conduction band discontinuity is in the order of 0.5 eV and
the energy gap is larger than 1 eV [69]. On the other hand, in InAsSb struc-
tures [10], steps as large as 0.6 eV can be fabricated, that are more than twice
the corresponding energy gap (/0.25 eV).

Here, we extend previous analyses by deriving a generalization of Eq. 1.10
(namely: Eq. 3.21) valid for single carrier multiplication staircase APDs with
arbitrary step gains (M;) and step excess noise (F;). The expression is suited
to compute the overall Mror and Fror and to optimize arbitrary ladders of
non uniform layers. Using this generalized formula and accurate numerical
models, it is found that for given gain, structures with non uniform energy
steps can reduce the overall excess noise factor Frop if the steps with a large
amplitude of the conduction band discontinuity lie ahead along the direction
of carrier flow.

The new formula is derived in Section 3.5.1, while the numerical valida-
tion of the formula and results obtained with the EBHDM and the analytical
expression are reported in Section 3.5.2.
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3.5.1 Derivation of the Equation for the Excess Noise
Factor

Let us consider, for the sake of simplicity, a two-steps staircase APD with
total gain Mror. By definition the total excess noise factor is given by
Fror = (m%or)/{mror)?, where mror is the random process that represents
the multiplication and (mror) = Mror is the ensemble average of mror. The
random process m; describes the multiplication of the first step while the ran-
dom process mk (k = A, B, ... identifies electrons entering the second step) is
associated to each electron coming from the first step and multiplying in the
second step. We assume that the processes m4 are independent and identi-
cally distributed Vk. If we use the notation F; ; to express the probability that

m; = j we can write:
mror = Piamy + Pra(my +my) + P g(ms +m& +m§) + ... (3.16)

It is important to notice that we are considering also P ; for j > 2 to take
into account the fact the the first step can be a staircase structure itself and
can multiply for more than a factor of 2.

From Eq. 3.16, since (m3') = (m¥) = ... = My, one can derive:
(mror) = (m2) Y " jPr; = (ma)(my) = My M, (3.17)
j=1

It is now possible to compute (ma,z):

(mior) = Pri(m3) + Pia(2(m3) + 2M3) + Py3(3(m3) + 6M3) + ...
= Pyli(m3) + (7° — §)M;)
j=1

> < ‘ (3.18)
= (m3) > P+ M;> (= 5P,

j=1 j=1
= (ma) My + M5 ((m7) — M)
= (m3) My + M5 (m3) — Mz M,
Interestingly, Eq. 3.18 can be rewritten as:
<(mTOT - MTOT)2> :<(m2 - M2)2>M1
+{((my — My)*) M
which is consistent with Eq. 2.3 in [82] and with Eq. 38 in [32] for photomul-

tiplier tubes. Equation 3.18 allows then to write the total excess noise factor
as:

(3.19)

-1
M,
The extension of Eq. 3.20 to the case of a Ng,,-steps staircase structure (see
Fig. 3.11) is straightforward:

Fror = Fi +

(3.20)

Nstep F 1
Fror=F+ Y —H— (3.21)
i=2 k=1 Mj,
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Figure 3.11: Conduction band profile of a staircase structure with Ng., steps.
M; and F; are the gain and excess noise factor of each step.

It is easy to show that Eq. 3.21 gives the same result of Eq. 1.10 when
all the steps have gain M; = 1 + P, and excess noise factor F; = 1 + (1 —
P.)[1—(1+ P.)"'|1+ P, as per Eq. 1.10, where P, is the electron’s impact
ionization probability at each step. However, differently from Eq. 1.10, Eq. 3.21
is valid also in structures with an arbitrary sequence of decreasing steps and
thus useful to optimize arbitrary staircase APDs.

Similarly to the well known Friis formula for the noise figure of cascaded
amplifiers [83], Eq. 3.21 tells us that the gain of the first step has a critical
role in achieving low noise. The first step must have high gain and low excess
noise, two conditions that can be achieved only with large band offsets, as it
will be seen in Section 3.5.2.

It is worth noting that Eq. 3.21 keeps its validity also in the more general
case where M; and F) represent the e-h pair generation due to an incoming
high-energy photon (e. g. a X-ray) provided that we interpret M, as the
average number of e-h pairs per photon and F; = 1+ f/M; where f is the so
called Fano factor [6]. Under these circumstances, Eq. 3.21 is equivalent to the
expression 0g/E2,, in Eq. 1.22 (derived in [6]) for the excess noise of APDs
used for X-ray detection.

Compared to existing numerical expressions, Eq. 3.21 can be used as an
effective tool to combine simulations of single steps and eventually find the
optimum sequence of steps for maximum gain and low noise, as we will see in
Section 3.5.2.

3.5.2 Numerical Validation with the EBHDM

Eq. 3.21 must be coupled to an impact ionization model for each step in the
ladder suited to compute the gains M, accurately. To this end we use the
nonlocal history dependent model of [69].

Our target is to calibrate the EBHDM on the experiments in [10] for a
single step AllnAsSb/InAsSb APD where multiplication takes place in the
InAsgg1Sbg.gg layer. To this end we start with InAs impact ionization pa-
rameters and then adjust them for the small Sb fraction of the multiplication
layer.

Having calibrated the model on InAs (Fig. 3.6 in Section 3.3), we can move
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to the device of [10], that is a SAM APD made of a 500-nm i-Alj 7Ing 3Asg.31Sbg 69
absorption region followed by a single step multiplication region. The step
of the staircase is composed by a 37-nm graded i-Al,In;_,As,Sb;_,, a 6-nm
i-InAsg.91Sbp.g9 and a 61-nm graded i-Al;In;_;As,Sb;_, layers. The diode
structure and the band-diagram are reported in Fig. 3.12.

Since multiplication takes place in the InAsyg1Sbggg film, whose energy
gap is 0.25 eV in contrast to the 0.35 eV of InAs [60], the parameter E.. was
scaled accordingly by a factor of 0.35/0.25 = 1.4, following the simple picture
that the impact ionization rate depends exponentially on the energy gap of
the material. The parameter A., instead, has been adjusted to match the
measured gain and excess noise at low applied voltage in [10], see Fig. 3.13.
Compared to InAs, A, has been increased by a factor of 6.5.

a) )

Og-
- _ 15 | | | | | i i | |
0.130f

-~

O

1

500 nm i-Alg.7In0.3As0.315Sb0.69

it
[3)

0.630

0.667
0.673

37 nm Graded i-AlxIni-xAsySbi-y
& nm i-InAs(.915b0,09

o

61 nm Graded i-AlxIni-xAsySbi.-y

Energy [eV]

0.734]
0.764f

30 nm i-Alg.7In0.3As0.315Sb0.69

o
o

At Equilibrium :
1 1 | 1 | 1 :

"0 0.2 04 0.6 0.8

X [um]

0.964}-

X
[um1y

Figure 3.12: a) Sketch and b) band diagram at equilibrium extracted from
TCAD simulations [76] of the staircase SAM-APD reported in [10], along the
vertical direction.
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Figure 3.13: a) Gain versus applied voltage and b) excess noise factor versus
applied voltage for the staircase SAM-APD reported in [10]. Experimental
results from [10] (circles) are compared with the EBHDM (dotted line).
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The deviation of the simulation results from experiments visible in Fig. 3.13
for reverse bias higher than 3.0 V is, in fact, due to considering only electron
impact ionization in the InAsgg1Sbg g9 multiplication layer.

We now use the EBHDM calibrated on InAsg g;Sbg g9 to verify the validity
of Eq. 3.21. We begin our analysis by simulating single steps with conduc-
tion band discontinuities of different amplitude (AE¢). In all simulations, we
assume that the applied bias is the one that induces the electric field that per-
fectly compensates the quasi-field due to material grading between the steps,
so that the conduction band energy is piecewise constant. As it can be seen
in Fig. 3.14, owing to the small gap of the multiplication region, AFE¢ values
below 1 eV provide gains that tend to 2. We also see that the relation be-
tween the simulated gain and excess noise factor closely matches Eq.1.10 (for
Nitep = 1 since we consider only one step here). Note that the local impact
ionization model with electron ionization only would provide F' = 2 — 1/M
(Eq. 2.19 for k — 0), that tends to 2 for large gains instead of the bell shape
shown in Fig. 3.14 using the EBHDM. When we have steps with an elec-
tric field in between, the F(M) curve obtained using the EBHDM [69], lies
between the results obtained using Eq. 1.10 and the ones obtained using the
Local Model in Fig. 3.14. This indicates that, regardless of the conduction
band profile (strongly nonlocal as in a staircase or as uniform as possible as
assumed by local models), if hole impact ionization is negligible, the room for
optimization is limited in the F' =1 to F' = 2 range. In Fig. 3.14, the same
experimental data from [10], is reported too. We observe that measured values
lie very close to the predictions of Eq. 1.10 except for high biases when hole
impact ionization comes into play.

1.5 T LI LI B e -~
—~ _ o,
n — Eq. 1.10, Nstep— 1 /’,;

« 14| ® ®Experiments [10] _ -~ : _
e m EBHDM IR :
8 — - Local Model ,~ ) :
Increasing |
W 1.3 // Reverse Bias | —
oy , :
R Re :
S 1.2+ L : _
% // 0176V g3y %?.
<>_<) 1.1 // 1oy 026V o Vg oy
11| 0.6 eV
1 1 ] 1 | 1 | 1 | |
1 1.2 1.4 1.6 1.8 2

Gain per Stage (1+P )

Figure 3.14: Comparison between the excess noise factor versus gain curves
predicted by Eq. 1.10 for Ny, = 1 (solid line), by the EBHDM (squares) and
by the Local Model (blue dashed line) for single step staircase structures with
different amplitude of the conduction band discontinuity. Experimental data
from [10] are also reported (circles).

We have then considered staircase structures with different sequences of
steps and compared the EBHDM with Eq. 3.21. The results, reported in
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Tab. 3.2, demonstrate a very good agreement with Eq. 3.21, with errors well
below 1%.

We also see that for a given gain, it is advantageous to locate first the steps
with the largest AF¢. In fact, consistently with Eq. 3.21, the noise added by
each step is divided by the gain of the preceding steps. Since the order of the
steps has no effect on the gain, the sequence can be optimized to minimize
F. However, due to the small range of F' values covered by individual abrupt
steps (Fig. 3.14), the reduction of F offered by optimized ordering of the steps
is limited, unless the number of steps and the difference among them is large
(last two rows of Tab. 3.2).

Nstep AE¢ [eV] M F | F (Eq.3.21) | % error
5 0.6 (uniform) 13.20 | 1.179 1.178 0.085
2 0.17, 0.6 2.25 | 1.180 1.183 0.254
2 0.6, 0.17 2.25 | 1.150 1.153 0.261
> 0.2,0.3,04,0.5,0.6 | 885 | 1.293 1.295 0.155
> 0.6, 0.5,04,0.3,0.2 | 885 | 1.211 1.212 0.083
D 0.2,0.2,02,0.2,06 | 6.14 | 1.342 1.344 0.149
) 0.2,0.2,0.6,0.2, 0.2 | 6.14 | 1.317 1.319 0.152
) 0.6,0.2,0.2,0.2,0.2 | 6.14 | 1.268 1.270 0.157
10 | 5x0.17and 5x 0.6 | 57.23 | 1.415 1.420 0.353
10 | 5x0.6and 5 x 0.17 | 57.23 | 1.207 1.209 0.166

Table 3.2: Comparison between the excess noise factor obtained with the
EBHDM and the one calculated using Eq. 3.21 for staircase structures with
different number of steps and conduction band discontinuities with different
amplitudes.

o
70 a) [——Nae,= 10: 5x BE= 017 6V, 5 AE = 0.6 6V T T T T T T T 1 Tp 1.5\’:
60 L = :.Ns‘e,:,= 10:: 5x A:EC= 06 e:\/, Sx: AEC:= 0.1:7 eV - : : : : : : : | 1 4 -09
—~50 Pl P _ - : T8
- _ | =- L
< 40 . 4r = L— 13
c Do -1~ I K2
@ 30 1 T -1 —11.20
20+ ! | I_l =1 1%)
10 l I N B
1 ] i i i I Rl = i i ] i ] ] ] ] i1 1 §<)
17234567 8 910 1234567 8 910 |
X/ [a. u.] x/Ax [a. u.]

Figure 3.15: Gain (a) and excess noise factor (b) as a function of the normalized
position z/Az (Ax being the step’s length) at which an electron is generated
for two staircase structures with ten steps. Solid red line: five steps with
AFEc = 0.17 eV are followed by five steps with AE- = 0.6 eV. Dashed blue line:
five steps with AFEqs = 0.6 eV are followed by five steps with AEs = 0.17 eV.

To visualize how the excess noise and gain build up along the structure, we
plot M(z) and F'(z) in Fig. 3.15 as a function of the position where the initial

60



carrier is generated. We consider the two cases with identical gain M = 57.23
in the last two rows of Tab. 3.2. As expected, the gain decreases moving inside
the staircase, i. e. when electrons are generated inside the structures, since
one loses the gain associated to the previous steps. As for the excess noise,
the spatial distribution changes remarkably with the ordering of the steps. If
the steps with larger AEs come first, the excess noise increases while moving
inside the multiplication region, since the high noise of the last stages gets
divided by a gain which gets lower and lower; thus we do not take advantage
of the high gain provided by the initial steps.

3.6 Optimization of the Noise Performance of
GaAs/Al,Ga;_,As Staircase APDs for X-
Ray Detection

In this Section we report on the optimization of the excess noise factor of
GaAs/Al,Ga;_,As Staircase APDs for X-Ray Detection. The results that we
present are obtained with the EBHDM described in Section 3.1. Results for
staircase structures are compared with experimental data for p-i-n and Multi-
Quantum-Well (MQW) APDs. Note that MQW APDs have always abrupt
heterojunctions between a low (E¢;) and a high (Eg2) bandgap material [84,
85], while in staircase APDs each stage is linearly graded from Fg; to Ege and
the abrupt discontinuity is only between Ego and Egy [13].

As shown in Section 3.3, the EBHDM reproduces a variety of experimental
data for APDs with different material and architectures. As a relevant exam-
ple, Fig. 3.16 reports with filled circles the F'(M) curve for a GaAs p-i-n diode
[23]: we see that F' &~ 0.75M, which results in high noise at large M values.
This, as stated in Section 1.3, is a consequence of similar electron and hole
impact ionization coefficients (o ~ ) in GaAs (as well as in many other I1I-V
compounds).

For the staircase APDs in the GaAs/Al,Ga;_,As system in [22], the mea-
sured F'(M) curves for the devices with mesa diameters of 200 pm and 600 pm
are reported in Fig. 3.16. The F'(M) curve for the APD with diameter 200 pum
is in agreement with the experimental results for the GaAs/AlGaAs MQW
APD with 25 steps in [84]: the noise is much lower than for the p-i-n diode
and its behavior is predicted also by the EBHDM (that is calibrated on p-i-n
diodes without additional model parameter changes when considering staircase
structures). The F(M) curve for the device with diameter 600 pm, instead,
lies very close to the results reported in [85] for a GaAs/Al,Ga;_,As MWQ
APD with 15 steps and to the experimental results for the GaAs p-i-n diode
[23]. Concerning the difference between the results for the devices in [22], we
think that the architecture with a bigger mesa area may show additional noise
sources other than multiplication noise. However, the experimental F'(M)
curve for the GaAs/Al,Ga,_,As staircase APD of [21], that is similar to the
one of [22], indicates that the use of staircase APDs is beneficial in terms of
excess noise factor at a given gain w.r.t. p-i-n diodes. In other words, our
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nonlocal model (calibrated on GaAs p-i-n diodes, see Fig. 3.2 and Tab. 3.1)
seems to support the experiments in [84] as well as the noise measured in [22]
for the device with a smaller diameter.

It is important to note that the use of Eq. 1.10 (blue line), using P, =
MYNster — 1 predicts an even lower noise. This can be explained considering
that in the GaAs/Al,Ga;_,As system the conduction band energy step is small
compared to the bandgap of the material where impact ionization takes place
(see the band diagram in Fig. 3.10a). This requires large applied biases to
increase the gain, but, due to the large induced electric field, significant electron
and hole multiplication takes place between the steps. We thus believe that
hole impact ionization between consecutive steps is responsible for the large
difference between the experiments (and the EBHDM) and the predictions of
Eq. 1.10 which neglects hole impact ionization.

Before continuing, it is worth mentioning that in the EBHDM the sole
effect of the heterojunction is to add energy steps equal to the difference in
affinity between the materials. Phenomena related to momentum conservation
or to disorder at the interface are not included. In practice, in the model the
heterojunction provides energy to the carriers over a short distance, making
impact ionization more localized and thus with a reduced associated excess
noise.
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Figure 3.16: Excess noise factor as a function of the gain for different GaAs/Al-
GaAs APDs: experimental data for a thick (d = 1.6 um) GaAs p-i-n diode
from [23] (e), staircase APDs fabricated by our group [22] (M, x for the 200
pum and the 600 pm mesa diameters, respectively), a MQW APD with 25 steps
[84] (#), a MQW APD with 15 steps [85] (x) and for the staircase APD of [21]
(A). The dotted lines represent the results obtained with the EBHDM model
(same calibration for both devices), while the solid line is Eq. 1.10 [13] (for
Nitep = 12 steps).

Experimental and modeling results in Fig. 3.16 point out that staircase
structures in GaAs/Al,Ga;_,As perform much better than GaAs p-i-n diodes

in terms of noise at given gain. However the excess noise factor is far from what
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is expected from Eq. 1.10, the reason being hole impact ionization between
the steps due to the large applied electric field, which in turn is necessary to
increase the gain because the amplitude of the conduction band discontinuity is
small if compared to the bandgap of GaAs. In this section we analyze whether
increasing the number of steps lowers the excess noise factor at a given gain.

3.6.1 EBHDM results for different number of steps

We have considered the device structure in Fig. 1.18b, for different values
of the number of steps in the multiplication region. Figure 3.17 shows that
the excess noise factor for given gain is reduced when the number of steps is
increased. Furthermore, by increasing the number of steps we achieve high
gain over a larger voltage interval, which in turn makes the external biasing of
the device much simpler than in the case with few steps, where high gain can
be attained only by biasing the device close to breakdown that is, at the edge
of the intended linear regime of operation. Of course, with large number of
steps high bias voltages are necessary to obtain high gains, but those voltages
do not require a very precise setting as with a small number of steps.

The trend in Fig. 3.17 can be explained by considering that the large num-
ber of steps enhances the intrinsic gain that can be achieved without applying
an additional electric field. So, for given gain, a structure with more steps
entails a lower electric field, as can be seen in Fig. 3.18.

10— 71T L N e s m e T
I I ] —
SO Il
. I - - 1 -
8_ | ' =] /. 9
R 1 b REE R
. ] -
2 6F I I :[-— 6 steps N t
c | I :|=— 12 steps »
© I . 1 o |=- 24 steps -~ 9
O L 1| 1 | s steps T2
] 1 . )y P AR [)]
L. / R 3
1 / 4 O
2r //.-"' ] I.I>j
2% G N | Lo 1
0 10 20 30 40 50 60 70 2 4 6 8 1d
Reverse Bias [V] Gain (M)

Figure 3.17: a) Simulated (EBHDM) gain as a function of the applied bias and
b) excess noise factor as a function of gain for a staircase APD like the one in
Fig. 1.18b with Ng., = 6,12, 24, 48 multiplication steps.

A quantitative interpretation of the results in Fig. 3.17, requires models
that go beyond Eq. 1.10 and include hole impact ionization, as described in
the next subsection.
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Figure 3.18: Conduction band profile of a 0.55 eV single multiplication step
(as for the Alg45Gags5As/GaAs [76]) at fixed total gain (M = 10) for staircase
APDs with 12 (solid line) and 48 steps (dashed line).

3.6.2 Interpretation based on the Electron and Hole
Ionization Probabilities per Step

Analytic expressions to compute the overall gain and excess noise factor in
staircase APDs when both electrons and holes ionize have been proposed in [32]
and have been already discussed in Section 2.1.1 (Egs. 2.20 and 2.21). Here, we
recall that P, and P, are the electron’s and hole’s ionization probabilities per
step, respectively, and k, = P,/P.. Equations 2.20 and 2.21 are valid in the
low gain limit of the linear regime, when electron and hole impact ionization
events at a single step can be treated separately, as if the two mechanisms were
independent. Although this may be correct if impact ionization is localized
at the steps, the accuracy is limited when impact ionization events are spread
out between the steps.

We have extracted P, and P, by simulating electron and hole impact ion-
ization in single or double step structures that include the region with electric
field between the steps. In particular, P, is computed from the gain M ob-
tained simulating a single step structure that includes the step and the electric
field region just after the step (up to the next step), by activating only electron
impact ionization and writing P, = M — 1 (Fig. 3.19a). Figure 3.19b shows
that, when a staircase structure with Ng., = 2 is considered, a(0|z') is the
same if we consider an ionization point 2’ in the first step or the corresponding
x’ in the second step. To calculate P, two steps (and not only one) should
necessarily be included in the simulation domain, because the distance that
holes have to travel in order for the impact ionization coefficient to be in equi-
librium with the electric field is larger than the thickness of a single step (see
Fig. 3.19¢). This interpretation is supported by Fig. 3.19d, in fact we notice
that, when we simulate a staircase structure with three steps and we assume
the injection of a hole at x = W, g(W|a') for a point 2’ belonging to the
second step is the same as the one for the corresponding 2z’ in the third step,
while it is lower for a point 2’ in the first step. We then compute P}, using an
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expression similar to Eq. 2.22; namely

Py, = exp (/wo ﬂ(moyx’)dx/>
xo—L

where L = d /N, is the length of one multiplication step and only hole impact
ionization is active in the simulation.

(3.22)
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Figure 3.19: a), b) Electron’s impact ionization coefficient «(0|z’) and ¢), d)
hole’s impact ionization coefficient 3(d|z’) as a function of the ionization point
2’ in one (a), two (b)(c) or three (d) steps of a GaAs/Al,Ga,_,As staircase
APD (Ngep = 12, M = 5). x = d is the right-most point of the multipli-
cation region. The location of conduction and valence band discontinuities is
highlighted by red dashed lines.

Figure 3.20a reports the P, and P, obtained with this procedure. P, and
Py, are plotted as a function of Ng,, for different gains, which means that
for each N, the electric field between the steps is set to achieve the desired
gain in the complete Ng.,-step structure. If we increase the number of steps,
the same gain is achieved with a lower electric field between the steps. Thus,
both P, and P}, in Fig. 3.20a decrease when increasing Ng.,. The effect of the
reduction of the applied field is much larger on P, than on P, (at M = 10,
from Ngtep = 6 to Ngep = 48, P is reduced by 98.5%, while P, is reduced
by 80%), since electrons also feel multiplication by the conduction band steps,
whereas valence band discontinuities are negligible. As a result k, = P, /P,
tends to zero for increasing Ny, (Fig. 3.20b), leading to a structure essentially
dominated by electron impact ionization.

65



Figure 3.21 compares the EBHDM results of Fig. 3.17 with the results of
Eqgs. 2.20 and 2.21 using the P. and P, values in Fig. 3.20. The mutual agree-
ment is quite good for Ny.p,=24 and Ng.,=48, while Eq. 2.21 loses accuracy
for a smaller number of steps. In fact, at given gain P, and P}, are large when
Nistep is small; thus the assumption behind Eqs. 2.20, 2.21 that electron and
hole ionization can be treated as independent events becomes less justified. In
conclusion, the comparison of the EBHDM and Eqs. 2.20 and 2.21 confirms
that the main advantage of using a large number of steps is to reduce the elec-
tric field necessary to obtain a given gain, thus reducing hole impact ionization
between the steps.
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Figure 3.20: Simulated (EBHDM) a) electron’s and hole’s ionization probabil-
ities and b) ionization ratio k, = P, /P, as a function of the number of steps
at given gain M = 5,10, 20.
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Figure 3.21: Comparison of the excess noise factor as a function of the gain
computed by using the EBHDM (solid lines) or by using Egs. 2.20 and 2.21
with the P, and P, from Fig. 3.20a (dashed lines) for a staircase APD like the
one in Fig. 1.18 with Ny, = 6,12, 24, 48 multiplication steps.
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3.7 Summary

We have proposed a nonlocal history dependent model (EBHDM) for impact
ionization suitable for (but not limited to) APDs with staircase structure in
Sections 3.1-3.4. The ionization coefficients for electrons and holes are related
to effective field profiles obtained from a first order energy balance equation
rather than resorting to the definition of a dead space. This renders the model
robust in the presence of abrupt heterojunctions. For a given material, eight
parameters are needed. The model has been calibrated against literature ex-
perimental data for gain and noise in p-i-n diodes and then applied to more
complex APDs based on heterojunctions between I1I-V compounds. It is found
that hole impact ionization still plays a substantial role in these devices and
degrades the noise performance.

In Section 3.5 we have derived a simple formula (Eq. 3.21) for the excess
noise in staircase APDs with single carrier multiplication that extends the
original model in [13] to the case of steps with different amplitude. The results
allow technologists to optimize staircase APDs for best F' at given M, without
need for more computationally demanding numerical models, such as Monte
Carlo or history dependent models.

The formula suggests that, for minimum excess noise, larger conduction
band steps should come before the small ones along the carrier path, this is
consistent with the analysis for photomultiplier tubes reported in [32]. The
formula for the excess noise has been validated by numerical simulations using
the nonlocal history dependent model for impact ionization of Sections 3.1-3.4.
Although we considered here only cases where the effect of the electric field
between the steps is negligible, the proposed formula could in principle be used
also when this field is not null: essentially the region between two steps has
its own gain and excess noise that can be combined with the gain and noise of
the steps with Eq. 1.10.

The main limitation of the proposed formula is that it is valid only when
hole impact ionization is negligible. However, we would like to point out that
the effects of hole impact ionization become relevant when the conduction band
discontinuities do not provide electrons with sufficient energy to ionize, as for
example in the AlGaAs/GaAs system [69]. When this happens, multiplication
in the regions between the steps tends to have similar impact as the one at the
steps. In these conditions, the use of different sequences of steps with different
amplitudes would likely have less effect on the overall gain and excess noise.
Hence, one should either use the Eq. 2.21 to fit experimental data (as in [24]),
or should resort to fully numerical models.

in Section 3.6 we have used the EBHDM to study how the gain and the
excess noise factor of the staircase SAM-APD of Fig. 1.18b are affected by
the number of steps of the multiplication region. The model points out that
increasing the number of conduction band steps in these staircase structures
reduces the noise at fixed gain, because a lower electric field between the steps
(and thus lower hole impact ionization) is required for a given gain. Increasing
the value of Ny, comes at the expense of a longer response time but, as it
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will be discussed in Section 4.4.1, for X-ray detection the time constant of the
CR-RC shaping circuit (see Section 1.6) is order of magnitudes larger than the
duration of the current waveform at the output of the APD, so that changing
the value of Ng, does not affect the duration of the current waveform at the
output of the shaping filter.

68



Chapter 4

The Improved Random Path
Length Algorithm

In this Chapter, an improved Random Path Length algorithm (see Section 2.2.4)
for the computation of the gain, the excess noise factor and the time response
of Avalanche Photodiodes will be presented. Differently from the one pre-
sented in [43, 79], the proposed algorithm takes into account both the drift
and the diffusion of carriers inside the device and it can be coupled to any
nonlocal history dependent impact ionization model. It is thus particularly
suited for the simulation of staircase Separate Absorption and Multiplication
APDs. The results that will be shown in the following are an extension of the
ones published by the author of this thesis in [86, 87].

4.1 Time Response, Bandwidth and Jitter

The usefulness of the Random Path Length algorithm (RPL) for the determi-
nation of the gain, the excess noise factor and the time response of Avalanche
Photodiodes biased in the Linear regime has already been discussed in Sec-
tion 2.2.4. In particular, by simulating N., independent photon-induced gen-
eration events (also called trials) and mimicking the motion of carriers, at
constant velocity, inside the multiplication region of APDs, we can compute
M and F by using Egs. 2.75 and 2.76, but also, thanks to Ramo’s theorem
[34], the current waveforms associated to carriers’ multiplication (i(t), Eq. 2.77)
From the Fourier transform of () it is also possible to compute the bandwidth
of the APD, by employing the procedure described in Fig. 1.6.

In time of flight applications used for X-ray detection, however, it is im-
portant not only to evaluate the average response time, but also the jitter,
that is defined as the statistical fluctuation of the time interval between the
arrival of a photon and the output pulse leading edge [88] (see Section 1.3.1).
The jitter results from the stochasticity of carrier multiplication (i. e. at a
given bias voltage different carriers can experience different gains [1]) and ran-
domness of processes such as carrier photogeneration and diffusion. Although
both analytical [89] and numerical [90] models of jitter have been extensively
proposed in the past for Silicon single photon avalanche diodes working in
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Geiger mode (Silicon photomultipliers), similar models for APDs working in
the linear regime have not been developed to our knowledge.

4.2 Target Application: Staircase SAM-APD
for X-ray Detection

In the following we will focus on the dynamic performance (in terms of response
time, bandwidth and jitter) of APDs fabricated in high atomic number I1I-V
compound semiconductors and working in the Linear regime. In fact, as stated
in Section 1.3, using semiconductors with large atomic number allows to detect
photons at energies higher than the ones detectable with Silicon devices, while
the self-quenched avalanche of the linear regime provides amplification without
an excessively long response time [21].

This simulation study particularly aims at the state of the art GaAs/Al-
GaAs avalanche photodiodes with separate absorption and multiplication re-
gions (SAM-APD) of Fig. 1.18b, intended for X-ray spectroscopy. The pro-
posed model, however, is quite general and applicable to any SAM-APD, not
necessarily fabricated with III-V compound semiconductors. The electric field
is confined inside the intrinsic multiplication region where impact ionization
occurs (that can be fabricated either with a single material or with a staircase
structure) and is separated from the absorption region by a p-doped dJ-layer
(see Fig. 4.1). The doping profile of the device under study, that features a
staircase multiplication region with twelve GaAs/Al,Ga;_,As steps [7, 21, 22],
is reported in Fig. 4.1.
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In a SAM-APD like the one in Figs. 1.18b, 4.1, several sources contribute to
the jitter: the randomness of the spatial position where electron-hole pairs are
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generated (z,), the number of generated electron-hole pairs per photon, the
diffusive transport inside the absorption region and the stochastic nature of
electron-hole pairs generation by impact ionization events in the multiplication
region.

Since the RPL algorithm mimics the motion of each carrier inside the APD
depletion region and, differently from the other model implementations that
provide static average quantites, it straightforwardly yields the APD time re-
sponse to a single photon arrival [79, 86], it allows to study the time response
fluctuations and, thus, to extract also the timing jitter. An extension of the
original RPL algorithm [43, 79] is necessary, however, to study complex struc-
tures: carriers’ drift and diffusion in quasi-neutral regions such as the absorp-
tion region of SAM-APDs have to be taken into account and, in the case of
staircase APDs, the Energy Balance History Dependent Model described in
Chapter 3 has to be used to describe impact ionization, instead of the Dead
Space model employed in Section 2.2.4.

4.3 Model

The RPL algorithm translates the motion of the carriers into an electric cur-
rent waveform induced at the terminals. As such, it takes into account the
stochastic nature of the diffusive motion in the absorption region and the im-
pact ionization in the multiplication region.

We have assumed a large area device so that edge effects are negligible, and
a one-dimensional analysis is sufficient to represent accurately the physical sys-
tem. We have also assumed that, due to their low number, the photogenerated
carriers have a negligible impact on the device electrostatics, so that a fully
self-consistent solution of the generation and transport processes is not neces-
sary. Accordingly, the (frozen) electric field is computed with enough accuracy
by a drift diffusion or hydrodynamic TCAD model in the absence of photon
generation [76]. The ingredients of the model, namely drift and diffusion in
the absorption region, drift and impact ionization in the multiplication region
and current induced at the terminals are described in details in the following
sections.

4.3.1 Carrier Transport in the Absorption Region

The carrier motion in the absorption region have been described by means of
a single particle parabolic bands Monte Carlo procedure!. A photon generates
N electron-hole pairs (where N is an input of our model) with zero velocity
and kinetic energy at the location where it is absorbed. These pairs move in
a sequence of free flights and scattering events. The free flights have velocity

! A multi-valley Monte Carlo procedure that includes non-parabolicity corrections would
me more accurate for ITI-V compound semiconductors. Here, instead, we used a simplified
model that allows us to reproduce the mobility extracted with the TCAD simulator.
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v(x) and acceleration

qE(x)

Meff

a() = Wiay =

(4.1)

where E(z) is the electric field at position x and m. s is the effective mass of
the carrier. They are randomly interrupted by scattering events. The average
time that separates two consecutive scattering events is chosen according to
the mobility u(x), namely

M(x)meff (4'2)

Ts(x) = .

The duration of a free flight starting at position x is then generated according
to the standard Monte Carlo method as t¢(z) = —75(x)log(r) [45], where r
is a random number uniformly distributed in the [0, 1] interval. To avoid the
repeated lengthy and time consuming exact calculation of the after-scattering
state, after a scattering event the carrier velocity is randomized (in magnitude
and direction) according to a normal distribution with zero mean and standard
deviation equal to a thermal velocity vy, = /kyT/mess, consistently with
diffusive transport and the assumption of parabolic bands. Moreover, the
duration of each free flight is chosen such that carriers do not travel over
distances where steep variations of the electric field occur in the absorption
region?. If that happens, the free flight is interrupted at a location that satisfies
this requirement, a new ¢ is computed, but no scattering event occurs, so that
the carrier starts the new free flight with the final velocity of the previous one.
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Figure 4.2: Electron’s drift velocity in GaAs as a function of the applied electric
field for different values of the effective mass m., extracted from the RPL
algorithm by using the description of carriers’ motion reported in Section 4.3.1.
The mobility (the slope of the v(E) curve) is insensitive to the choice of m,,
thus g, = 8450 cm?/Vs in all cases, that is the value inserted in Eq. 4.2 to find
7s when producing the points in this figure.

2In our simulations, the maximum variation of electric field that a carrier can experience
has been empirically chosen as the 0.1% of the difference between the maximum and the
minimum electric field in the absorption region of the APD.
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The mobility and the electric field profiles, pu(x) and E(z) have been ex-
tracted from DC analyses with a TCAD software [76], therefore p(z) accounts
for all scattering mechanisms that were included in the TCAD simulations.
The effective masses for electron and hole transport in GaAs are m, = 0.063m,
and my;, = 0.51myg, respectively [91], where my is the electron rest mass. We
have verified that the carriers’” mobility and velocity are insensitive to the
choice of m, and my, (see Fig. 4.2). As a sanity check of the implementation,
we have also verified that under uniform electric field, the carriers move ac-
cording to the mobility p obtained from TCAD (i.e. the average velocity of
the charge ensemble is v = pF, see Fig. 4.3) and with a diffusion coefficient
D = pukyT/q (as verified by simulating the evolution of a Gaussian charge
packet, see Fig. 4.4).
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Figure 4.3: a) Electron’s drift velocity and b) electron’s mobility as functions
of the applied electric field in GaAs. The values extracted from TCAD sim-
ulations (black circles) are compared with the ones obtained with the RPL
algorithm by using 7, ~ 0.3 ps, corresponding to p. = 8450 cm?/Vs and
me/mo = 0.063 (red crosses).
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Figure 4.4: a) Evolution in time of the PDF of the electron’s position (after
simulating an ensemble of 10° electrons) when the applied electric field is E = 0
and 7" = 300 K. b) Comparison between the time dependence of the variance
of the PDF of the electron’s position for £ = 0 and 7' = 300 K (black circles)
and the one of a Gaussian bell with variance o7, = 2tuckT/q (red line), as
given by the solution of the diffusion equation [92].

73



4.3.2 Carrier Transport in the Multiplication Region

The simulation of carrier transport in the multiplication region makes use of
an improved version of the RPL algorithm originally proposed in [43, 79]. The
new algorithm can, in fact, be coupled to every nonlocal history-dependent
model and not only to the Dead Space model of [35]. In the following, the
coupling of the RPL algorithm with the Energy Balance History Dependent
Model of Chapter 3 will be discussed.

The History Dependent impact ionization coefficients a(z|x’) and fB(x|z)
(i. e. the probabilities per unit length for an electron and a hole generated at
position x to ionize at ' [69]) have been computed by using Eqs. 2.72, 2.73
and are functions of suitable effective fields derived from the conduction and
the valence band profiles (Egs. 3.11 and 3.11). According to the definition of
the electron’s survival probability Py (x|z') in Eq. 2.42, the distance that an
electron at position x travels before generating an additional electron-hole pair
(' — x) can be computed by finding the value of z’ that satisfies the relation

r = Py (z|r') = exp (—/

where r is a random number uniformly distributed in the [0, 1] interval. Equa-
tion 4.3 have been solved by storing in a look-up table its right hand side for
each value of x and 2/. The z and 2’ spacings are small enough to produce
discretization-independent results. Then for a given x and r, a binary search
has been performed in the table to find the value of 2’ that satisfies the rela-
tion. A similar methodology has been used to describe the motion of holes.
As described in [86], each time a carrier ionizes, the algorithm recursively sim-
ulates the motion of the electron and hole originated from the parent carrier,
until they are collected by the contacts, then it goes back to the simulation of
the parent carrier. The time needed to move a carrier from x to a’ is estimated,
assuming a constant drift velocity v, ;, and computing (2’ — ) /vep.

The parameters of the effective field and of the impact ionization coefficient
calculations are reported in Tab. 3.1.

Since the mean gain (M) and the excess noise factor (F') depend only on
the transport and impact ionization in the multiplication region, they can
be extracted with the RPL algorithm by simulating N, independent trials
(each trial corresponds to a photon-induced generation event) considering the
carriers’ motion only in the multiplication region of the device. M and F are
then computed using Egs. 2.75 and 2.76, respectively.

!

a(m|x”)dm") : (4.3)

4.3.3 Current Induced at the Terminals

A new formulation of Ramo’s theorem [34] to compute the current induced
at the terminals by carriers moving in a partially depleted device has been
proposed in [93]. The contribution of each carrier to the current at time ¢ is
given by

i(t) = g /0 wla (), t — Jofe(t), V]dt, (4.4)
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where w(z, t) is a weight function and v(x,t) is the carrier’s velocity and ¢t = 0
is the photon’s arrival time. Compact formulas for w(z,t) are reported in
[93], that assumes two distinct regions in the device: the absorption region
with uniform finite conductivity ¢ = ¢(p,n + p,p), and the multiplication
region where o is approximately zero, since this region is depleted and there
are essentially no free carriers (see Fig. 4.1). According to this assumption, the

weight functions in the absorption and in the multiplication region are given
by

ne(t) = 7 (80 = e (45)

dabs + dmult T
1 1 dy
it (1) = ——— [ 6(¢) + ——= _t/T) 4.6
v lt( ) dabs + dmult ( ( ) T dmult ‘ ( )
where Qo
€ Ugps mult
= 4.7
! o dmult ’ ( )

§(t) is the Dirac delta function and ¢ is the static® permittivity of the material
[93].

In realistic cases, it is not trivial to make an abrupt distinction, since the
values of dus and d,,; do not always correspond to the thickness of the un-
depleted and depleted regions, respectively. For instance, at high reverse bias
voltages the electric field in the device in Fig. 4.1 depletes part of the absorp-
tion region and the profile of o(z) becomes highly nonuniform (see Fig. 4.5).
For this reason, we have discretized the absorption region in Ny intervals, with
nonuniform spacing Ax;, permettivity e, conductivity o; and weight function
w;(t). We assume o = 0 in the multiplication region, that is consistent with
the profiles extracted from TCAD (see Fig. 4.5). The w;(t) have been numer-
ically computed by antitransformation of the corresponding Laplace domain
expression. In fact, knowing that in the Laplace domain [93] W;(s) (Laplace
transform of w;(t)) obey to

Ny
i=1
0; i
Wit (s) (g n S“) — Wi(s) (5 n ;) (4.9)
one can derive that
Lse+o
Wils) = >0 2T, (4.10)
i=1 v
where _ 1 o
s) = , .
1 vazdl Z?T?A%

3Note that Eq. 4.7 has been derived in [93] for Silicon. In III-V compound semiconductors,
due to their polar nature, the model should include the dependence of € on the frequency,
which would not bring to close-form expressions as Eq. 4.7. In this work we use the static
permittivity, since the transverse and longitudinal polar optical frequencies for GaAs are
much higher than the frequencies of interest for the computation of the weight functions.

I0)



where the index “1” denotes an arbitrary point of the grid, taken as reference.
Inverse Fourier transform of the W;(s) projection on the imaginary axis (s =
jw) yields the desired w;(t). The integration scheme proposed in [94] was used
to this end (the pseudo-code is reported below).

nn = [0:2xNFFT—1]; % NFFT = no. of points for FFT comp.
fmax = 1/2/dt; % dt is the time resolution

w_i(t) = real(ifft (W.(s)(1:NFFT—1), 2«NFFT) +
ifft (W.(s)(2:NFFT), 2«NFFT) x
exp (j*2xpixnn/2/NFFT))/dt;
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Figure 4.5: Conductivity as a function of the position inside the device of
Fig. 4.1 (in linear (a) and logarithmic scales (b)) extracted from TCAD simula-
tions [76]. Two bias voltages lower than the breakdown voltage are considered:
V = —28 V (black solid line) and V' = —32 V (blue dashed line).

Figure 4.6 compares, for the same bias voltages of Fig. 4.5, the wgs(t) and
Wit (t) computed by using Eqgs. 4.5, 4.6 (assuming a constant value of o(z) in
the absorption region) and the w;(z,t) at * = —2.35 pum (close to the middle
of the absorption region, and at = 0 (where the multiplication region begins)
computed numerically by using Eqgs. 4.10, 4.11. As expected, the agreement
between the two methods is very good only when the electric field is confined
inside the multiplication region at (i. e. for V= —28 V), but when part of the
absorption region is depleted, we get substantially different results, especially
at x points close to the multiplication region. However, we also note that
the w;(t) computed by using Eqgs. 4.10, 4.11 reported in Fig. 4.6b are similar
to those computed by using Eqs. 4.5, 4.6 when, instead of using the nominal
values of dps and d,,¢, an effective d is defined as the distance at which the
electric field reaches about 1% of its maximum value inside the multiplication
region and an effective value of d,,,;; is also defined consistently.

The contribution of each free flight to the total current waveform is then
given by the convolution of w;(t) with a trapezoidal velocity profile where
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the initial velocity is v(x) and increases with constant acceleration a(z) from
Eq. 4.1 in the absorption region, while it is equal to v, (or v,) in the multipli-
cation region.
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Figure 4.6: a) Sketch of the SAM-APD of Figures 1.18b and 4.1. Electron-hole
pairs are generated at position z,. b), ¢) Comparison between the weighting
functions w;(t) extracted by using Eqs. 4.5, 4.6 and nominal dus and d,u
values (symbols) and Egs. 4.10, 4.11 (lines) at two different positions inside
the device (z = —2.35 um in red, that corresponds to a point close to the
middle of the absorption region, and x = 0 in blue, that corresponds to the
coordinate where the multiplication region begins) and at b) V' = —28 V and
¢) V = —=32 V. In plot c), the dotted lines represent the w;(t) computed using
Eqgs. 4.5, 4.6, but employing effective values of ds and d;. When Eqgs. 4.5,
4.6 are used, a constant conductivity inside the absorption region, equal to the
value of o at © = —dgs/2 in the TCAD simulation, has been assumed.

4.4 Model Verification

The validity of the proposed model has been verified by simulating with the
improved Random Path Length algorithm the staircase SAM-APD for X-ray
detection of Figures 1.18b and 4.1.

As far as gain and excess noise factor are concerned, the RPL algorithm
should give exactly the same results as the Finite Difference (FD) implemen-
tation described in Section 3.2, since the same parameter values are adopted
(Tab. 3.1). This is demonstrated in Fig. 4.7 for p-i-n GaAs APDs and in
Fig. 4.8 for the staircase SAM-APD of Fig. 1.18b
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Figure 4.8: Same as Fig. 4.7, but for the staircase SAM-APD of Fig. 1.18b.

Experimental data are taken from [7, 21].

To verify the correctness of the current waveforms extracted with our im-
proved RPL algorithm, instead, we have performed DC analyses of the device
in Fig. 4.1 at different bias voltages. We haved used the TCAD software [76] to
extract the electric field F(z), the field-dependent mobilities p.(z) and pp(z),
the concentrations n(z) and p(x), the band profiles, and then we have com-
puted the conductivity o(x) (see Fig. 4.5), the accelerations a.(x) and a,(x)
(Eq 4.1) and the average times between consecutive scattering events 7 .(x)
and 7s5(z) (Eq. 4.2). Then, the weight functions w;(¢) have been calculated
for each point of the absorption region (Eq. 4.10).
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Figure 4.9 compares transient simulations with the TCAD software and the
calculations with our algorithm after optical generation at different locations
in the device. In this case, impact ionization is turned off since the TCAD tool
does not include nonlocal models for impact ionization with associated noise
comparable to the RPL algorithm [86] in terms of physical content.
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Figure 4.9: Comparison between the current waveforms computed with TCAD
[76] (dashed lines) and with our algorithm averaging over 10° photon-induced
generation events (solid lines). The generation of a single electron-hole pair
occurs at £, = —2.35 pm a), ¢) or at x, = —0.25 pm, b), d) and two different
bias voltages have been applied: V = —28 V a), b) and V = —-32 V ¢), d). In
these simulations, impact ionization is turned off. Here and in the next figures,
the spatial coordinates are the same as in Fig. 4.1.

The TCAD software is based on the Drift Diffusion equations, works on
deterministic ensemble averages and thus provides only a sort of average cur-
rent waveform, obtained by using the doping profile of Fig. 4.1 and solving
the Poisson’s and continuity equations in the time domain, while our algo-
rithm simulates the random motion of many particles. Hence, the comparison
between our approach and TCAD is possible only if the RPL simulations are
averaged over many photon-induced generation events (10° in this case), start-
ing with randomly chosen generation seeds. As demonstrated in Fig. 4.9, the
agreement between the current waveforms computed with TCAD and the RPL,
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when we impose that a single electron-hole pair is generated at z, = —2.35 pm
or at x4, = —0.25 pm, is excellent at both bias points. The average current
waveforms extracted with the RPL algorithm in Fig. 4.4 are slightly noisy
because we have simulated a finite number of realizations of the stochastic
process (trials) of diffusive transport. This noise can be further reduced by
simulating (and then averaging) more trials.

4.4.1 Performance Analysis of the Multiplication Re-
gion of a Staircase SAM-APD for X-Ray Detec-
tion

In this Section, the RPL algorithm will be used to analyze the performance,
in terms of gain, excess noise factor, response time and bandwidth, of the
multiplication region of the staircase SAM-APD of Fig. 1.18b. The motion of
carriers in the absorption region has been neglected on purpose, so that our
analysis can highlight how the design of the multiplication region affects the
static and dynamic behavior of this device.
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Figure 4.10: a) Gain vs. voltage and b) excess noise factor vs. gain character-
istics obtained with the improved RPL algorithm for a 1 gm thick GaAs p-i-n
APD and for the staircase SAM-APD reported in Fig.1.18b. In the staircase
SAM-APD we have an extended voltage range where a gain significantly larger
than one that is achieved by the p-i-n diode.

To better visualize the advantages of a staircase structure compared to
a p-i-n diode in terms of a gain/noise perspective, Fig. 4.10 compares the
simulated M vs. voltage and F' vs. M curves of the device of Fig. 1.18b with
a 1 pm thick GaAs p-i-n diode, i.e. same length of the multiplication region
for both devices: the staircase structure shows significant gain also below the
breakdown voltage and has a much lower associated noise.

Current waveforms after the generation of a single electron-hole pair in-
jected at the left boundary of the multiplication region (i. e. pure electron
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injection) are provided in Fig. 4.11. Plots a) and b) consider the staircase
structure excluding or including hole impact ionization, respectively; we ob-
serve that hole impact ionization induces a long-lasting decaying tail in the
current waveform, which becomes longer as the gain increases, whereas the
current waveforms obtained when only electrons ionize have the same dura-
tion regardless of the gain.

By Fourier transform of the waveforms we determine the 3dB bandwidth
(see Fig. 1.6).
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Figure 4.11: Current waveforms at different gains for the multiplication region
of the staircase SAM-APD of Fig. 1.18b obtained with the improved RPL
algorithm a) without or b) with hole impact ionization. Carriers move at a
constant velocity v, = v, = 107 cm /s so that the transit time across the 1-um
multiplication region is Tz = 10 ps.

The gain-bandwidth product (GBP, see Fig. 4.12) is almost constant [12]
and improves for p-i-n APDs with thin intrinsic region. We can notice that
p-i-n and staircase diodes with the same width of the multiplication region
have similar GBP. Note that the staircase structure of Fig. 1.18b requires
a significant electric field between the steps in order to obtain a significant
gain. This results in large hole impact ionization which is detrimental for the
bandwidth (see the long tail in Fig. 4.11b, that implies an earlier decay in the
frequency domain. This problem does not occur in other material systems (as
for example in InAsSb systems [10]), where conduction band discontinuities are
large compared to the energy gap of the material in which impact ionization
takes place.
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Figure 4.12: a) Simulated Gain-bandwidth product of a 500 nm and a 1 gm-
thick GaAs p-i-n diodes and of the multiplication region of the staircase SAM-
APD of Fig. 1.18b obtained with the improved RPL agorithm (open symbols).
Filled symbols: experimental data for a planar [95] and a thin layer [96] sep-
arate, absorption, charge and multiplication (SACM), a Multi Quantum Well
(MQW) [97], a quantum dot (QD) SACM [98] and a resonant cavity (RC)
APDs [99] based on III-V compound semiconductors. b) Same as plot a) in
the range 1 < BW < 20 GHz.

The RPL algorithm can now also used to evaluate how changing the number
of steps in the multiplication region of the staircase SAM-APD of Fig. 1.18b
affects the response time of the device, similarly to what has been done for the
gain and the excess noise factor in Section 3.6.
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Figure 4.13: Simulated current waveforms for a staircase APD like the one in
Fig. 1.18b with Ng., = 6,12, 24,48 multiplication steps at fixed gain M = 10.

Of course increasing the number of steps results in a longer multiplication
region and thus longer time response to single photon absorption. Figure 4.13
reports the resulting current pulses for Ng.,=6, 12, 24 and 48, showing a
retarded peak when increasing Ng.,. On the other hand, the smaller hole
impact ionization entailed by large N, values reduces the amplitude of the
slow current tails w.r.t. the height of the main peak.
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However, when considering X-ray spectroscopy as a relevant application
for III-V based APDs, one should take into account that the diode current is
processed by a leaky integrator followed by an CR-RC shaper, as discussed
in Section 1.6. This corresponds to the convolution of the current pulses in
Fig. 4.13 with the function in Eq. 1.11. Since the 7, = RC time constant
is usually in the ps range [25], all the current pulses in Fig. 4.13 result in
essentially the same waveform at the output of the shaper (see Fig. 4.14). As
a result we can say that, for X-ray spectroscopy, increasing the number of steps
is beneficial since it reduces the noise (i.e. improves the energy resolution of
the system), as seen in Section 3.6.2, without penalties to the speed of the
system.
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Figure 4.14: Simulated current waveforms, after the convolution with the im-
pulse response function of a CR-RC shaper with time constant 7 = 1 pus,
for a staircase SAM-APD as the one in Fig. 1.18b with Ny, = 6,12, 24,48
multiplication steps at fixed gain M = 10.

4.5 Jitter of the Time Response

The random motion of carriers in the absorption region and the stochastic
nature of impact ionization events result in random changes of the current
waveforms whenever a photon creates electron-hole pairs, thus generating jit-
ter in the APD response. We now want to evaluate this jitter by assuming a
realistic architecture of the readout electronics used in time of flight experi-
ments.

In these systems, there is the need for a trigger that generates a logic pulse
signalling the occurrence of a photon arrival. To this end, different methods can
be used, e. g. simple threshold techniques (Leading Edge Triggering) or more
elaborate Amplitude and Rise Time Compensated (ARC) Timing [100]. In the
following, we take as reference case the simple Crossover Timing (CT) scheme
illustrated in the inset of Fig. 4.15a, because: 1) it can be easily implemented
as post processing step in the algorithm presented in Section 4.3; 2) it is less
affected than leading edge timing by the fact that two pulses with the same
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rise time, but different amplitude, reach the same threshold at different times
(the so-called “amplitude walk” [100]); 3) it is at the base of other timing
methods, such as the Constant Fraction Discrimination and ARC Timing.
[100]. Following the CT scheme, the (simulated) current waveform generated
by the arrival of one photon is subtracted by a delayed version of itself to obtain
a bipolar pulse. A trigger signal is generated at the zero-crossing point t* (see
Fig. 4.15). By simulating many photon-induced generation events we can then
construct the distribution of t* (in the following referred to as PDF(t*)) for
a given tp. We call response time jitter (t;) the standard deviation of this
distribution; the conceptual scheme in Fig. 4.15 thus gives us an indication of
the jitter in a realistic readout for time of flight measurements.
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Figure 4.15: Representation of the Crossover Timing method to compute ¢*,
which is representative of a readout scheme used in time of flight measurements.
The original current waveform (a) is subtracted to itself delayed by tp (b) to
obtain a bipolar pulse (c). A trigger is generated at the zero-crossing point
t*. In the inset of panel (a), the procedure is reported in the form of a block
diagram.

We have always assumed that the time interval between consecutive pho-
ton’s arrivals is longer than the time response of the device. Moreover, when
simulating the diffusion of the carriers in the absorption region (see Fig. 4.6a),
differently from what is explained in Section 4.3, we have set w;(x,t) = 0 for
x < 0 when the electric field is null in the absorption region, that yields a
null current waveform from ¢ = 0 to ¢t = ¢4;¢¢, where t4;¢s is the random time
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needed for the electron generated in the absorption region to diffuse towards
the multiplication region (see Fig. 4.16a). In other words, the model considers
only the effect of diffusion on the duration of the current waveform, and ne-
glects the contribution of diffusion noise in terms of induced current, since this
would result in thermal noise components at high frequency filtered out by any
readout circuit. This approximation is supported by Fig. 4.16b that shows the
current power spectral densities (PSDs), averaged over N,, = 10® photon in-
duced generation events, obtained including or not the contribution of carrier
diffusion to the induced current. Figure 4.16b has been constructed by assum-
ing random time intervals, generated according to a Poisson distribution with
mean frequency v = 0.5 GHz between consecutive photon arrivals and then
performing the Fourier transform of the sequence of current waveforms. The
pseudo-code for the computation of the PSD is here reported:

T = 0;

PSD = 0;

nu = 0.5e9;
for n = 1:Nev

it = current computed with RPL algorithm;
T.rnd = —1/nuxlog(rand(1, 1));
T += T_rnd;

% NFFT = no. of points for FFT computation

[_fft = fft(i_t , NFFT);
[ fft2 = abs(I_fft (1:floor (NFFT/2)+1)"2;
[_fft2 (2:end—1) *= 2;
PSD += I_fft2xdt"2;
end

PSD /= T;

We notice that, in the low frequency limit, there is a good agreement between
the PSDs computed in the two cases (with or without the contribution of
carriers’ diffusion to the induced current). The small discrepancy is due to
the fact that when the complete model is used, the high frequency white noise
associated with carriers’ diffusion adds to the shot noise component of the
photogenerated current I,;, = qu. So, setting w;(z,t) = 0 for x < 0 gives the
advantage of getting output waveforms free of additional noise contributions
of limited relevance for the considered problem. In addition, to suppress the
effect of the residual noise, a zero-crossing point is considered valid only if it
occurs when the integration of the original current waveform is larger than
0.1 the electron’s elementary charge ¢q. A possibility to further reduce the
noise components not relevant to jitter analysis, would be to filter the current
waveforms, mimicking the effects of the finite bandwidth of a real readout.
When, instead, the absorption region is partially depleted, we compute w;(z, t)
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also for x < 0 when the carriers move in a region where the electric field is, at
least, the 1% of its peak value in the multiplication region.
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Figure 4.16: a) Sample current waveform for a single generation event and

b) the corresponding current power spectral density averaged over N, = 103
generation events computed with our algorithm using the complete model de-
scribed in Section 4.3 (black solid line) or imposing w;(z,t) = 0 for z < 0 (red
dotted line) for V' = —28 V and z, = —2.35 pum. A single electron-hole pair is
generated per absorbed photon.

Concerning the delay time tp, this has been set larger than the rise time
from 10% to 90% of the peak current of the original waveform and chosen so
that the falling edge of the original current pulse crosses the rising edge of
the delayed one in a region where small changes of £, do not affect the jitter.
The limitations of this approach are discussed in the following Section 4.5.2.
Indeed we have verified that, when all the current waveforms generated by
different photons have a similar shape (that is the case when impact ionization
is turned off, so that the only difference between the waveforms is ¢4, see
Fig. 4.16a), then an interval of values exists where the precise tp does not
affect the extracted jitter value (Fig. 4.17).
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Figure 4.17: Probability Density Functions of ¢t* for a) V' = —28 V and b)
V = —-32V for different ¢p. The generation point is z, = -2.35 um. PDF(t*)
is the same regardless of the tp value.

To assist our forthcoming interpretation of the distribution of t*, we re-
call that, based on the solution of the diffusion equation [101], for Brownian
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motion in a region of constant drift velocity v and diffusion coefficient D, the
probability density function of the arrival time ¢* necessary to move from a
generic photo-generation point z, in the absorption region to the point where
the multiplication region starts (z = 0, see Fig. 4.6a), is an inverse Gaussian

distribution: ) ( e
o Tg (=zg —ot?
f(t") = ——=eap ( —uDp ) : (4.12)

The standard deviation of the distribution of Eq. 4.12 is a good representation
of the jitter of an APD when the multiplication region has a deterministic
behavior, i. e. carrier multiplication is negligible and the absorption region
is under uniform conditions, so that constant v and D can be assumed along
the x direction. In order to examine the validity of these assumptions and
their impact on the jitter, different cases will be analyzed in the following
subsections.

4.5.1 Case 1: Influence of the Bias Voltage and of the
Generation Point

To evaluate how the applied voltage and the location of the generation point
affect the distribution of ¢*, we have considered two bias points: V = —28 V
and V = —32 V, corresponding to two different configurations for the electric
field profile inside the device. In fact, while in the first case the field is entirely
confined inside the multiplication region, at V' = —32 V part of the absorption
region is depleted, as also visible from the o(z) profiles in Fig. 4.5. We have
considered the deterministic generation of a single electron-hole pair occurring
either near the middle of the absorption region (z, = —2.35 pm) or next to the
edge of the multiplication region (z, = —0.25 ym). At this stage, we focus on
the effect of transport in the absorption region. Therefore, impact ionization
is deliberately turned off in the multiplication region, where electrons travel
with constant average velocity v..

Figure 4.18 shows the PDF(t*), obtained by simulating N, = 10°> photon
induced generation events for the cases described above. A tentative fit with
an inverse Gaussian distribution (Eq. 4.12), where v and D are effective (space
independent) fitting parameters, is also reported. We notice that at V' = —28 V
(Fig. 4.18a), when only the multiplication region is depleted and the electron-
hole pairs are generated far from the multiplication region, the distribution
of t* is very similar to the inverse Gaussian distribution of Eq. 4.12 (as when
transport occurs by drift and diffusion under uniform electric field). However,
in the SAM-APD of Fig. 4.1, the assumption of a uniform electric field is not
valid at positions close to the p*-contact and at the boundary between the
absorption and the multiplication region. For this reason, Eq. 4.12 holds only
if effective values of v and D are used instead of the ones that can be extracted
from the TCAD analysis; in the case of Fig. 4.18a, for instance, the effective
values v = 7.796 x 10° cm/s and D = 1.15 x 10 ¢cm?/s have to be used in
Eq. 4.12 instead of v = 680 ¢cm/s and D = 221 c¢cm?/s, that are the values
extracted from TCAD. The resulting jitter, defined as the standard deviation
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of the PDF(t*) computed by the RPL algorithm, is ¢; = 284 ps. On the other
hand, when photons are absorbed close to the multiplication region (Fig. 4.18b)
or the reverse bias voltage is increased to V' = —32 V (Fig. 4.18c and d) and
part of the absorption region is depleted, the effect of diffusion is less relevant.
Thus, the distribution of t* is more peaked with respect to the one derived
using Eq. 4.12. The jitter is now much smaller: ¢; = 19.2 ps, 68 ps and 1.8 ps
for Fig. 4.18b, ¢ and d, respectively. In particular, in the cases of Fig. 4.18b
and c, electron-hole pairs are generated in regions where the conductivity is
not constant (see Fig. 4.5a and b) and we are very far from the assumptions of
uniform v and D required for the validity of Eq. 4.12. Finally, in Fig. 4.18d,
electron-hole pairs are generated in a depletion region with null conductivity,
as a result carriers move only by drift and, thus, the extracted PDF(t*) is
essentially a Dirac’s delta.

5 T T T T T T 250
| a) 1 Lb .
41 V=-28V 200
Hi tb=7ps .
I — RPL, N,, = 10° |
53_ ! — - Fit with Eq. 4.12 —150LDL
0'2-r x,=-235um] | X, =-0.25 um_| 100
1 tj =284ps L tJ. =192ps
1H - —50
0 1 ] 1 1 0
0 0.5 1 0.1
t* [ns]
40 T T T T T T T T 200
c) d)
]
L V=232V I |
30 = 14 ps 0 150
- — RPL, Ng, = 10° " y
L — - Fitwi L
520k Fit with Eq. 4.12 I d1008
o X, =-2.35 um X, =-0.25 um o
t =68 ps t =1.8ps
10F €% 4 F : 50
1
. . - .
! ]
oLlL | T | 1 0
0 0.1 0.2 03 O 0.05 0.1
t* [ns] t* [ns]

Figure 4.18: Probability Density Functions of t* at V' = —28 V a), b) and at
V = —32 V ¢), d) when an electron-hole pair is generated at z, = —2.35 ym
a), ¢) or at x, = —0.25 pm b), d). The PDFs extracted with the RPL algo-
rithm (red solid lines) are compared with a fitted inverse Gaussian distribution
(Eq. 4.12, black dashed lines). The delay of the readout of Fig. 4.15 is chosen so
that the falling edge of the original current waveform crosses the rising edge of
the delayed one, thus: tp = 0.5-dput/ve = 7 psa), b) or tp = dyr/ve = 14 ps
c), d). Note the different scales of the z-axis and the Dirac’s delta like shape
of the PDF(t*) in graph d). Impact ionization is turned off.
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4.5.2 Case 2: Effect of impact ionization

In avalanche photodiodes, impact ionization plays a fundamental role in ampli-
fying the photogenerated current. The shape of the output current waveforms
changes dramatically and this has a significant effect on the PDF(t*). More-
over, since impact ionization is a stochastic process, at a fixed bias voltage,
each carrier triggers multiplication processes with different gain m, and this is
an additional source of jitter.
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Figure 4.19: a), ¢), e), g): Sample current waveforms associated to the arrival
of a photon that generates one electron-hole pair at z, = 0 when impact
ionization is turned on. The applied voltage is V' = —28 V. Since impact
ionization is a stochastic process, the gain m is not the same for all events:
m=1ina)and b), m =2 in ¢) and d), m = 6 in e) and f) and m = 83 in g)
and h). Plots b), d), f), h) report the difference between the current waveform
and its delayed version when the delay is tp = dyut/ve = 14 ps. The first
zero-crossing point is highlighted with a red dot.

Figure 4.19 shows four sample waveforms (plots a, ¢, e and g) when V =
—28 V and a single electron-hole pair is generated at z, = 0 (thus excluding
the contribution of random diffusive transport in the absorption region). At
this bias voltage, the mean gain is M = (m) = 14. Fig. 4.19b, d, f and
h, instead, show the bipolar pulses obtained by adding the current waveform
with its inverted version delayed by tp = dpus/ve = 14 ps. We notice that in
Fig. 4.19a and b, when the gain is m = 1, the zero-crossing point occurs at
t* = tp, since the delay is longer than the duration of the main lobe of the
pulse. In Fig. 4.19c and d instead, the gain is m = 2 and the zero-crossing
point is at t* ~ 25 ps. The same happens if the gain is m = 6, as shown in
Fig. 4.19e and f, although now multiple zero-crossing points are present due
to the complex shape of the waveform. Finally, when the gain is m = 83
(Fig. 4.19g and h), the first zero-crossing point occurs at t* = 30 ps, that is a
time interval smaller than the rise time of the pulse shown in Fig. 4.19g.

Figure 4.20 shows the PDF(t*) obtained when impact ionization is active.

89



The jitter (standard deviation of the total PDF(t*)) is t; = 5.8 ps. We notice
that the PDF shape is different from those reported in Fig. 4.18. The peak
at t* = 14 ps (that is t* = tp) is due to all those waveforms where the zero-

crossing point occurs during or after the falling edge of the current waveform
(see Fig. 4.19a and b).
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Figure 4.20: Probability Density Function of ¢* after the arrival of N,, =
10° photons, when the bias voltage is V = —28 V. Single electron-hole pairs
are generated at the beginning of the multiplication region (xr = 0). tp =
dmult/ve = 14 ps.

The spread in the PDF(t*) is then caused by the Crossover Timing scheme
itself, since the waveforms generated by the arrival of different photons all have
different shapes and the duration of the pulses changes dramatically depending
on the gain m [100]. The main issue is to calibrate the optimum ¢ to be used:
if the choice of tp is based on the duration of the average time response at a
given bias voltage, then when m is low the zero crossing might occur during
or after the falling edge of the current waveform, while, when m is large the
crossing is at the beginning of the rising edge. For this reason, the scheme
in Fig. 4.15 is well suited for APDs only if multiple electron-hole pairs are
generated by a photon. This happens, for instance, in the detection of X-rays,
which is one of the main applications of III-V compound semiconductor APDs.
The generation of a single electron-hole pair per photon instead is not repre-
sentative of our use cases. The discussion of alternative timing methodologies
goes beyond the aim of this thesis and, in general, APDs operated in the linear
regime may not be the best choice in this case.

4.5.3 Case 3: Generation of Multiple Electron-Hole Pairs

As mentioned above, when avalanche photodiodes are used for the detection
of high energy photons (e. g. X-rays), more than one electron-hole pair is
generated per absorbed photon. Calibrated generation models predict that
the number of generated electron-hole pairs has a Normal distribution with
average N = Epn/Eerp and standard deviation equal to \/N_f , where E,,
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is the photon energy, E.p, is the average electron-hole pair creation energy
and f is the Fano factor [6]. FE.p, and f depend on the material and, for
GaAs, their values are E., = 4.21 ¢V and f = 0.12 [25]. An example of
distribution of generated carriers is shown in Fig. 4.21a). Note that, since the
number of electron-hole pairs generated for each absorbed photon is a discrete
quantity, a Poisson distribution would be more appropriate. However, for
the absorption of X-ray photons in GaAs, N is as high as 100 and for these
numbers the Central Limit Theorem ensures that the Normal distribution is a
good approximation of the Poisson’s one.

0.15 T T T T T T T 200 T T T T T T T T T T T
a)
b) X, =0
For GaAs: E,y =500 eV 1501 _ 2 E, <1256V |
010k szh(p)—é.m eV N= 119 ehps =21 Ps___ % —-E,=500eV
L ' w ... E, =2000eV
Q Q100 A V=28V
0.05| i t =49 ps\i-l “ :\?==1411(§)35
50 t=10ps ‘' 7
1 1 1 1 1 1 | L {':I I-.'\-u. L 1 1
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Number of Generated ehps t* [ns]

Figure 4.21: a) Distribution of the number of generated electron-hole pairs in
GaAs for a photon with energy E,, = 500 eV according to [25]. b) Probability
Density Functions of t* considering 10% times the process of the arrival of a
photon and the random generation of electron-hole pairs, at z;, = 0 in the
device of Fig. 4.1. E,, = 125, 500 or 2000 eV (black solid line, red dashed line
and blue dotted line respectively). Impact ionization is turned on, the applied
voltage is V = —28 V. tp = dpuir/ve = 14 ps.

To evaluate how multiple electron-hole pairs generation affects the jitter of
the response time, we have simulated the absorption at x4, = 0 of 1000 photons
with fixed energy E,, = 125, 500 or 2000 eV. This choice is well motivated by
the will to highlight only the relative impact of the electron-hole pair genera-
tion process on the jitter. As discussed above, each photon generates a random
number of electron-hole pairs (V) according to the Normal distribution related
to its energy [6, 25]. ¢* is then computed with the procedure of Fig. 4.15 on
the current waveform generated by the N pairs (i.e. each electron-hole pair
is simulated separately, then the waveforms are summed up). The results are
shown in Fig. 4.21b. We notice that, as the photon energy increases from 125
to 2000 eV, the distribution of ¢* becomes narrower. This happens because the
number of electron-hole pairs contributing (statistically) to the current wave-
forms increases and the curves associated to the arrival of different photons are
similar to each other, resulting in a reduced variability with respect to what
is shown in Fig. 4.19.

The generation of multiple electron-hole pairs per photon makes the use of
the Crossover Timing technique less critical even in the presence of a high gain,
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since the current waveform associated to the arrival of a single high energy
photon is the sum of all the current waveforms created by each generated
electron-hole pair.

4.5.4 Case 4: Distributed Electron-Hole Pair Genera-
tion

When the photon flux impinges on the APD, electron-hole pairs generation
is not localized but distributed along the x direction according to the Beer-
Lambert’s law (Eq. 1.8).

1 T T T T T T
‘o= —_— X_=-4.25 um
100k Etj 1.2 ps g p -
- . — =Xy = -2.35 um -
- il c— Xy = -0.25 um ]
B l ++ = Distributed Generation -
L - L t =56.9 ps t =257 ps s
O 0o / Il"\l / t=312ps
oo 4L / =
SR IR \ .
. "I T .
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‘N,, = 10° I :
- il | | | "k 1
b 01 0.2 0.3 0.4

Figure 4.22: Comparison between the Probability Density Functions of ¢*,
extracted with the extended RPL after the arrival of N., = 10® photons, when
multiple electron-hole pairs are generated at x, = —4.25 pm (black solid line),
ry = —2.35 pm (red dashed line), z, = 0 (green dashed-dotted line) or when
the generation follows the profile given by Eq. 1.8 (blue dotted line). The
applied bias voltage is V' = —28 V and impact ionization is turned on. The
delay of the readout circuit of Fig. 4.15 is tp = dypue/ve = 14 ps.

In our simulations, we have considered photons with energy E,, = 5.89 keV,
typical of °Fe and we assume a device entirely fabricated in GaAs. The
attenuation length is then L = 11.95 pm [14]. By using the GaAs parameters
reported in Section 4.5.3 [25], each photon generates an average number of
1399 electron-hole pairs.

Fig. 4.22 compares the distribution of t* when generation of multiple electron-
hole pairs is localized at x, = —4.25 pm, x4, = —2.35 ym and z, = 0 pm to
the case when generation is distributed. We notice that the jitter decreases
from ¢; = 31.2 ps to ¢; = 1.2 ps as we move the generation point closer to the
multiplication region, because carriers have to travel according to the stochas-
tic laws of the diffusive transport over a path of the absorption region that
becomes shorter. When the generation is distributed, instead, the jitter is
higher than in all previous cases (t; = 56.9 ps), since electron-hole pairs are
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generated at random positions inside the device, depending on the point where
the photon is absorbed (all the pairs generated by a given photon are, instead,
created at the same position, as stated in Section 4.3.1).

4.6 Summary

A new implementation of the Random Path Length algorithm allows us to
investigate the stochastic response time of Separate Absorption and Multipli-
cation avalanche photodiodes (SAM-APDs). The model includes an extended
version of the Ramo’s theorem in order to properly take into account the finite
conductivity of the absorption region. The transport model includes both dif-
fusion and drift of carriers as well as impact ionization. Moreover, differently
from the RPL algorithm of [43, 79], in our algorithm any nonlocal history de-
pendent model can be used to describe impact ionization, allowing the study
of carrier multiplication in complex structures, such as staircase APDs.

It is shown that, as expected, staircase APDs are advantageous over p-i-n in
terms of excess noise factor, whereas the advantages in terms of gain-bandwidth
product are limited unless hole impact ionization is significantly suppressed.

The model also points out that the when the staircase SAM-APD of Fig-
ure 1.18b is used for X-ray spectroscopy, the increase in the number of steps
of the multiplication region does not imply any practical drawback in terms
of dynamic response of the system, because the shaper usually has a time
constant (set to be as close as possible to the optimum case where the com-
bined noise of the input-referred voltage and current sources of the read-out
are minimized [26, 15]) much longer than the time delay of the APD.

We validated the model predictions of average current waveforms against
TCAD software, and then used them to extract the response time jitter. It has
been pointed out that, in cases where impact ionization is vanishingly small
(that corresponds to low bias voltages in real scenarios), when electron-hole
pairs are generated at the same location in the absorption region, the jitter is
higher if the absorption region is quasi neutral (i.e. low electric field as given
by a high doping in the d-p layer). The jitter decreases as the generation of
electron-hole pairs occurs closer to the multiplication region.

When impact ionization is relevant, the simple Crossover Timing technique
for the estimation of the jitter has limitations, because the line delay ¢ has to
be fixed but the shapes of the current waveforms created by distinct photons
are very different from each other, even at the same bias. However, the situa-
tion improves if we consider generation of many electron-hole pairs per photon
as for X-ray detection, since several current waveforms are summed together.
Consistently, the jitter reduces as the energy of the photon increases (more
electron-hole pairs are involved).

Finally, it is important to consider a distributed generation profile due to
impinging photons with high energy, since the jitter is higher than in those
cases where the generation is localized, due to the random generation position
that translates into a different time needed for each electron to diffuse across
the absorption layer.
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Chapter 5

Full Band Monte Carlo
Simulations of GaAs APDs

In this Chapter, the development of a Full Band Monte Carlo simulator and its
application to GaAs Avalanche Photodiodes will be presented. The main focus
is on using this very accurate modeling approach to assess the limitations of
the approaches based on the nonlocal history dependent framework presented
in the previous chapters and to improve the calibration of these models by
using the results of Full Band Monte Carlo simulations as starting point.

In fact, as discussed in Chapters 2-4, nonlocal history dependent (NL-HD)
impact ionization models based either on the Dead Space approximation [35]
or on effective fields [39, 23, 69] are often used to estimate the gain (M) and the
excess noise factor (F') in APDs. The strength of NL-HD models lies in their
low computational burden, when compared with Monte Carlo simulations, that
allows to systematically analyze the trade-offs at the basis of APDs design.
However, the high computational speed comes at the expense of accuracy. In
fact, in NL-HD models impact ionization is described at a macroscopic level:
the model parameters have to be empirically chosen to fit experimental gain
and excess noise factor as done in Sections 2.2.2, 2.2.3 and 3.3; furthermore,
secondary carriers are always generated with zero kinetic energy and can move
only in the direction of the applied electric field [35, 39, 23, 69].

The results presented in this Chapter are an extension of the ones published
by the author of this thesis in [102].

5.1 Band Structure

GaAs, like many other III-V compound semiconductors, is a crystal with a

-

Zinclblende structure. In the reciprocal space (k), this corresponds to a Face-
Centered Cubic (FCC) lattice, whose First Brillouin Zone (FBZ) can be iden-
tified by the k-points that satisfy the relation

ko] <1

[ky| <1

k.| <1

|ko| + |ky| + |k2| < 1.5,

ke FBZ if
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where |k,|, |k,| and |k,| are normalized to 27 /ay and ay is the lattice constant
(Fig. 5.1a).

A FCC lattice has a 48-fold symmetry, that means that the energy disper-
sion relation can be computed on the 1/48th part of the FBZ, the so-called
Irreducible Wedge (IW, see Fig. 5.1b), and then derived for the rest of the

FBZ by exploiting the symmetry. k is part of the IW if

12 [kl = k| 2 k] 2 0

5.2
ko | + | Ky + |k < 1.5, (5:2)

Ee[Wif{

where, again, k is normalized to 27 /ayg.
The symmetry points of the a FCC lattice are highlighted in Fig. 5.1b and
are located at (in units of 27 /ag):

I' = (0,0,0)

X =(0,1,0)

L =(0.5,0.5,0.5)
W = (0.5,1,0)

U = (0.25,1,0.25)
K = (0.75,0.75,0).

1 a) 3 b)

o
o

k,/(211/a,)
k,/(21i/ag)

n

0.2

0.6 0.4

k/(2m/a,)
Figure 5.1: a) First Brillouin Zone and b) Irreducible Wedge of the Face-

Centered Cubic reciprocal lattice. The symmetry points are indicated in plot
b).

Since the electron’s effective mass in GaAs is very low (0.063mg [91]), two
cubic meshes have been used to discretize the IW. The parameter used for
building the meshes is the number of divisions along the I' — X direction: a
fine mesh with ndiv = 300 has been built around the I' valley, from k= (0,
0, 0) to k= (0.1, 0.1, 0.1). The total number of points in the mesh is 6545; a
coarse mesh with ndiv = 40, for a total of 6281 E—points, has been employed
to discretize the remaining part of the IW.

Each E—point inside the IW has an associated weight, that corresponds to
the number of identical l;—points in the FBZ: for instance the weight of I' =
(0, 0, 0) is 1, while the weight of L = (0.5, 0.5, 0.5) is 8. The pseudo-code for
the computation of the weights is here reported.
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T

foreach %k in IW

]
= [kx —ky kz];
= [kx ky —kz];
= [-kx —ky kz];
= [-kx ky —kz];
= [kx —ky —kz];
= [-kx —ky —kz

AN TOOTmEHOQW

% perms() computes all the permutations of a vector

=

= [perms(A); perms(B); perms(C); perms(D);
perms (E); perms(F); perms(G); perms(H)];

Remove duplicate rows from matrix W

weight = number of rows of matrix W
end

It is worth noting that a similar code is used also to reconstruct the dispersion
energy of the entire FBZ starting from the one of the IW. Moreover, the above
algorithm only provides the weight of each E—point in the IW, but not the
weight of the E—points at the edges of the FBZ. In principle, this could be a
problem when evaluating the transport in a valley located at the edge of the
FBZ, such as the L-valley. However, not considering the weight of the E—points
at the edges of the FBZ has been compensated by the fine discretization that
we have employed.

The band structure of GaAs (four conduction bands and four valence bands
for a total of sixteen bands, since each band is computed for spin up and spin
down) has been calculated for E—points in the IW by using the Local Empirical
Pseudopotentials Method (EPM) described by [58]. The EPM Hamiltonian
is reported in Eq. 5.4 and its local term is expanded in Egs. 5.5. In our
calculations Vy (7, E) = 0.

h? . .
Hepy = —%V2 + V(7)) + Vi (7, E), (5.4)
0
Vi =" [vs<|é|> cos(G - 7) + jVa(|G)) sin(G - 7)| e7ICT, (5.5)

-

G

where G are the vectors of the reciprocal space and 7 = ©(1,1,1) [58]. The

summation over G in Eq. 5.5 is usually truncated to the first neighbors of the
unit cell of the reciprocal lattice, that means that Vi (|G|) and V4(|G]) have to
be evaluated only on ]é’\ =/3,v4,v/8,/11.

Spin Orbit Interaction has been included in our calculations by using the
method proposed by [103]. The Spin Orbit Hamiltonian, that is summed to
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the spatial part (Eq. 5.4), is given by

. S L 2 - L
SS%(KJ(,) = (K x K')- o3y <g—0) {—j)\S(K,K/) cos |(K — K') -
s

where
A E A
Aga = 2 : 2 (5.7)
M(K, K" = pB(K)B(K"), 5.8)
Mo(K, K') = auB(K)B(K), (5.9)
B(K) =K 5k (5.10)
—= 1) .
5[1+ k2
ap
ke = 2. 5.11
¢ (5.11)

In Egs. 5.6-5.11, K = k+ é, K =Fk+ C_j/, s and &' are the spin states, & are
the Pauli matrices and ap ~ 5.29 x 107!* m is the Bohr radius [103].

The code used for the implementation of EPM has been developed by [104]
and the parameters that we adopted are listed in Tables 5.1 and 5.2, where

the energies of the Form Factors are expressed in Rydberg [Ry] (1 Ry ~ 13.6
eV).

Vs(v3) [Ry] | Vs(V4) [Ry] | Vs(v8) [Ry] | Vs(v/11) [Ry]
-0.23 0 0.01 0.055
Va(v3) [Ry] | Va(v4) [Ry] | Va(v/8) [Ry] | Va(V11) [Ry]
0.07 0.05 0 0.01

ap [m] E, [eV]
0.564x10~7 1.424

Table 5.1: Empirical Pseudopotential parameters for GaAs used in the code
of [104].

¢ | n[Ryl| «
5.34 | 0.0008 | 1.37

Table 5.2: Spin Orbit Interaction parameters for GaAs used in the code of
[104].

It is worth noting that, in principle, Spin Orbit Interaction should be in-
cluded in the calculations together with the nonlocal corrections for the pseu-
dopotentials, as described in [59, 103]. Since in our calculations we have set
Vni(7,E) = 0 in Eq. 5.5, we treat the bandgap (£,) as a free parameter: a
rigid shift in energy of the eigenvalues has been imposed so that the difference
between the minimum of the first conduction band and the maximum of the
last valence band is equal to the desired E, (see Tab. 5.1).
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The band structure of GaAs is stored into two bi-dimensional matrices (one
for the fine mesh and one for the coarse mesh), where the row number is the
band index and the column number is the index of the E—point in the mesh.

Figure 5.2 compares the band diagram computed by using our algorithm
with the one calculated by [105], showing an excellent mutual agreement.

10

e [105]
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Figure 5.2: Comparison between the Band Structure of GaAs computed by
employing the Empirical Pseudopotential Method, including Spin Orbit Inter-
action, by using the code of [104] with the parameters of Tabs. 5.1 and 5.2
(red lines), and the one calculated by [105] (black circles).

Finally, once that the band structure is computed in the IW, the dispersion
relation is reconstructed for the entire FBZ and a centered finite difference
scheme is employed to compute the first and second derivative of the energy
with respect to k. The results, for each direction, are stored in a bi-dimensional
matrix with the same convention used to store the energies.

Some useful band structure parameters for bulk GaAs, namely the elec-
tron’s effective mass (mer) and the nonparabolicity coeflicient (ar in the I'
valley and the energy distances I' — L and I' — X, have been extracted from
our calculations and are compared in Tab. 5.3 with the results obtained by
other authors [106, 107, 108], reporting a good mutual agreement, in partic-
ular with [106]. This result is expected, since in this work we have used the
same parameters of [106] for the EPM (see Tab. 5.1).

Ref. Method | mer [mo] | ar [eV7!] | T =L [eV] | T — X [eV]
This Work | EPM 0.060 0.84 0.329 0.444

[106] EPM 0.063 0.834 0.323 0.457

107] DFT | 0.083 0.75 0.12 0.52

[107] B 0.067 0.73 0.288 0.49

[107] k-p | 0067 0.65 i ;

[108] i 0.067 i 0.28 0.48

Table 5.3: Band structure parameters for bulk GaAs.
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Figure 5.3 compares the dispersion relation of the I' valley of GaAs com-
puted in this work with the analytical dispersion relation of Eq. 2.79.

0.6 T I T I T I T | T
® This Work (EPM), [1, 0, O] direction

5+ Eq. 2.79 with:
—m, r/m0 =0.06, ap = 0.84 eV

o
a0

-1

Energy [eV]
o o o
T—t—T

o
N
I

1 1 | 1

0.02 0.104 0.66 0.08 0.1
kX/(2I'I/aO)

Figure 5.3: Comparison between the I" valley of GaAs, along the [1,0, 0] direc-

tion, computed in this work by using the EPM with the parameters of Tabs. 5.1

and 5.2 and the analytical dispersion relation of Eq. 2.79 with the parameters

of Tab. 5.3.

5.1.1 Density of States

1

From the band structure, the Density of States (DoS) as a function of energy
can be computed by

DoS(E)= Y Y 4(E— E(n,k)), (5.12)
keFBzZ ™
where n denotes the band index. Note that, since we have included Spin Orbit

Interaction in our calculations, the multiplication factor 2, usually employed
in the expressions for the DoS, is not present in Eq. 5.12.

0.8 | L LI L L L L L L L
@ [60] GaAs
m [105]
L v [62] - ]
0.6 — This Work

DoS [10%%eV 'm™]
o o
N SN
|
<4

oL I T | L1

54 3 2 1
Energy [eV]

Figure 5.4: Comparison between the GaAs Density of States computed by

using our code (red line) and the ones calculated by [60] (black circles), [105]

(blue squares) and [62] (magenta triangle-downs).
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Figure 5.4 compares the DoS of GaAs computed in this thesis with results
from other authors [60, 105, 62] highlighting the mutual agreement.

While computing the DoS, it is useful also to create, for each band, a list of
states at a given energy (or better, inside an energy bin centered around a given
energy). As it will be shown in Section 5.4, these lists are needed to compute
the initial state of the injected particles and final state after a scattering event.
The pseudo-code for the creation of the lists is reported below.

foreach ie in Energy
foreach k in FBZ
foreach n
| if (|Energy(ie) — E(n k)| <AE/2)

list_n (ie) = [list_n(ie); (n,k)];
end
end
end

end

In our code, the Dirac’s delta function has been approximated by a BOX
function of width AFE; we have set AE = 1 meV and each state (n,k) is
encoded in the list with a single number by using the following convention

(n,k) =k x OFFSET +n, (5.13)

where k is the index of the wavevector k in the mesh and OFFSET = 10 if
less than 10 bands are computed, while OF FSET = 100 otherwise.

5.2 Carrier-Phonon Scattering Rates

The approach followed to compute the carrier-phonon scattering rates is the
one proposed in [60]. Note that, in all the following expressions, the upper
signs corresponds to phonon emission, while the lower sign stands for phonon
absorption.

5.2.1 Acoustic and Nonpolar Optical Phonons

The carrier-phonon scattering rate, S Rn(k?l, ny), between a carrier with wavevec-
tor /;1 in the n;-th band and acoustic or nonpolar optical phonons with po-
larization n (LA = Longitudinal Acoustic, TA = Transverse Acoustic, TO =
Transverse Optical) with different wavevector ¢ has been computed by using
the Fermi golden rule, namely

™

SRy (ki,n) = Z pw—MAn,nz((j)Q\I(nl, no; ki, k)|
T (5.14)

n - 1 1
5(E(n17 kl) - E(”Z; k2) + hwn,q) (nng + 5 + 5)
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where (ng, k;) is final state, p is the density of the semiconductor, w,z is
the angular frequency of the phonon with polarization 1 and wavevector ¢,
Z(ny,no; ki, k:z) is the overlap integral between the wavefunctions of the initial
and final states [45], ¢, - (7) and ¢, - (7), respectively

n1,k1

T, nas £, 53) = / o (g g (PO (5.15)

na,k
cell 22

and n, g is the phonon occupation number, which can be computed through
the Bose-Einstein relation

B -1
Mg = {e:cp (ﬁ) — 1] . (5.16)

Momentum conservation implies:
G = ki F ks + G, (5.17)

where é’o is a reciprocal lattice vector which translates, when necessary, ¢ to
the first Brillouin zone (umklapp processes [45]).

Consistently with [60], for acoustic phonons the coupling constant has been
approximated as A, ,,(7) = Aq|g| and the following dispersion relation was
used:

dla % . —
o 3(q) = { Mnmos [1 oo <MTO>}  i4] < 2m/ag (5.18)
hwn,maan if |§| > 27T/(l0

where wyy mar = 4¢,/ao (¢, is the sound velocity of a phonon with polarization
n).

For optical phonons the coupling constant has been approximated as A, ,,, (§) =
AK,, and the dispersion relation has been ignored by setting hw, 7(7) = fuvoy
regardless of §.

The sum over ¢ of Eq. 5.14 has been then translated into an integral over
k;, namely

SR, (ki,n1) =—/ > —— Dy (@) T (0, ng; Fy, o)
p -

(27T)3 EGIBZ no pwn,q

- - 1 1
5(E(k1, nl) — E(k?g, ng) + m}ﬂ#—j) (nn@‘ + 5 + 5),

(5.19)

where ¢ is determined by the momentum conservation (Eq. 5.17).

It is worth noting that, following [46], for acoustic phonons in the |G| — 0
limit, the elastic and energy equipartition approximation has been used and
Eq. 5.19 becomes

- 1 27k, TA2 - o
SR ky,ny) = = z K, Ko) |
raratky,m) (2m)?  phey /kéelBZ%:| (1, iz o) (5.20)

- 5(E(ny, ky) — E(ns, k3, ny))

The pseudo-code for the computation of SR,](/%, ny) for all k; € IW (Egs. 5.19
and 5.20) in the case of phonon emission is here reported.

102



T

foreach k:_i in IW
foreach n,

foreach k;; in FBZ
foreach n,

—

azkﬁ—kg;

if (¢ is not in the FBZ)
Compute G?o so that
§=q+Gye FBZ

end

if (n =LA || TA)
Compute phonon angular frequency w,z; and
energy FE(G) from dispersion relation;
else
E(q) = hwop ;
end

it (B, k) — E(ny, k) — B@)| < AE/2)
if (=LA || TA)

if (g 1= 0)
SRemLA,TA(k‘l,nl)*l— = () * |§|2/W(67) * (”n,a‘ +1) % |I|2;
else

% Use elastic and energy
% equipartition approximation
SRem,LA,TA(k_ianl)"’ = Cy = |Z|?;
end
else
SRem,TO(k_Lnl)—i_ = C3 * (nT],tY + 1) * ’I|27
end
end
end
end
end
end

('} is the constant for LA and TA phonons and it is equal to:

oo L 1 or \°m (2 Q(A)Q (5.21)
T @213 gAE \agndiv) p \ a 1 Pac '

Cy is the constant for LA and TA phonons in the || — 0 limit and it is equal

to: 5
1 1 < 2 ) 2m kT

—(qA4.)? 5.22
2m)3 qAFE \ agndiv) h pc (¢2ac) (5:22)
U

Cg —
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(3 is a constant for nonpolar and TO phonons and it is equal to:

o L 1 o 37r( N 1 (5.23)
7 (21)3 ¢AE \agndiv) p 5T Fiwop '

In Eqgs. 5.21-5.23, all the energies are expressed in eV and, since the IW is
dicretized by using two cubic meshes with different ndiv, we point out that the
value of ndiv to use in these equations is the one of the mesh where the final
state (nq, /22) lies. The constants C', C5 and C5 derive from the transformation

of the integral over k;; in Eq. 5.19 into a sum over the k;;—points in the mesh
that we have built.

Carrier-phonon scattering rates with acoustic or nonpolar optical phonons
are stored in four bi-dimensional matrices (acoustic phonon emission, acous-
tic phonon absorption, nonpolar optical phonon absorption, nonpolar optical
phonon emission), where the row index corresponds to the index of the IZ—point
in the IW and the column index is associated to the band index. During the
computation, for each initial state (nq, El) and for each of the four categories
used to store the scattering rates, the maximum value of the argument of the
summation over ny in Eq. 5.19 is stored. This values will be used for the se-
lection of the final state after the scattering event, as it will be described in
Section 5.4.2.

5.2.2 Polar Optical Phonons

In GaAs and other III-V compound semiconductors, the carrier-phonon scat-
tering with Longitudinal Optical (LO) phonons has to be take into account
the polar nature of these crystals. Therefore, following [60], the scattering
rate, S Rpo(kq, ny), for a carrier with wavevector k‘: in the band n; and a polar
optical phonon is computed as

* 2 q2F1720 2 ML

SRpo(klanl) :E ’§|2 Ar],ng(Q) ‘I(nlanQ;klakQ)‘ :
q (5.24)

- - 1.1
5(E(n1, k’l) — E(TLQ, kg) F hwop) (nop + § + 5) .
F,, is the polar coupling constant which is given by
hew 1 1

F2 =2 ___= 5.25
po 4 (600 60) ’ ( )

where €., and ¢ are the optical and static dielectric functions, respectively.

Similarly to what we have done for Eq. 5.14 in Section 5.2.1, the imple-
mentation of Eq. 5.24 is based on the transformation of the sum over ¢ in an
integral over the wavevector of the final state ks and then to a sum over the
discretized states. The pseudo-code for the case of phonon emission is reported
below.
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T

foreach k:_i in IW
foreach n,

foreach k;; in FBZ
foreach n,

if (¢ is not in the FBZ)
Compute (jo so that
j=q+ Gy € FBZ

end

i (|E(n1, k) — B(no, k) — E@)]) < AE/2)
SRempo(k1, 1)+ = Ca /|1 Jwop * (g + 1) % |Z]?;
end

end
end
end
end

where

1 1 2 Son or\ 2
Cy = ¢ =) . 5.26
1T @2n)3 ¢AE (amdz’v) Bl er (ao ) (5.26)

The value of ndiv to use in Eq. 5.26 is the one of the mesh of the final state.

It is worth noting that, even if in this work we have computed the scat-
tering rate with polar optical phonons for all the (n, E) states in the IW, this
scattering mechanism usually affects the transport only at low energy states
[106].

Carrier-phonon scattering rates with polar optical phonons are saved in two
bi-dimensional matrices (for phonon emission and absorption, respectively),
where the row index corresponds to the index of the E—point in the IW and
the column index is associated to the band index. During the computation,
for each initial state (nq, Igl) and for both phonon emission and absorption,
the maximum value of the scattering rate between the initial state and every
possible final state is saved. This values will be used for the selection of the
state after scattering, as it will be described in Section 5.4.2.

5.2.3 Results

The total carrier-phonon scattering rate for each initial state nq, El) can be
computes as

SRphonon(El,nl) = Z SRn(El,nl) + SRPO<E1,H1). (527)
n=LA,TATO
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The carrier-phonon scattering rate as a function of energy can then be found
by integrating over all the possible initial states

SRphonon(E) Z SRphonon(k_i7 nl)é(E - E(nla k_i)dk_i)

ni

5
DoS(E) Jierpz
(5.28)
For the computation of the overlap integrals in Eqgs. 5.19 and 5.24 we

have employed the Rigid Ion approximation [60] for both electrons and holes
(Eq. 5.29).

I(n,nai by, kiz) = Z(|l) = 7 [sin(Rs|q]) — Rs|ql cos(Rd|ql)],  (5.29)

(Rslq)

where R, = 27{/3/16m. Moreover, scattering events conserve the spin and,
for holes, we have imposed that the final state of a carrier-phonon scattering
event is in the same band of the initial state [109] (see Appendix B). Figure 5.5
compares the carrier-phonon scattering rates as functions of energy computed
by us by using the parameters in Tab. 5.4 and AE = 4 meV with the calcula-
tions of other authors [60, 105, 61, 62]. Results are not always coincident but,
as it will be shown in Section 5.4.3, these scattering rates all yield similar drift
velocities as a function of the applied electric field.
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Figure 5.5: Carrier-phonon scattering rates for a) holes and b) electrons as
functions of energy. Our results (red lines), obtained by using the parameters
in Tab. 5.4 and AE = 4 meV, are compared with the calculations of [60]
(black circles), [105] (blue squares), [61] (green triangle-ups) and [62] (magenta
triangle-downs).

p kg/m3] | ¢; [m/s] | ¢; [m/s] | € €oo
5360 5240 3340 12.9 | 10.92
Dgen [€V] | AKopp [€V/m] | Dyce [€V] | AKyy e [€V/m]
4.5 8x 1010 5v/2 2.1x1010

Table 5.4: Deformation potentials and other parameters used for the compu-
tation of the carrier-phonon scattering rates in GaAs.
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5.3 Impact lonization

The impact ionization mechanisms (see Fig. 5.6) consists of a Coulomb inter-
action between two electrons: one in the conduction band (1) and one in the
valence band (4). The energy exchange promotes the electron in the valence
band to the conduction band (3), thus generating one electron-hole pair, while
the primary electron falls to a less energetic state (2).

Ec

Figure 5.6: Schematic representation of the impact ionization mechanism for
a hot electron in a direct bandgap semiconductor. The primary electron (1) in
the conduction band interacts with an electron in the valence band (4). The
process ends with two secondary electrons in the conduction band (2, 3) and
a secondary hole in the valence band (4).

During these transitions, both energy and momentum have to be conserved,
that implies
ki + ks + Go = ko + ks, (5.30)

where éo is a reciprocal lattice vector that translates a Ig—point into the corre-
sponding point inside the FBZ.

The impact ionization scattering rate for a carrier in the state (ny, k1) can
be found by using the Fermi golden rule [110]

27T 92
SRzz(khnl Z [ n17k17n27k27n37k37n47k4>
namy (5.31)

-&&+&—@—&mw@

where € is the crystal volume, F; = E(nl, k1), By = E(na, ks), B3 = E(ns, ks),
Ey = E(ny, k4) and Tw(nl, kl,ng,kg,ng, kg,n4, k4) is the so-called matriz ele-
ment. The integral over k:4 in Eq. 5.31 is eliminated by the momentum, con-
servation, namely
kg = ko + ks — k1 — Gy, (5.32)
In principle, Tj; depends on the wavefunctions of the initial and final states
and on the screened Coulomb potential between states 1-4 and 2-3 [110, 111].
In this work, we have decided to exploit the isotropic nature of GaAs and
to embrace the Constant Matriz Element approzimation [112]. Therefore, the
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matrix element Tj;(n, lgl, na, /22, ns, l;:g, Ny, 1;5'4) has been substituted by the con-
stants Tj; 5, and Tj; . for the computation of the hole’s and electron’s impact
ionization scattering rates, respectively.

The pseudo-code for the computation of the impact ionization scattering
rate for an electron in the state (ny, k1) is

foreach 151 in IW
foreach n; in CB
foreach k, in FBZ
foreach n, in CB

foreach k; in FBZ
foreach n3 in CB

by = ko + kg — Ky ;

| if (ky; is not in the FBZ)

‘ Compute @0 so that
ky=ky— Gy € FBZ

end

foreach n, in VB
if (|[Ey+E,— Ey,— E3)| <AE/2)
SRii(k_i; ni)+ =Ci* Tye;
end
end

end
end
end
end
end
end

It is worth noting that the quantity that we denote as Tj; in the above
algorithm are not simply the matrix elements, but they also include all the
constants of Eq. 5.31 that do not scale with the mesh parameters nor with the
AFE that is chosen for the BOX function that approximates the Dirac’s delta
function. On the other hand. the constant C;; depends on AFE and on ndiv,

namely
1 1

i = di® GAE

To reduce the time needed for the computation of the impact ionization
scattering rates, we have discretized the FBZ with a third mesh with ndiv = 20
and calculated SR;; only for the E—points that belong to this mesh. Then, we
associated to the E—points of the fine and coarse meshes described in Section 5.1

the impact ionization scattering rate of the closest E—point in the mesh with
ndiv = 20.

(5.33)
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The impact ionization scattering rates as functions of the energy of the
primary carrier (F;) can be found by integrating over all the possible initial
states

3 [ SRk, n0)8(E; — E(ky,n1))dk,
S S O(E; — Bk, ma))dky
Figure 5.7 compares SR;; .(E;) and SR;; ,(E;) obtained by using our code

(AE = 4 meV) with the results of other authors [105, 113, 114}, confirming
the validity of the proposed algorithm.

SR;i(E;) (5.34)
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Figure 5.7: a) Electron and b) hole impact ionization scattering rates in GaAs
as a function of energy. Our results (red lines), obtained by using the Constant
Matrix Element approximation [112], are compared with the scattering rates
computed by other authors [105, 113, 114].

The matrix elements that we have employed for the calculation of the hole’s
and electron’s impact ionization scattering rates, to reproduce the results of
other authors [105, 113, 114], are reported in Tab. 5.5.

Tii [3/8] | Tiie [J/5]
4.5%x107% | 8.0x10~"

Table 5.5: Constant Matrix Elements used for the computation of the hole’s
and electron’s impact ionization scattering rates in GaAs.

Together with the scattering rates, we have computed also the energy dis-
tribution of the secondary electrons E.o(E;, Ey) and holes (Eys(E;, Ey)), that
are needed to assign to the generated particles the appropriate energy (Ey) by
using the expressions

Sy mgsnaing S Tii,e0(Bi—E1)8(E1+Ea—Ey—E3)8(Ey— E2)dk1 dkadks

Eeo(Ei, Ef) = oy nginging J S S Tited(Ei—E1)S(E1+Ea—By—Es)dk: dkadks
(5.35)
Tii e8(Ei—E1)8(E1+Es—Es—E3)§(Es—E4)dky dkaodk
Eh4(Ei,Ef) _ D ontngngmg J J S Tii,ed( 1)0(E1+Eys—E2—E3)6(Ef—Ey)dk1dkadks

St ing g [ [ [ Tii,e6(Ei—E1)8(E1+Es— E2— E3)dk1dkadks
(5.36)
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Sample results for an ionizing primary electron with kinetic energy 4 eV and
6 eV are shown in Fig 5.8. Similar expressions hold also for the computation
of the energy distribution of secondary carriers, Epo(E;, Ef) and Ee4(E;, Ey)
in the case of hole-initiated impact ionization (Fig. 5.9).

Eeo, Eny, Eye and E,y are stored in bi-dimensional matrices where the row
number corresponds to the index of the initial energy, while the column number
is the index of the final energy.

0 0
E; [eV] E: [eV]

Figure 5.8: Secondary carriers’ energy distributions for a ionizing electron
with kinetic energy (a) 4 eV or (b) 6 eV. Positive energy refers to electrons
and negative energies to holes. The computation has been performed by using
Eqgs. 5.35 and 5.36 with the constant matrix elements of Tab. 5.4. AE = 4 meV
and ndiv = 20.
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Figure 5.9: Same as Fig. 5.8 but for hole-initiated impact ionization.

5.4 The Full Band Monte Carlo Simulator

In this Section, the single particle Full Band Monte Carlo (FBMC) simulator
for carriers’ transport under uniform electric fields will be described. In the
following Sections, no discretization is applied to the real space in order to
extract the features of bulk GaAs.
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5.4.1 Carriers’ Injection and Motion

Each simulation begins by specifying the initial energy of carrier. For con-
vention, negative energies are associated to holes, while positive energies to
electrons.

The program then looks for all the states in the FBZ at that energy inside
the lists created while computing the DoS (see Section 5.1.1) and one of these
states is chosen randomly.

The equation of motion

Y IE(n K ,
dk q =

— = —=F(F .

= = -15(7) (539

are solved by means of a self-scattering algorithm [45] where free flights alter-
nate with scattering events. The duration of each free flight (¢;f) is determined
according to the expression

1

where 7 is a random number uniformly distributed in the [0, 1] interval and
['¢p =max {SRphomn(lg, n) + SRZ»Z»(E, n)} ) (5.40)

After each free flight, the updated k-vector is brought back to the FBZ,
if necessary, and the eight points (/Z,\, A =1,...,8) of the mesh that form the
cube that contains the k-vector are identified. The energy of the state after the
free flight is then computed by using the expressions reported in [106], namely

7 7 OE(n,k X . 02E(nk .
Ex(n, k) = B, k) + iy y . 2B (ki = ki) + ey 3 akEakf) (ki — ki) (kj — kjx)

(5.41)
8
E(n,k) =) P\Ex(n, k) (5.42)
A=1
k., —k k, —k k. —k
Py = [1 — %ﬂ} [1 — yfw] [1 _ %ﬂ] ’ (5.43)

where [ is the length of the side element of the cube. A similar procedure is
done also to compute the velocity in the E—point after the free flight, but a
linear interpolation around each corner of the cubic mesh is performed instead
of the quadratic expansion of Eq. 5.41.

Finally, during carriers’ motion, the possibility of band crossing has been
taken into account by checking, at the end of each free flight, energy of the
states that are in the bands n — 1 and n + 1. When |E(n, k) — E(n £ 1,k)| <
0.25 eV, the band index after the free flight is the one of the state that mini-
mizes the difference between the velocity of the initial state and the one of the
final state.
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5.4.2 Selection of the Scattering Mechanism and State
After Scattering

At the end of each free flight, a scattering event occurs. The scattering mecha-
nism (carrier-phonon, impact ionization or self-scattering) is randomly chosen
according to the relative impact of a given scattering mechanisms to the total
scattering rate for the initial state (n, E) The program does not interpolate
the scattering rates, but it associates to the state (n, E) the scattering rates of
the closest mesh point.

Once that the scattering mechanism is fixed, the selection of the state after
scattering is performed according to the chosen scattering mechanism:

e Acoustic Phonons.
Storing all the possible final states in the FBZ for all the initial states in
the IW would be very demanding in terms of memory occupation, hence
we have decided to apply a rejection method for the determination of the
final state in the case of scattering with acoustic phonons. A candidate
final state (ny, k}) is randomly selected, by searching in the lists created
in Section 5.1.1, within the energy range [E(n, k) — E,) maz) for phonon
emission or within the range [F(n, E) + E, maz| for phonon absorption,
where E, .4, is the maximum energy of a phonon with polarization 7,
according to Eq. 5.18.
The scattering rate SR(n, k, ny, k?f) between (n, k) and (ng, /{;}) is com-
puted (Eq. 5.19).
The final state is accepted if r - SR, mar < SR(n, l;, nf,k:}), where r
is a random number with uniform distribution in [0, 1] and SR, mqs is
the maximum scattering rate between the initial state and all the pos-
sible final states in the case of acoustic phonon emission or absorption
(see Section 5.2.1 and the sketch in Fig. 5.10). If the final state is not

accepted, a new candidate final state (n’, krzc) is randomly chosen and
evaluated and the procedure is repeated.

e Nonpolar and Polar Optical Phonons.

For the same reasoning done for acoustic phonons regarding the memory
occupation of a look-up table where all the possible final states in the
FBZ are stored for all the initial states in the IW, a rejection method
similar to the one discussed above is adopted also for the determination
of the final state in the case of scattering with optical phonons. A can-
didate final state (ny, k}) is randomly selected, by searching in the lists
created in Section 5.1.1, at energy E(n, lg) — huw,, for phonon emission or
E(n, Ig) + hw,, for phonon absorption, since optical phonons have fixed
energy. The scattering rate SR(n, k, ny, k;}) between (n, k) and (nf,k?f)
is computed by using Eq. 5.19 for nonpolar or Eq. 5.24 for polar optical
phonons.

The final state is accepted if 7 - SRyae < SR(n, /2, ny, k}), where SR04z
is the maximum scattering rate between two states in the case of non-
polar (Section 5.2.1) or polar optical phonon (Section 5.2.2) emission or
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absorption (see the sketch in Fig. 5.10). If the final state is not accepted,

a new candidate final state (n’, /;}) is randomly chosen and evaluated
and the procedure is repeated.

e Impact ionization. Given the energy E; of the initial state (n, l;), the
new state is chosen randomly according to the energy distributions of
secondary carrier computed in Section 5.3. For instance, in the case of
electron’s impact ionization, the probability for a primary carrier with
energy F; to generate a secondary electron with energy L is

62( s f)
B, By = Lelboly) 44
p( f) Z ) EeQ(Ei7 Ef) (5 )

Cumulative probabilities are computed for all the possible final energies
and the generation of a random number r € [0, 1] is used to determine
E;. A final state at energy Ey is randomly selected by searching in the
lists created in Section 5.1.1. No rejection mechanism is employed and
momentum conservation is neglected in the selection of the final state.

e Self-scattering. The final state is the initial state.

SR(Nn, K)vax
Final State
I/: Rejected
X
c
X °
- Final State
= Accepted
n'd
()]
>

Final State (ny, ki)

Figure 5.10: Schematic representation of the selection of the state after scat-
tering with the rejection algorithm.

5.4.3 Results

In this Section, we present the results of Full Band Monte Carlo simulations
under uniform electric field conditions for bulk GaAs. All the carriers have
been injected with energy 3/2k,T and the statistics (drift velocities, average
energies, occupation functions and impact ionization coefficients) have been
collected over 10° + 107 scattering events.
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Figure 5.11: a) Electron velocity v, and b) hole velocity vy, versus electric field
(E) curves in GaAs at T' = 300 K. FBMC results (red crosses) are compared
with experimental data [50, 64, 115, 116] (solid lines).
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Figure 5.12: Electron’s and hole’s average energies as functions of the applied
electric field. Results of our FBMC simulations (red crosses and (blue plus
signs) are compared with the results of [60] (black filled and open squares).

6

Figure 5.11 compares the drift velocities of electron and holes as functions
of the applied electric field extracted with our FBMC simulations with the
experimental results of [50, 64, 115, 116], confirming the validity of the imple-
mentation described in Sections 5.4.1 and 5.4.2 and the choice of parameters
for the computation of the band structure (Tabs. 5.1, 5.2) and of the scattering
rates (Tabs. 5.4, 5.5).

Figure 5.12 compares the average energies for electrons and holes as func-
tions of the applied electric field extracted with our FBMC simulations with
the results of FBMC simulations by [60]. The agreement between the two
models is satisfactory.

The impact ionization coefficients corresponding to the scattering rates
in Fig. 5.7 are extracted from FBMC simulations with two different methods:
namely, either as the reciprocal of the average distance (I) between consecutive
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impact ionization events

a= 0 (5.45)
or by using the expression (valid for electrons)
+o0
SRi1e(E)Foee(E)dE
_ o " SR B) P EYE (5.46)
Ve [y Foce(B)dE

where SRy .(E) and F,..(F) are, respectively, the electron’s impact ionization
scattering rate and the occupation function as a function of the energy W,
while v, is the drift velocity. Similar equations are used also for the hole impact
ionization coefficient 3. The two methods are compared in Fig. 5.13 and give
similar results that are in an overall good agreement with experimental data
[17], and with the impact ionization coefficients used in the EBHDM described
in Chapter 3 [69].

10 T T T T a) T T T T b) 10
10°F SN 1 3,
— - 110" —
1S E e IS
g 10%E . JGaAs 4 L
- T=300K 1=

— [17] 2102
10°E J--- [69]
% FBMC - Eq. 5.45
§ — FBMC - Eq. 5.46 S
2r | | | | ] T T T | | 1,0
1077 2 3 4 5 6 1 2 3 4 5 610

1/E [10°cmiV] 1/E [10 em/V]
Figure 5.13: a) o and b) /8 versus the reciprocal of the electric field in GaAs
at T'= 300 K. FBMC (Eq. 5.45 (red crosses) or Eq. 5.46 (blue solid line)) is

compared with experiments [17] (black solid) and with « and § used in [69]
(black dotted line).

Figure 5.14 shows the histograms of the distance between consecutive elec-
tron’s ionizations (l.). Similarly to what has been done in [61], the his-
tograms have been normalized to extract the probability density functions
of lo (PDF(l.)). The PDF(Il.) has been computed at different electric fields
with the same FBMC simulations used for the extraction of a in bulk GaAs
(Fig. 5.13).

In the framework of the local model [1], the analytical expression for
PDF(l,) is

PDF(l,) = a-exp(—al.), (5.47)

since exp (—al,) is the probability for an electron to travel across a distance
equal to [, without ionizing, while adl. is the impact ionization probability in
the incremental distance dl. that is after [,.
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Eq. 5.48. The magenta dashed line is the electron’s dead space (d.) computed
by using Eq. 2.60 with Ey, . = 2.69 eV (see Fig. 5.22b).
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In Fig. 5.14 we immediately notice that Eq. 5.47 is not suited to reproduce
the PDF(l.) computed with FBMC simulations. In fact, the first bin of the
histograms is always partially filled, indicating the presence of a dead space
(d.). The effects of d. on the PDF(l.) are even more evident in Fig. 5.15, that
shows the PDF(l.) extracted for the same electric field values of Fig. 5.14
when, after an impact ionization event, the initial energy of secondary carriers
has been set to zero instead of being computed by using the selection rules
described in Section 5.4.2.

We have then compared, in Figs. 5.14 and 5.15, the PDF(l.) computed
with the FBMC with the PDF(l.) predicted by the Dead Space model [35].
In the case of a uniform electric field, we can write

0, le <d.

, 5.48
a*expl—a*(lo —d.)], l.>d. ( )

PDF@):{

where d, has been computed by using Eq. 2.60 with Ey, . = 2.69 eV (the choice
of this value will be discussed in Section 5.6, see Fig. 5.22b). The value of o*
differs from the o obtained in Fig. 5.13 by using Eqs. 5.45 and 5.46. In fact, as
explained in [40], o* is the impact ionization coefficient for an electron which
has already traveled over its dead space d.. By combining Eqs. 5.45 and 5.48,
we can write

1 o 1 1
—=(l) = o —a*(l, —d.)|dl, = — =d, + —. 5.49
e A e

The agreement between Eq. 5.48 and FBMC results in Figs. 5.14 and 5.15
is good, in particular in the case of Fig. 5.14. This result is expected, since,
as it will be discussed in Section 5.6, the value of Ey, . used in Eq. 2.60 has
been extracted from FBMC simulations where the energy of secondary carriers
are chosen with the selection rules described in Section 5.4.2, once that its
distribution is known (see Eq. 5.35).

Similarly to what done for electrons, we have also extracted the probability
density functions of the distance between consecutive hole’s impact ionization
events at different electric fields (PDF(l;)). Figure 5.16 shows the PDF(l)
when secondary holes are generated with the selection rules described in Sec-
tion 5.4.2, while Fig. 5.17 shows the PDF(l,) when, after an impact ionization
event, secondary holes are generated with null kinetic energy. The values of
dy, extracted by using Eq. 2.61 with Ey,;, = 3.12 eV (see Fig. 5.24b later in
Section 5.6) are compared with the histograms that we have computed with
FBMC simulations. We notice that, both in Figs. 5.16 and 5.17, the first filled
bin in the histograms is always the one after dj, indicating that, in GaAs
and for these electric fields, hole’s impact ionization is less sensitive than elec-
tron’s impact ionization to the initial energy of the carrier. The PDF(l;) in
Figs. 5.16 and 5.17 are also compared with the analytical PDF(I},) predicted
by the Dead Space model of [35] (Eq. 5.48 substituting a* with 8* and d, with
dy) and a good mutual agreement has been obtained.
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Figure 5.16: PDF(l;) at different electric fields. The red solid lines represent
Eq. 5.48. The magenta dashed line is the hole’s dead space (d}) computed by
using Eq. 2.61 with Ey,;, = 3.12 eV (see Fig. 5.24b).
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Figure 5.17: Same as Fig. 5.16, but secondary holes are generated with null
kinetic energy in FBMC simulations.
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5.5 Gain and Excess Noise Factor of Thin GaAs
p-i-n APDs

To validate the FBMC transport model described in Sec. 5.4, we have com-
puted the gain and the excess noise factor are computed of thin GaAs p-i-n
diodes. We have assumed that:

1. The intrinsic region of the p-i-n APD is fully depleted.
2. The electric field is entirely confined inside the intrinsic region.
3. The electric field is uniform in the intrinsic region.

4. The built-in voltage is the same for all the devices that we have simulated
and it is equal to Uy = 1.2 V [117].

Therefore, the simulation domain coincides with the intrinsic region of the
APD and it extends from z = 0 to = = d (see Fig. 5.18).

Simulation Domain

>
0 d X

Figure 5.18: Sketch of the simulation domain employed in this work to compute
the gain and the excess noise factor in thin GaAs APDs.

The algorithm that we have employed is similar to the one described in
Sec. 2.2.4 for the RPL: we have simulated many trials starting from a single
electron injected at x = 0. Carriers move following the rules presented in
Sec. 5.4 and when impact ionization occurs at position 2/, an electron-hole
pairs is generated in 2’ and recursion is used to handle the increasing number
of carriers in the simulation. A trial ends when all the carriers exit from the
simulation domain and the simulation ends when all the trials are completed.
Since the trials are independent, we have exploited parallel execution of the
code to reduce the CPU time needed to simulate a single bias point. The gain
(M) and the excess noise factor (F') have been computed by using Eqgs. 2.75
and 2.76, respectively.

Figure 5.19 compares the experimental M (V,.,) and F(M) curves for GaAs
p-i-n diodes of different thicknesses [23] with the results of FBMC. The agree-
ment between experiments and simulations is good with no further parameter
adjustments with respect to the calibration of the carrier-phonon deforma-
tion potentials and of the matrix elements for the computation of the impact
ionization scattering rates discussed in Sections 5.2.3 and 5.3.
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Figure 5.19: a) M versus V,., and b) F' versus M curves for GaAs p-i-n APDs.
FBMC (solid lines) is compared with experiments [23] (symbols). A built-in
voltage Wy = 1.2 V has been assumed [117].

5.6 Extraction of the History Dependent Im-
pact Ionization Coefficients with Full Band
Monte Carlo Simulations

In nonlocal history dependent (NL-HD) models a and 3 are functions of the
generation (z) and the ionization (z') points (see Fig. 5.20) and they have a
nonlocal dependence on the complete electric field profile between x and z’.
In other words « and [ are not given solely by the local electric field, hence it
is also necessary an alternative procedure to extract a and § from Full Band
Monte Carlo (FBMC) simulations, thus going beyond Egs. 5.45 and 5.46 used
for Fig. 5.13.

generation v ionization
point < point
X AX X'

Figure 5.20: Discretization of the intrinsic region of a p-i-n diode with a mesh
with uniform spacing Azx. x is the point where a carrier is generated, optically
or by impact ionization, and z’ is the point where it ionizes. Electrons move
from left to right with average velocity v, (while holes move from right to left
with average velocity v, and = and 2’ are inverted).

To this purpose, we have derived Eq. 5.53 to extract a(z|z’) (and B(z|z))
from FBMC simulations. In fact, following [39, 69], the electron’s impact
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ionization probability is

, No. of electrons generated in z that ionize in x’ + Ax/2
p(z]z)Ax =

No. of electrons generated in x

= a(x|z)exp (— /:

With a similar reasoning, we can also find the probability for an electron to
ionize before reaching z’, namely:

/

oz(x|x"')dx’"> Ax.

(5.50)

No. of electrons generated in x that ionize before x’

zla” < ') =
Pzl ) No. of electrons generated in x

Oz(IllL‘”/)dI”/> d.T,/ (551)

/

_ / o] Yexp (— /
— 1 —exp (- / i a(x|x”)dx”> .

Combining Egs. 5.50 and 5.51, the expression for a(z|z’) is found by writing

1!

p(x|z’)
(1 —p(zfa” < a)]’

a(z|x') = (5.52)

which is equivalent to

OZ(CE’.T/) _ No. of electrons generated in x (by II or a photon) that ionize in ' + Ax/2
" Auz-(No. of electrons generated in x — No. of electrons generated in = that ionize in [0,z' — Az/2))

(5.53)
It is worth noting that at the denominator of Eq. 5.53 we look for all the
electrons generated in  that ionize in [0, 2" — Ax/2), instead of [z, 2’ — Ax/2),
to account for those electrons that, due to a scattering event, travel with
negative velocity and ionize at points lying before (along the field direction)
the location where the carrier was generated.

Sample results are shown in Fig. 5.21 for an electron generated at x = 0 or
at £ = 50 nm in a 100 nm thick device. As it can be seen, a(z|z’) saturates
to a constant value (denoted as o*, consistently with Eq. 5.48) after few tens
of nm.

Figure 5.22a compares «(1/FE) from Eq. 5.45 and o*(1/F) from Eq. 5.53
when 2/ > 1z and shows that they can be related by using Eq. 5.49 with
de = Euye/qF (Eq. 2.60), where Ejy, . is the threshold energy for electron’s
ionization (see Fig. 5.22b). We have extracted Ey,. = 2.69 eV, which is
consistent with the value computed by [40] (3.0 eV). In Fig. 5.21b, we notice
that at high reverse bias voltages (namely at high gains) a(z|z’) > 0 also
for ' < z. In fact, in FBMC secondary carriers are generated with nonzero
kinetic energy and in some cases with a velocity going leftward, which is a case
neglected by NL-HD models. Such left going electrons can undergo impact
ionization events even for z’ < .
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Figure 5.21: a(z|z’) extracted from FBMC simulations by using Eq. 5.53 in
a 100 nm-thick GaAs p-i-n APD with electron injection from the left side at
View = 5.5 V (black) and V., = 6.6 V (red). a) x = 0, b) z = 50 nm. A
built-in voltage ¥y = 1.2 V has been assumed [117].
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Figure 5.22: a) o (empty symbols) and o* (filled symbols) versus 1/ E extracted
from FBMC simulations of GaAs p-i-n diodes by using Eq. 5.45 and Eq. 5.53
(plateau for 2’ > x), respectively. b) Electron’s dead space d. versus 1/F
extracted, point by point, with Eq. 5.49 from the o and o* of Fig. 5.22a with
Eq. 5.49. The blue dotted line in plot b is the least squares linear fit of the
d. values, giving a slope Ey,./q = 2.69 V. The same parameter inserted in
Eq. 5.49 gives the blue dotted line in plot a.

Figure 5.23 shows f(z|2’) for holes extracted from FBMC: also f(z|z’)
saturates to a constant value * after few tens of nm. Differently from the
case of electrons, the saturation of (z|z’) for secondary holes (plot b) takes
place after an overshoot that is not present in the NL-HD models. After that
overshoot, B(x|z’) stabilizes to a value independent of 2/, as long as 2’ < x.

Similarly to what has been done for electrons in Fig. 5.22, Fig. 5.24a com-
pares $(1/F) from Eq. 5.45 with 5*(1/E) from Eq. 5.53 when 2’ < z. From
Fig. 5.24b, we extract a value for the threshold energy for hole’s impact ion-
ization in GaAs equal to Ey,, = 3.12 eV, which is consistent with the value
computed by [40] (3.3 eV).
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Figure 5.23: f((z|2’) extracted from FBMC simulations by using Eq. 5.53 in
a 100 nm-thick GaAs p-i-n APD with hole injection from the right side at
View = 5.5V (black) and V., = 6.6 V (red). a) = 100 nm, b) x = 90 nm. A
built-in voltage Wy = 1.2 V has been assumed [117].
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Figure 5.24: Same as Fig. 5.22, but for the hole’s impact ionoization coefficient
B. The the least squares linear fit of the d, values in plot b) (blue dotted line)
has slope Ey,,/q = 3.12 V.

5.6.1 Using «(z|z') and f(z|z') from FBMC in the NL-
HD Model’s Equations

Figure 5.25 compares the M (V,¢,) and F(V,¢,) curves for GaAs p-i-n diodes
extracted with FBMC simulations and those obtained with the numerical im-
plementation of NL-HD model’s equations described in Section 3.2 by using
as input the impact ionization coefficients extracted from the FBMC with
Eq. 5.53. The agreement between the two algorithms for M (V,.,) is good at
low gains and for long diodes. The larger discrepancies at high gains in short
devices are due to the fact that the NL-HD model’s equations neglects electron
impact ionization for 2’ < x and hole impact ionization for z’ > z; in fact,
such contributions become more relevant as the reverse bias in short devices
increases. We also observe that the NL-HD model’s equations underestimates
F(V,ey) for short diodes and overestimates F'(V,.,) for long ones.
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Figure 5.25: Comparison between the a) M and b) F versus V., curves for
GaAs p-i-n diodes obtained with the FBMC (circles) or by using the NL-HD
model’s equations described in Section 3.2 with a(z|z’) and f(z|z’) extracted
from FBMC simulations as inputs (crosses). A built-in voltage ¥y = 1.2 V has
been assumed [117].
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Figure 5.26: Same as Fig. 5.25 but, after an impact ionization event, secondary
electrons and holes are generated with null kinetic energy.

To understand how the gain and the excess noise factor of p-i-n GaAs APDs
are affected by the initial energy of secondary carriers, we have computed M
and F' after having imposed in FBMC simulations that, after each impact
ionization event, secondary electrons and holes are generated with null kinetic
energy. The results are reported in Fig. 5.26, that also compares the results
of the FBMC with the NL-HD model’s equations when a(x|z’) and S(z|z’)
extracted from FBMC simulations are taken as input. We notice that, given
the device’s thickness, higher applied bias voltages are necessary to obtain
the same gain achieved in Fig. 5.25. Moreover, the agreement between the
FBMC and the NL-HD model’s equations is improved, in particular for the
d = 500 nm device, where F'is no longer overestimated. The underestimation
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of the M and the M at a given bias voltage obtained with the NL-HD model’s
equations is due to those hot carriers that, due to a backscattering event, ionize
at position =’ < x.

Finally, Fig. 5.27 compares the F'(M) curves computed with the FBMC
with the ones obtained with the NL-HD model’s equations for the cases of
Flgs. 5.25 and 5.26. We notice that, when secondary carriers are generated
according to the selection rules of Section 5.4.2, the F'(M) curve obtained
with the NL-HD model’s equations (again with «(z|z’) and §(z|z’) profiles
computed with the FBMC) reproduces the one of the FBMC for the shorter
devices, but it is overestimated for the d = 500 nm APD. On the other hand,
when secondary carriers are generated with null kinetic energy, the NL-HD
model’s equations always agree with FBMC simulations, even though the
extracted F(M) curves are dramatically different from the ones reported in
Fig. 5.19 that match the experimental results of [23].
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Figure 5.27: Comparison of the excess noise factor as a function of the gain
computed with FBMC simulations (solid lines) or by using the NL-HD model’s
equations described in Section 3.2 with a(x|2’) and f(z|z’) extracted from
FBMC simulations as input (symbols) for GaAs p-i-n APDs of different thick-
ness. a) Secondary carriers are generated with an inital energy determed with
the selectrion rules described in Section 5.4.2. b) Secondary carriers are gen-
erated with null kinetic energy. The values of M and F' in plots a) and b)
are the same reported in Figs. 5.25 and 5.26, respectively. A built-in voltage
Uy = 1.2 V has been assumed [117].

5.7 Calibration of the EBHDM based on the
Results of FBMC Transport Simulations

In this Section, we show how the results for the electron’s and hole’s impact
ionization coefficients, a(z|2’) and S(x|z’), obtained with FBMC simulations
have been used to improve the calibration for GaAs of the nonlocal history
dependent impact ionization model described in Chapter 3 (the EBHDM).
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Our final goal is to model the impact ionization coefficients in the presence
of a conduction band discontinuity in biasing configurations that involve low
applied electric fields, to evaluate the performance of a single step of GaAs-
based staircase APDs.

We have started the calibration by finding the values of the parameters
Ae, An, Eeey Ep, e and 7, to insert into Eqgs. 2.72 and 2.73 to fit the curves
of a* and (* as a function of the reciprocal of the electric field reported in
Figs. 5.22a and 5.24a (see Fig. 5.28). The new values are reported in Tab. 5.6.
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Figure 5.28: Fitting of the values of a) a* and b) f* as a function of the
reciprocal of the electric field extracted from FBMC simulations (and reported
in Figs. 5.22a and 5.24a) by using Eqgs. 2.72 and 2.73, respectively, with the
parameters of Tab. 5.6.

A, [10%/cm] | B, [10°V/cm] | 7.
7.856 1.957 1.0

Ay, [10%/em] | By, [10°V /em] |
1.080 1.308 1.0

Table 5.6: EBHDM model parameters for GaAs calibrated on the results of
FBMC simulations.

The EBHDM described in Chapter 3 is based on an energy balance equa-
tion with a constant energy relaxation lengths A, and )\,. To improve the
agreement between the impact ionization coefficients calculated with FBMC
simulations and the one used in the EBHDM model, we have proposed the
following relation between . and the energy (i.e. the effective field)

Axeh
Aen(zlz)) = © ) 5.54
#ale) Boen + Eepren(]r) (5:54)
where the expressions for the computation of the effective field in Eqgs. 3.11

and 3.12 have been modified as follows

/

v 1 dEq [
E.pro(zla) = da”, 5.55
eel) = [ sy g (s ) & o)
x 1 dEv(CL‘”) x —
E, N = dx".. 5.56
ff,h(iUm ) /x/ Mn(z]z)  da” erp An (] 2) x ( )
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The parameters Ay., and B).; to insert into Eq. 5.54 are reported in
Tab. 5.7 and have been chosen so that, for each bias point, the «(0|z") and
B(d|z") computed with the EBHDM and A, ,(x|z’) from Eq. 5.54 could repro-
duce fairly well the «(0|z") and §(d|2") extracted from FBMC simulations (see
Figs. 5.29 and 5.30).

A)\e [V] B)\e [105 V/Cm]
1.4142 1.3188

A)\h [V] B)\h [105 V/cm]
0.6149 0.1465

Table 5.7: Values of the parameters Ay and B, to insert into Eq. 5.54 to
compute the electron’s energy dependent relaxation length A.(x|z’).
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Figure 5.29: Comparison of the electron’s impact ionization coefficient «(0|z")
extracted from FBMC simulations (black solid line) with the one computed
using the EBHDM (Eq. 2.72) with an energy dependent relaxation length
Ae(z|z") (Eq. 5.54, blue dashed line) for devices with different thickness and at
different bias voltages: a) d = 100 nm, V,.., = 6 V; b) d = 200 nm, V,.., =9 V;
¢) d =500 nm, V,., = 17 V. The built-in voltage is ¥y = 1.2 V [117].
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Figure 5.30: Same as Fig. 5.29, but for the hole’s history dependent impact
ionization coefficient 3(d|z’).
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Figure 5.31: a(0|2’) for a 100 nm-thick GaAs p-i-n diode when hole impact
ionization is turned off. FBMC (black solid line) is compared with the EBHDM
described in Chapter 3 either with A\, = 18 nm (red dotted line) or A, from
Eq. 5.54 (blue dashed line) and with the Dead Space model (DS) [35], when
d. is taken from Fig. 5.22b (green dashed-dotted line). A built-in voltage
Uy = 1.2 V has been assumed [117].
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Figure 5.32: Same as Fig. 5.31, but for 5(d|z’). Electron’s impact ionization
is turned off.

Figures 5.31 and 5.32 compare «(0]z’) and [5(d|z’), respectively, for a 100
nm thick GaAs p-i-n diode from FBMC, with the NL-HD impact ionization
coefficients corresponding to different approximations. The NL-HD results are
shown for the Dead Space model [35] (d, is taken from Fig. 5.22b and d), from
Fig. 5.24b) and for the EBHDM using the effective fields from Egs. 5.55, 5.56
with A, = 18 nm and A\, = 24 nm (Tab. 3.1) or with A, ,(x|z’) from Eq. 5.54
and the parameters in Tab. 5.7. Good agreement is obtained between FBMC
results and the impact ionization coefficients of the EBHDM when an energy
dependent A.(z|z') and Ap(x|2z") have been used (Eq. 5.54). The Dead Space
model and the EBHDM model with constant A\, and )\, are instead found to
be less accurate. It is worth nothing that, when constant A\, and A\, are used,
the parameters A., Apn, Ee, Eon, Ve and v, to insert into Egs. 2.72 and 2.73
are the ones of Tab. 5.6 and not the ones extracted from the calibration of
the EBHDM on GaAs p-i-n diodes (see Chapter 3) and reported in Tab. 3.1,
since our goal in this Section is to match the saturation value, a* or *, of
FBMC simulations. Finally, the validity of the parameters in Tabs. 5.6 and
5.7 is limited to the range of electric field over which they have been tested
(from 324 kV/cm to 1.12 MV /cm).

5.8 Simulation of Conduction Band Steps in
GaAs APDs

Finally, the Full Band Monte Carlo simulator has been used to study the be-
havior of a single conduction band step of amplitude AEqs in a GaAs APD,
mimicking the effects of a AlGaAs/GaAs heterojunction in a staircase APD.
In principle, an accurate description of carrier transport across the heterojunc-
tion, involving energy and momentum conservation, should be employed but,
to capture the essential features of the process, in this work we have described
the conduction band step as a contribution to the initial energy of the electron
that is injected at x = 0 to start the simulation (i. e. the initial energy of the
injected electron is AFE¢, see Fig. 5.33).
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We have simulated devices with two different thicknesses, d = 50 nm and
d = 100 nm, for three different values of AFEs, namely AEs = 0, 0.3 eV,
0.5 eV. Moreover, we have always applied an electric field along the x direction,
to ensure that all the carriers exit from the simulation domain. Therefore,
the gain and the excess noise factor of the aforementioned devices have been
computed for F = 400, 500 and 600 kV /cm.
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Figure 5.33: Schematic representation of how conduction band steps have been
simulated in this thesis. The initial electron is injected with energy AFE¢ in
the simulation domain, that extends from x = 0 to x = d. An electric field
is applied along the x direction, to ensure that all the carriers exit from the
simulation domain.

Figures 5.34 and 5.35 compare the gain and the excess noise factor as func-
tions of the applied electric field obtained with FBMC simulations with the
results of the numerical implementation of the NL-HD model’s equations de-
scribed in Section 3.2 when the a(z|2") and S(z|2’) extracted from the FBMC
are taken as input, for the 50 nm thick and the 100 thick devices, respec-
tively. For each applied electric field, M and F' are evaluated for the three
different values of AE-. For the 50 nm thick device we notice that both the
gain and the excess noise factor increase as either the applied field or AE¢s
increase (Fig. 5.34) However, in all cases, M ~ F' ~ 1, that indicates that, for
a device with this thickness, these values of the applied electric field are not
high enough to trigger impact ionization events and also that an increase in
the conduction band step amplitude alone is not sufficient to achieve a signif-
icant gain. For the 100 nm thick device (Fig. 5.35), instead, we notice that
the gain increases with the value of AFs, but the major contribution to M
is given by the applied electric field. On the other hand, at E = 600 kV /cm
we notice that F(AEqc = 0.5 eV) < F(AEc =0) < F(AEc = 0.3 €V). This
non-monotonic behavior of the excess noise factor seems to be consistent with
what predicted by Eq. 1.10 by [13], where an increase in the electron’s impact
ionization probability due to a conduction band step is associated with a re-
duction of the excess noise factor. For both the device thicknesses, we notice
that the FBMC simulator and the NL-HD model’s equations that we have
developed give similar results when the a(z|z') and f(z|z’) extracted from the
FBMC are taken as input; this indicates that, differently from what discussed
in Section 5.6, at this biasing configurations, secondary carriers are generated
at low energies, so that impact ionization of electrons at =’ < x is negligible,
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so that the assumptions at the base of nonlocal impact ionization models are
verified and these models could, in principle, be used to compute M and F in
these operating scenarios.
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Figure 5.34: a) Gain and b) excess noise factor as functions of the applied
electric field in a 50 nm thick device when an electron with initial AEs = 0 eV
(black), 0.3 €V (red) or 0.5 eV (blue) is injected at © = 0. The results obtained
with FBMC simulations (circles) are compared with the results of the NL-HD
model’s equations described in Section 3.2 when a(x|2") and B(z|z") extracted
from FBMC simulations are taken as input.
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Figure 5.35: Same as Fig. 5.34, but for a 100 nm thick device.

Figure 5.36 shows, for a given electric field, the variation of the gain AM =
M(AE¢) — M(AEq = 0) as a function of AE¢ for the 50 nm and the 100 nm
GaAs APDs. We notice that AM increases with the field and with AE, and it
is higher in the thicker device, since in this device, w. r. t. to the thinner one,
electrons can travel over longer distances, and thus acquire sufficient energy
for ionization, without exiting from the simulation domain. However, we also
notice that the values of AM are low, this indicates that in GaAs-based APDs
conduction band discontinuities up to 0.5 eV are not enough to achieve a
significant improvement of the gain (and thus a reduction of the excess noise
factor), since these values of AFE¢ are small if compared to the threshold energy
to trigger impact ionization in this material (we have extracted Ey, . = 2.69 eV
from FBMC simulations in Section 5.6).
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Figure 5.36: Gain variation (AM) as a function to the electron’s injection
energy (AE¢) w. r. t the case AEx = 0 eV in a a) 50 nm or in a b) 100 nm
thick device.
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Figure 5.37: Comparison between the excess noise factor as a function of the
gain per step calculated by using Eq. 1.10 with Ng., = 1 (black solid line),
F =2—1/M (black dashed line), which is Eq. 2.19 in the k = 5/a — 0 limit,
and the results of FBMC simulations of 100 nm thick GaAs conduction band
steps at different applied electric fields (symbols). For a given electric field, the
increase of the gain is achieved by increasing the electron’s injection energy.

Figure 5.37 compares the excess noise factor as a function of the gain com-
puted at different electric fields with the FBMC for the 100 nm thick device
with the predictions of Eq. 1.10 by [13] for F' in a single step staricase APD
when only electrons ionize and F' = 2 — 1/M, which is Eq. 2.19 for the excess
noise factor computed with the local model in the k = f/a — 0 limit (i. e.
hole’s impact ionization is neglected). We notice that when £ = 400 V/cm
FBMC results are in agreement with Eq. 1.10, then, as the electric field in-
creases, the excess noise compute with the FBMC deviates from the theory
proposed by [13], indicating that the electric field is the major responsible for
the increase of the gain in the GaAs device that we have analyzed). On the
other hand, the excess noise factor is always lower than the predictions of the
local model, that means that nonlocal effects (i. e. the fact that a carrier as
to travel over a certain distance to acquire sufficient energy for its ionization)
still play a significant role.
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Figure 5.38 compares the profiles of a(0]z’) obtained with the FBMC sim-
ulator for the 100 nm thick device with the ones used in the EBHDM when A\,
is constant (18 nm, Tab. 3.1) or depends on E.s. through Eq. 5.54. We notice
that in all the analyzed cases, the peak value of the electron’s impact ioniza-
tion coefficient increases as either AFg or the electric field. From Fig. 5.38
it is also clear that the largest variations of «(0|z’) are achieved by increas-
ing the applied electric field. Moreover the use of the EBHDM with constant
Ae always overestimates the a(0|z’) extracted from FBMC simulations, that
are, however, in good agreement with the EBHDM when an energy dependent
relaxation length is used.
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Figure 5.39: Comparison between a) the gain and b) the excess noise factor as
a function of the applied electric field and for different values of AEs computed
with the FBMC simulator (circles and solid lines) and with the EBHDM by
using constant A\, and A, (crosses and dotted lines) or A (z|z") and A,(x|z)
from Eq. 5.54 (plus signs and dashed lines).

As a sanity check of the improved calibration of the electron’s and hole’s
impact ionization coefficients in the EBHDM discussed in Section 5.7, we have
computed the gain and the excess noise factor as a function of the applied
electric field, for different values of A FE¢, by using the FBMC and the EBHDM
either with A\, = 18 nm and A\, = 24 nm or with A\.(z|2’) and A\,(z|z’) from
Eq. 5.54 (as stated in Section 5.7, the parameters A., Ap, Ece, Ecn, 7. and
v, to insert into Eqs. 2.72 and 2.73 are the ones of Tab. 5.6). The results are
compared in Fig. 5.39. We notice that, with respect to FBMC simulations, the
EBHDM overestimates both the gain and the excess noise factor when constant
Ae and A, are used, while the results of the EBHDM with energy dependent
relaxation lengths are almost coincident with the ones of the FBMC, in the
entire range of electric field values that we have simulated. This indicates
that the improved calibration of the EBHDM, based on the results of FBMC
simulation, that we have proposed in Section 5.7 can be safely used to study
the performance, in terms of gain and excess noise factor, of GaAs-based APDs
featuring conduction band discontinuities.
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5.9 Summary

We have developed a Full Band Monte Carlo simulator (FBMC) to study
carrier transport and impact ionization at high energies. We have calibrated
the FBMC to match the experimental results for the drift velocities and the
impact ionization coefficients of electrons and holes.

We have proposed a new expression to compute the position dependent
impact ionization coefficients from FBMC simulations (Eq. 5.53) and we have
used it to identify some major limitations of nonlocal history dependent models
(NL-HD), that mainly stem from the assumption that secondary carriers are
generated with zero kinetic energy and can move only in the direction of the
electric field, resulting in impact ionization events only at =’ > x for electrons
(2/ < z for holes). The FBMC simulations point out the role of backscattering
that may lead to impact ionization at positions preceding the generation point
along the field direction, in particular at high gains in short devices.

The FBMC has been used to compute the probability density functions of
the distance between consecutive electron’s or hole’s impact ionization events
and to extract the threshold energies for impact ionization in GaAs: Ey, . =
2.69 eV for electrons and Ey, ;, = 3.12 eV. These values are consistent with the
ones determined in [40].

Starting from FBMC results, we have proposed an improved calibration of
the electron’s and hole’s impact ionization coefficients for the EBHDM, based
on energy dependent relaxation lengths A, and A,. The «(0[|z’) and 5(d|z’)
computed by using the improved calibration is in better agreement with FBMC
results, if compared to the Dead Space model or the EBHDM with constant
Ae and Ay,

Finally, the FBMC has been used to study impact ionization in GaAs-
based APDs that feature conduction band discontinuities. Even though we
have neglected energy and momentum conservation at the heterojunction, we
have found that conduction band discontinuities up to AEc = 0.5 eV in GaAs
are not sufficient to considerably improve the performance of the APD, in
terms of gain and excess noise factor, and that high gains can be achieved only
if impact ionization is triggered also by the applied electric field. However, the
improved calibration of the EBHDM reproduces with a satisfactory agreement
the gain and the excess noise factor as a function of the electric field, and for
different values of AFEq, computed with the FBMC.
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Chapter 6

TCAD Simulations and
Comparison with Experiments

In the previous chapters we have focused on the description of impact ion-
ization, on multiplication phenomena in APDs and on the photogenerated
current noise. In this framework, comparison between our models and exper-
iments has been already shown in Figs. 3.2-3.6, 3.8, 3.10, 3.13, 3.14, 3.16, 4.7
and 4.8. However, M and F' are not the only relevant parameters to describe
an APD. In this Chapter, we show how experimental characterization and
TCAD simulation analysis [76] have been used to study the dark current and
the differential capacitance as functions of the applied reverse bias voltage of
the staircase SAM-APD for X-ray detection of Fig. 1.18b.

As mentioned in Sections 1.3 and 1.7, the dark current (Ig4x) is a major
concern in APDs, since it limits the energy resolution of the device. I, orig-
inates from generation/recombination processes that also reduce the number
of photo-generated carriers able to reach the multiplication region, thus fur-
ther reducing the signal-to-noise ratio. In the following, the dark current of
GaAs/AlGaAs based APDs will be characterized over temperature (77), aim-
ing to investigate its origin and to extract relevant parameters related to the
carrier generation/recombination process. Comparison with TCAD simula-
tions allowed us to extract the carrier lifetimes and to predict the collection
efficiency of the photogenerated carriers.

The results shown in the following extend the ones published by the author
of this thesis in [118, 119, 120].

6.1 Dark Current

Staircase SAM-APDs with the structure sketched in Fig. 1.18b have been fab-
ricated at the IOM-CNR (Trieste, Italy) by using Molecular Beam Epitaxy
and experimentally characterized to study the dependence of the dark current
on temperature. TCAD simulations have been run to extract the the carriers’
lifetimes and to evaluate the collection efficiency of these devices.
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6.1.1 Experimental Characterization

The static characteristics of several APDs have been measured as a function
of the applied reverse bias voltage (V,e,). Figure 6.1 reports the current-
voltage (IV) curves of a subset of the measured APDs that can be considered
as representative of the fabrication process. It is worth mentioning that the
currents scale with the device area (not shown), which proves that edge effects
give a small contribution to the measured current. A one dimensional model
is thus adequ

1070 10 20 30 20
Reverse Bias [V]
Figure 6.1: Dark current as a function of the applied reverse bias voltage V.,
for a subset of APDs. The breakdown voltage of the devices (V},) is around
38 V. The APD active area is circular, with diameter 400 pm.

Then the IV curves of the APDs have measured at different temperatures,
as shown in Fig. 6.2. We can notice that the dark current is largely modulated
by temperature. The breakdown voltage (V},.) for different values of T' is
reported in Fig. 6.3). Vj,. increases as the temperature increases and this is

a signature of the avalanche multiplication process at the base of the APD
operation [1211

0
Reverse Bias [V]

Figure 6.2: Experimental IV curves of a representative APD for different op-
erating temperatures 7.
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Figure 6.3: Breakdown voltage as a function of temperature. The positive
temperature coefficient is a signature of the avalanche multiplication process.

Figure 6.4 reports the Arrhenius plots of the current for different values of
View. All curves essentially follow the exponential Arrhenius law

I =Aexp (—f—%) , (6.1)
b

where A is a constant and E 4 is the activation energy. The data in Fig. 6.4
have been used to extract the activation energy 4 (see Fig. 6.5), which turned
out to be quite independent of V,.,, with a value of about 0.55 eV. This sug-
gests that the dark current is related to traps in the bandgap of the III-V alloy,
and that the midgap trap assisted Shockley Read Hall (SRH) generation/re-
combination process is mainly responsible for the dark current. Furthermore,
since £4 does not depend on the bias (i.e. on the applied electric field), the
presence of recombination processes that stronelv depend on the applied field,
like the band:
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Figure 6.4: Arrhenius plots of the dark current for several V., values. Curves
show the expected exponential behavior down to low temperatures where they
start to deviate from Eq. 6.1 likely because a temperature independent dark
current component enters into play.
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Figure 6.5: Activation energy as a function of the appiled reverse bias voltage,
V,ev, extracted from the Arrhenius plots in Fig. 6.4. E4 is rather independent
of the V,., value and close to E,/2.

It is worth noting that, if the carrier lifetimes were independent of temper-
ature, a trap energy with a AFE energy offset with respect to %, would result
in an activation energy (extracted from the Arrhenius plots as in Fig. 6.5) that

is the smallest value between % + AFE and % — AF.

6.1.2 TCAD Simulations

TCAD simulations [76] have been used to reproduce the dependence of the
APD current-voltage characteristics on temperature and reverse bias voltage.
The SRH generation/recombination rate (Usgy) is modeled through the fol-
lowing set of equations:

2
Uspy = R—G = i , 6.2
SRH Tp(n+n1)+7n(p+p1) ( )
Er — FE;
ny = mn;exp (?{;T) s (63)
Er— E;
pP1 = n;exp (—ZT> y (64)

where 7, 7, and E; are the electron’s and hole’s lifetimes and the Fermi level,
respectively. The electron’s density of the intrinsic semiconductor, n;, is given

by

n; = /N (T)Ny(T)exp (—%})TT)) : (6.5)

where the bandgap F; and the effective conduction and valence band density
of states (N¢ and Ny, respectively) as a function of temperature are

abgT2
E, - , 6.6
g 9( ) T+Bbg ( )
r A\
N, = N, K)|——| . .
v = New(00) (50 ) (6.7
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Figure 6.6: Arrhenius plots simulated for V,., = 20 V assuming constant 7,
and 7, and variable trap energy depth Er.

Figure 6.6 reports the simulation analysis we performed on the current
versus temperature data at V,., = 20 V. We can reproduce the experiments
at T = 300 K (i.e. 1000/T = 3.33 K™!) by setting 7, = 0 and 7, = 0.45 ns
and by assuming Er = E; (red dashed line). As it can be seen, we extract
E, =0.83 eV (red curve) that is larger than in the experiments (black circles).

With 7,, = 0, the slope of the Arrhenius plot can be modulated by changing
Er with respect to E; (see Egs. 6.2-6.4). Indeed, for (Er — E;) > 0, the slope
of the simulated curve actually changes (Fig. 6.6, blue line), but £, increases.
Instead, for (Er—E;) < 0, E4 does not change (green line). This is because, in
the generation/recombination function (Eq. 6.2), n; becomes negligible with
respect to the electron density n (see Eq. 6.3). A similar behavior is observed
with 7, # 0 and 7, = 0 or 7, = 7,,: the Ugry value required to reproduce the
experiments always leads to 4 > 0.83 eV, hence to E4 values much larger
than experimentally observed.

In summary, Fig. 6.6 indicates that the experiments can be reproduced only
by assuming temperature dependent carrier lifetimes. Therefore, we assume
Er = E; and equal 7,, and 7, values with a power-law dependence on 7" as in

[76, 122, 123]:
T (e}
Tn = Tp = T300K * (%) ) (6-8)

where 7300x 1s the carrier lifetime at 7' = 300 K.

Now, by using 7300x = 0.39 ns and o = 6.06 in Eq. 6.8, the simulations
in Fig. 6.7 reproduce well the experimental Arrhenius plots at different V.,
for E/4 values close to those in Fig. 6.5. Even though a positive value of « is
reported also in [122], the fact that carrier lifetimes increase with temperature
is hard to support and may indicate that other physical mechanisms, whose
description is missing, are playing a role. However, to continue our analysis
with the purpose of validating our methodology for the extraction of the col-
lection efficiency (see Sec. 6.1.3), we kept o = 6.06 in the following. Notice
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that, in the simulations, the absorption region is always at equilibrium, thus we
are only able to extract the lifetimes for the GaAs layers in the multiplication
region, where * "7 o R " 5 (see Fig. 6.8).
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Figure 6.7: Arrhenius plots simulated with 7, = 7, as in Eq. 6.8, and with
Er = E;. Simulations now reproduce the experiments for different V,.,. A
power-law temperature dependence is assumed to model the lifetimes (Eq. 6.8,
T300xk = 0.39 ns, @ = 6.06). At low 7', the experiments deviate from the
linear behavior most likely because of a temperature-independent component
not included in simulations.
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Figure 6.8: SRH generation/recombination function along the device depth.
x = 0 corresponds to the p-doped d-layer position that separates the absorption
and multiplication regions. Note that carrier generation (Usgy < 0) occurs
in the small bandgap GaAs layers of the multiplication region. V., = 20 V.
Tn = Tp = T300K = 0.39 ns, a = 6.06.

This parameter set allows us to fit the IV curves at different temperature
(Fig. 6.9). The agreement between experiments and simulations is good down
toT = —15 °C. At lower temperatures, a temperature-independent component
of the current may arise in the measurements. Furthermore, the limited agree-
ment for very small V., is most likely due to the fact that in the simulations
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we consider the idealized APD structure, which neglects the presence of defects
and on uniform trap density (i.e. uniform lifetimes along the multiplication
region) in spite of the superlattice compositional changes over distance. In the
simulations reported in Fig. 6.9, the dependence of 7,, and 7, on the electric
field is included by activating the Schenk model[76], that improves the match
of the exponential increase of the IV curves for V., > 20 V observed in the
experiments.
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Figure 6.9: Simulated IV curves with 7, = 7, as in Eq. 6.8. Simulations well
reproduce th~ ~rm i oo csrnnnd ad Toe T b o doee s cen b pdependent
leakage com

15.0
o
&
(O]
&)
c
8
‘O
@®
% 5.0
O oO—0exp.: f=1 MHz

L A—Aexp.: =400 kHz i
= simulation
0.0 1 1 1 | 1

|
20 30 40
Reverse Bias [V]

1
0 10

Figure 6.10: Typical experimental capacitance—voltage curves (symbols) of the
measured APDs. The TCAD simulation for nominal parameter values (line)
is reported for comparison.

Concerning the first point, Fig. 6.10 reports the experimental capacitance—
voltage (CV) curves of a fabricated APD (symbols) and the CV calculated
considering nominal dimensions and nominal parameters for the materials.
The mismatch between simulated and measured CV curves suggests that bet-
ter agreement between the model and the experiments in both Figs. 6.9 and
6.10 may be obtained by tuning the simulated APD geometry/composition.
Moreover, a large trap density near the d-layer (whose high doping may also
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be source of defects) can induce an extra leakage current component also when
the multiplication region is not fully depleted, thus resulting in a larger dark
current at low V,.,. Finally, the simulation predicts that the depletion of the
absorption region occurs for V., > 35 V, thus suggesting an interpretation for
the capacitance drop above this voltage value (see Section 6.2).

6.1.3 Simulation of the Collection Efficiency

We also run TCAD simulations [76] of the APD’s response to the photo-
generation of an electron—hole pair in a position corresponding to the middle
of the absorption layer. In this simulation, we applied V,., = 28 V, a voltage
large enough to ensure carrier multiplication in the APD, but not sufficient
to make the electric field penetrate into the absorption region [118]. This is
confirmed by the CV curves in Fig. 6.10, showing that up to V,., = 35V,
the 0-p layer confines the voltage drop into the multiplication region and no
capacitance drop is seen [118]. Indeed, only for V,., > 35 V the simulation
predicts that the electric field penetrates also into the absorption region causing
the capacitance to drop (Fig. 6.10, dashed line).

In this respect, Fig. 6.11 shows how, after the generation of the electron-
hole pair in the middle of the absorption layer, the charge diffuses all over the
region because of the negligible electric field in the layer, leading to a rather
flat electron density (n) after some time (¢). Then, without considering the
SRH generation recombination (Fig. 6.11(a)), electrons can exit the device only
through the multiplication layer that is located at the right of the absorption
layer (z > 4.5 pym).

—ot=0
12 (a) s—at =10 ps (b)
10 "F w/o SRH t =100 ps w/ SRH
- a—at =500 ps
R
E -
O, n
c

10"

0 1 40 1

4

2 3 2 3
X [um] X [um]
Figure 6.11: Electron density n calculated in absorption layer at different
instants (t) after the generation of an electron-hole pair (in the middle). After
the generation, carrier diffuse all over the absorption layer, due to the negligible
electric field in the region. Then, without the SRH process (a), electrons
can exit the region only through the multiplication layer on the right. With
SRH (b), instead, electrons partly recombine before reaching the multiplication
layer. Area of the device is 1 pm?.
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Figure 6.11(b) shows, instead, that when including the SRH process, elec-
trons may recombine inside the absorption layer before reaching the multi-
plication region (compare circle and triangles), thus reducing the number of
carriers that are finally collected at the n-type contact of the device and, hence,
lowering the sensitivity of the APD to the electron-hole pair generation event.

To better illustrate this point, Fig. 6.12 reports the simulated current wave-
form at the n-type contact after the electron—hole pair generation: without the
SRH recombination all the charge exits the device (black line), and the cur-
rent integral over time gives exactly the photo-generated charge. Instead, when
SRH is active inside the device, only the 55% of the charge reaches the contact
(red line); therefore the SRH recombination causes the loss of about the 45%
of photo-generated charge. Note that, for this calculations, we assumed the
same carrier lifetimes in the GaAs absorption region and in the GaAs layers
of the multiplication region.
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Figure 6.12: Simulated current collected at the n-type contact as a function of
time after the generation of an electron-hole pair in the middle of the absorp-
tion layer. The current is simulated including (red) or not (black) the SRH
generation/recombination. At V., = 28 V, the SRH process causes the loss of
45% of the photo-generated charge.

Of course, the probability to recombine for a photo—generated electron
depends also on the distance to reach the APD contact; hence on the posi-
tion at which it is generated inside the absorption region. To verify this, in
Fig. 6.13, we report the calculated collection efficiency as a function of the
photo—generation position. As expected, the closer to the multiplication re-
gion the photo—generation is, the larger the collection efficiency of the APD
is, because of the reduction of the recombination probability. The collection
efficiency is 42% when electrons are generated near the p—contact (left), while
it is 92% for a generation close to the d-layer (right).
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Figure 6.13: Collection efficiency as a function of the position inside the ab-
sorption layer where the photo—generation takes place. If the electron—hole pair
is generated closer to the multiplication region (x > 4.5 pm), the collection
efficiency is larger.

6.2 Simulation of the CV Characteristics

We have performed AC TCAD simulations [76] of the staircase SAM-APD
of Fig. 1.18b to compute the CV characteristics of the device when the dose
of the p-doped d-layer that separates the absorption and the multiplication
region varies from its nominal value (2.5x10" cm™2). CV measurements are a
useful mean to inspect the extension of the depletion region inside the device.
This analysis thus allowed us to investigate how, depending on the value of the
dose, the applied voltage falls across the multiplication region alone or also on
a portion of the absorption region. As stated in Sections 1.3 and 1.7, being
able to determine the detector’s capacitance at a given operating voltage is
important also to compute the energy resolution of the APD at that specific
bias point (Eq. 1.28).

The p-doped d-layer has been reproduced with TCAD by assuming a Gaus-
sian doping profile. According to this assumption, the dose is the area under
the Gaussian bell and it is given by

Peak - FWHM -+/2
Dose = =~ W, (6.9)

24/2In(2)

where Peak is the peak value of the Gaussian and FW HM is the full width
at the half of the maximum (see Fig. 6.14).
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Figure 6.14: Dose of the p-doped d-layer that separates the absorption and

the multiplication region of the staircase SAM-APD of Fig. 1.18b. The dose

is computed with Eq. 6.9 since a Gaussian doping profile has been assumed in
the TCAD simulations [76].

Figure 6.15 reports the simulated capacitance as a function of the applied
reverse bias voltage for the staircase SAM-APD of Fig. 1.18b with Dose =
2.5x10'% cm? for different values of FWHM. It is worth noting that the
simulated CV characteristic is insensitive to the value of F'W H M that we set,
thus, in the following, we have always assumed FW HM = 20 nm, which is a
realistic value based on processing conditions.
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Figure 6.15: Capacitance as a function of the reverse bias voltage obtained
with TCAD simulations [76] for different F'W HM values of the dose of the
p-doped d-layer (see Fig. 6.14).

From Fig. 6.15 we also notice that, for the simulated dose, the CV char-
acteristic is constant for V.., up to 33 V, then it rapidly decreases to a lower
value. In fact, at first the applied bias voltage falls on the multiplication region
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and the electric field is confined therein. When V., increases, the p-doped 9-
layer is no more able to contain the electric field in the multiplication region
and part of the absorption region is also depleted. Then, the differential ca-
pacitance of the absorption region is in series to the one of the multiplication
region, as sketched in Fig. 6.16, and the total capacitance is given by

1 1\
C= + : 6.10
(Oabs Cmult) ( )

where Cu,s and O, are the differential capacitances of the absorption and
the multiplication regions, respectively, and are computed by using the parallel
plate capacitor approximation, consistently with our assumption that edge
effects should be negligible in our samples.

Cabs CmuIt
. || || .
w
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Figure 6.16: Schematic representation of the absorption and multiplication
regions’ contributions to the total capacitance of the staircase SAM-APD of
Fig. 1.18b.

Figure 6.17 compares the experimental and simulated CV characteristics
of the staircase SAM-APD of Fig. 1.18b for different values of the dose of
the p-doped d-layer. The agreement between simulations and measurements is
excellent and we notice that, as the dose decreases, the reverse bias voltage that
can be applied without depleting part of the absorption region also decreases.
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Figure 6.17: Experimental (symbols) and simulated (red lines) capacitance ver-
sus applied reverse bias voltage curves of the staircase SAM-APD of Fig. 1.18b
for different doses of the p-doped d-layer. The dose is a) 1.3x10'% cm™2, b)
1.6x10"? cm™2 and ¢) 2.5x10'? cm ™2,

The behavior of the CV characteristics of Fig. 6.17 is reflected by the con-
duction band profiles reported in Fig. 6.18 for different bias voltages. In fact,
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a higher dose translates into a higher energy barrier for electrons between the
absorption and the multiplication region. A high barrier ensures that impact
ionization occurs only in the multiplication region of the device, lowering the
excess noise factor, but it also limits the velocity of the carrier in the absorption
region (see the flat conduction band profile for the higher dose in Fig. 6.18).
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Figure 6.18: Conduction band profiles near the end of the absorption region
extracted from TCAD simulations [76] of the staircase SAM-APD of Fig. 6.18
at differnt bias voltages: a) Ve, = 10 V, b) Ve, =20V, ¢) Ve, = 25 V. The
dose of the p-doped d-layer is 1.3x10'? cm™2 (blue), 1.6x10' cm™2 (red) or
2.5x10™ ecm™2. Notice that in plot ¢) the blue curve is not visible beacuse it
is out of scale.

6.3 Summary

Experiments and TCAD simulations allowed us to extract the SRH carrier
lifetimes in GaAs/AlGaAs APDs and to evaluate the CV characteristics of
these devices for different values of the dose of the p-doped d-layer.

The extracted lifetimes were used for calibrated simulations of the collection
efficiency of the photo—generated current under realistic operating conditions.

The results show that the collection efficiency goes from a minimum of 42%,
for a photo—generation near the top contact of the device, to a maximum value
of 92% when the electron—hole pair is generated at the end of the absorption
layer, hence near the multiplication layer.

These collection efficiency is in general quite high, thus reassuring on the
sensitivity of the studied APDs. However, the large collection efficiency depen-
dence on the position inside the absorption layer of the photo—generation rises
questions concerning the potential energy resolution of these photo—detectors.
It is of course a fact that, to collect high energy particles, absorption lay-
ers with not very small thickness are required and, thus, the distribution of
the photo—generation events along the device may become a concern for these
APDs.

Concerning the CV characteristics, we have noticed that the nominal dose
for the p-doped d-layer (2.5x10'? cm™~2 [7, 118, 22]) ensures that carrier multi-
plication occurs only in the multiplication region and this is beneficial in terms
of noise. However, as stated also in Section 4.5.1, having part of the absorption
region depleted increases the speed of the device and reduces the jitter. This
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trade-off between the excess noise factor and the carrier’s velocity inside the
absorption region has to be taken into account during the design of the APD.
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Chapter 7

Conclusions and Future Work

We have developed a suite of simulation tools to accurately describe impact
ionization and study the figures of merit of Avalanche Photodiodes (APDs)
and, in particular, GaAs/AlGaAs staircase Separate Absorption and Multipli-
cation (SAM) APDs. These tools include:

1. A nonlocal history dependent model, the EBHDM, implemented with a
Finite Difference (FD) scheme, to compute the gain (M) and the excess
noise factor (F') of APDs. Compared to state of the art, our approach
includes a different definition of the effective field based on the energy
balance equation and provides an improved trade-off between accuracy
and efficiency.

2. A Random Path Length (RPL) implementation of the EBHDM, that, in
addition to M and F', provides also the time response, the bandwidth
and the jitter of APDs. Compared to other RPL approaches, the one
presented in this thesis is based on the effective field definition given by
the EBHDM and, beside impact ionization, the model also describes car-
riers’ drift and diffusion in the absorption region. To our knowledge, the
RPL algorithm that we have developed is the only one in the literature
that is based on generic nonlocal history dependent impact ionization
models, not only on the Dead Space model, and it is the first one to
include an accurate description of carriers’ motion in regions where the
electric field is not sufficient to trigger impact ionization events, not only
in the multiplication region.

3. A Full Band Monte Carlo simulator (FBMC), to describe carrier trans-
port and the scattering mechanisms, including impact ionization, at a
microscopic level. Compared with other FBMCs employed in the liter-
ature for the study of p-i-n APDs, we use a E—dependent description of
impact ionization based on the Constant Matrix Element approximation,
instead of an energy-dependent Keldysh expression, which improves the
accuracy of our results.

Each model has been validated by comparison with experimental data for
the gain and the excess noise factor of different APD structures or with the
results of TCAD simulations.
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The FBMC is the most accurate tool, but, as sketched in Fig. 7.1, this
accuracy comes with an associated computational burden that limits the use of
the FBMC to the study of short devices and for short time scales. On the other
hand, the RPL and FD implementations of the EBHDM are faster and allow
handling larger detector structures, but they rely on several approximations
(the kinetic energy of secondary carriers after an impact ionization event is
always null and carriers can move only in the direction of the electric field),
that may not always be valid. To give a reference, considering a server with 48
cores and 252 GB of RAM, the computation of the gain, the excess noise factor
and the history dependent impact ionization coefficients for a given bias point
with the FBMC takes, on average, from 8 hours for a 100 nm thick p-i-n APD
to 2 weeks for a 800 nm thick device, while it takes from 15 to 30 and from
30 to 60 minutes with the FD and the RPL implementations of the EBHDM,
respectively. On the other hand, the computation of the jitter with the RPL
algorithm for a SAM-APD with a 4.5 ym and a 1 pm thick absorption and
multiplication regions takes from 2 to 10 hours, according to the bias point
(longer simulation times are required for bias voltages close to the breakdown)
and to the number of waveforms that have to be computed, which depends
on the photon’s energy. This kind of analysis can be performed only with the
RPL so we cannot compare this computation time with that of the FBMC.

>

EBHDM
FD

FBMC

Feature Size

>

Time Scale

Figure 7.1: Schematic representation of the simulation tools developed in this
thesis. Each model is suited to analyze different feature sizes and times scales.

We have found that, in a GaAs/AlGaAs staircase APD used for X-Ray

detection:

e Hole’s impact ionization plays a substantial role and degrades the noise
performance. However, increasing the number of conduction band steps
reduces the noise at fixed gain but comes at the expense of a longer
response time.

e The increase in the number of steps of the multiplication region does
not imply any practical drawback in terms of dynamic response of the
system, because the following shaper circuit usually has an optimized
time constant much longer than the time delay of the APD.
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e The jitter is higher if the absorption region is quasi-neutral. Therefore,
the 0-p layer that separates the absorption and the multiplication regions
should be designed so that, at the desired operating voltages, the electric
field in the absorption region is not null. This field has to be small enough
to prevent triggering of unwanted impact ionization events.

e Conduction band discontinuities up to AEc = 0.5 eV in GaAs/AlGaAs
are not sufficient to considerably improve the performance of the APD,
in terms of gain and excess noise factor, and the required high gains
can be achieved only if impact ionization is triggered also by the applied
electric field.

In addition, we have also performed experimental characterization and DC,
AC and time-dependent analyses with a TCAD simulator of GaAs/AlGaAs
staircase APDs that allowed us to extract the SRH carrier lifetimes and to
estimate the dark current and the collection efficiency of these devices.

7.1 Future Work

The variety of applications where Avalanche Photodiodes are used and the
flexibility of the simulation tools that we have developed pave the way to many
exploitation paths and open the possibility of several different improvements
to our work.

On the modeling side and with reference to the EBHDM, a further im-
provement could by achieved by developing model’s equation that include the
possibility of impact ionization events at positions that are before, along the
field direction, the carrier’s generation position, namely 2’ < z for electrons
and 2’ > x for holes.

As for the Full Band Monte Carlo transport simulator, its calibration for
InAs-based materials would allow to understand at a microscopic level the
working principle of APDs used for optical fiber communication links and
working in the infrared wavelength range. More in general, the calibration
for other materials of all the developed simulation tools could be exploited
to improve the design and the performance of APDs. Regarding, staircase
APDs for instance, optimized sequences of steps could be created by placing
the largest conduction band discontinuity (the one with largest associated gain
and lowest excess noise factor) as the first step.

Finally, another interesting option is to extend the model’s equations of the
EBHDM for studying the figures of merit of APDs operating in Geiger mode.
Interestingly, also the FBMC could be used to this aim.
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Appendix A

Solution of the Integral in
Eq. 2.15

In this Appendix, the detailed solution of the integral in Eq. 2.15 (Section 2.1.1)
is provided.
We start by rewriting Eq. 2.15

w
S; = 2q2/0 %?MQ(x)dx.

We notice that the argument of the integral is the product between the first
derivative of ¢, and M?(z): the integral can be thus solved by parts

Si=2q2{[¢e / bele deZ)x}
e {¢M2(W) - 2/0 (be(:c)]\/[(:c)d]\g—x()dx} |

where we considered that due to total flux conservation (Eq. 2.5), ¢.(W) = ¢
and ¢.(0) = 0.

The expression of the first derivative of M(x) can be easily found from
Eq. 2.13, namely

) — o) - Bl M), (A2)

By substituting Eq. A.2 in Eq. A.1, we get

si=2q2{¢M2<w>+2 / [a(x)—6<x>]¢e<x>M2<x>daz}. (A3)

From Eq. 2.7, we derive

() — A) ¢ulx) = D B(a)6 — Gipe(a). (A4
Substitution of Eq. A.4 in Eq. A.5 yields
2 2 d¢e( 2
Si=2q" § oM (W) + 2 B(x)pM=(x
R A .
9 /0 Gopt(ac)MQ(x)dx} |
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By comparing Eqgs. 2.15 and A.5, we get

do. W
/0 ¢d< dz _2¢/ B(x)M2(z )dx+2/ G () M2 (2)dz — GM(W).
(A.6)
Eq. A.6 is then substituted into Eq. 2.15 and, rewriting the total flux ¢
with the expression reported in Eq. 2.9, we obtain

w
S, = 2¢° {2/ GoptM()derQ/ Clopi( dx/ B(a) M2 (x
0
— M2 / Gopt dl’}

which is equivalent to the solution reported in Eq. 2.16, namely
w 2 w /M2 /d / M2
5 = 2¢° {/ Gopla) 1%z |24 2 PN M),
0

2+ =
e /0 G () M?(2) F () da.

M () M(x)
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Appendix B

Hole’s Overlap Integrals

As stated in Section 5.2.3, in our FBMC, since storing the wavefunctions for all
the states in the Irreducible Wedge and using Eq. 5.15 would be very demand-
ing in terms of memory usage, in the case of hole-phonon scattering event, the
overlap integral between the initial state (n, k1) and the final state (no, k2) has
been substituted by the g-dependent Rigid lon expression (Eq. 5.29), where
qj= k‘; — ky is the exchanged momentum, and we have imposed that the final
state can be identified only in the same band of the initial one, thus suppress-
ing interband scattering: namely n; = no for all the hole-phonon scattering
events.

In this Appendix, we will discuss the choice that we have made by com-
paring it to the results that we have obtained by using the expressions for the
hole’s overlap integrals reported in [124]. In fact, following [124], the squared
modulus of the hole’s overlap integral (|Z|?) is approximately equal to 1/2 for
all interband processes and for intraband collisions within the two topmost
bands and to unity for intraband transitions within the split-off band.
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Figure B.1: Hole-phonon scattering rate as a function of the carrier energy.
The deformation potentials of Tab. B.1 have been used and the hole’s overlap
integrals have been computed as in [124]. Our results (red solid line) have
been compared with the results of [114] (black circles).
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Figure B.1 shows the hole-phonon scattering computed by using the expres-
sions reported in [124] and compares it to the results of [114]. The acoustic
and nonpolar optical phonon deformation potentials of Tab. B.1 have been
used: the choice of these values has been made to make the FBMC simula-
tions match the experimental results for the drift velocity as a function of the
applied electric field [64, 115, 116] (see Fig. B.2).
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Figure B.2: Hole’s drift velocity as a function of the applied electric field in
bulk GaAs at 7" = 300 K when the hole-phonon scattering rate is the one of
Fig. B.1. FBMC results have been compared with the experimental results of
(64, 115, 116] (black, blue and brown solid lines, respectively).

Decp [€V] | AKypp [€V/m]
4.0 4.8x 10"

Table B.1: Deformation potentials used for the computation of the hole-phonon
scattering rates in GaAs when the hole’s overlap integrals have been computed
as in [124].

Figure B.3a compares the hole’s impact ionization scattering rate used to
match the experiments in [17] for the impact ionization coefficient as a function
of the reciprocal of the electric field (Fig. B.3b) with the results of [113, 114].
The matrix element Tj; ;, has been set three times bigger with respect to the
one in Tab. 5.5 to reproduce the same set of experimental data. It is also worth
noting that the value of the deformation potential for acoustic phonons used to
match the experimental v(E) curves and reported in Tab. B.1 is similar to the
one reported in Tab. 5.4 (4.5 eV), while the value of AK,, ), is quite different
(8.0x10' ¢V /m). These differences of the matrix element and of the phonon
deformation potentials with respect to the values discussed in Chapter 5 points
out the role of interband scattering for holes. In fact, the presence of interband
scattering increases the hole-phonon scattering rate for a given initial state
(nq, /{?1) and, thus reduces the velocity and the impact ionization probability
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at a given field. Thus, when interband scattering is allowed, the FBMC gives
the same results presented in Chapter 5 only if the deformation potentials for
hole phonon scattering are reduced and if 7Tj; , is increased.
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Figure B.3: Hole’s impact ionization a) scattering rate as a function of the
carrier energy and b) impact ionization coefficient as a function of the recip-
rocal of the electric field. The results have been obtained by multiplying by
3 the matrix element Tj; 5, of Tab. 5.5. In plot a) our results (red solid line)
have been compared with the computations of [113, 114] (black circles and
triangles, respectively), while in plot b) FBMC results (red crosses) have been
compared with experiments (black solid line)[17].
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Figure B.4: a) M versus V¢, and b) F versus M curves for GaAs p-i-n APDs
when the hole’s overlap integrals have been compued as in [124] and the matrix
element Tj;, of Tab. 5.5 has been multiplied by 3. FBMC (solid lines) is
compared with experiments [23] (symbols). A built-in voltage ¥y = 1.2 V has
been assumed [117].

Figure B.4 compares the gain as a function of the applied bias voltage and
the excess noise factor as a function of the gain computed with the FBMC, by
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using the hole-phonon and impact ionization scattering rates of Figs. B.1 and
B.3a, with the experimental results of [23] for a 100 nm and a 200 nm thick
GaAs p-i-n APDs. We notice that the M (V,.,) curves are in mutual agreement,
while the excess noise factor for the 200 nm thick diode is underestimated.

To solve the problem, we have increased the matrix element for the compu-
tation of the hole’s impact ionization scattering rate 7j; 5, until FBMC simula-
tions were able to reproduce the experimental data of [23] (Fig. B.5). In fact,
we have noticed that, differently from the gain at a given voltage, the excess
noise factor at a given gain strongly depends on the value of Tj; 5.
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Figure B.5: Same as Fig. B.4, but the matrix element 7;; of Tab. 5.5 has
been multiplied by 50.

We have found that, in order to match the experiments of [23], a value
of T;; p, fifty times larger than the one used in Tab. 5.5 to obtain the results
presented in Chapter 5 have to be used. The results for the hole’s impact
ionization scattering rate and impact ionization coefficient are shown in Fig B.6
and compared with the one of Fig. B.3.
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Figure B.6: Same as Fig. B.3, but the results for when the matrix element 73; j,
of Tab. 5.5 is multiplied by 50 are also reported (blue solid line).
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Since the results for the hole’s impact ionization scattering rate obtained
with the new value of Tj;; are largely different from the ones reported by
[113, 114] and the impact ionization coefficient differs from the experiments
of [17], in the case of hole-phonon intraband scattering events we have de-
cided to compute the overlap integral between the initial state (nq, 151) and the
final state (ng, k;) by using the Rigid Ion approximation of Eq. 5.29, while,
consistently with [109], interband scattering has been ignored.
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Figure B.7: Squared modulus of the hole’s overlap integrals Z(nq, n; ki, k;;) by
using Eq. 5.15, with the wavefunctions given as output of the solution of the
EPM Hamiltonian (Eq. 5.4). For each plot, the wavevector of the initial state
is fixed (k;z =I'), while the band index n; goes from the highest valence band
(VB4) in plot a) to the lowest one (VB1) in plot d). The final state (ng, k2)
is chosen along the [1, 0, 0] direction and the overlap integral is computed only
if |E(ny, ky) — E(n1, k)| < 33 meV, which is the maximum phonon energy in
GaAs (Eq. 5.18 with the parameters in Tab. 5.4). The dotted magenta line is
the result of the Rigid Ion approximation (Eq. 5.29).

Finally, Figure B.7 shows the squared modulus overlap integrals, computed
by using Eq. 5.15 and the wavefunctions obtained by the solution of the EPM
hamiltonian (Eq. 5.4), between the state (ny = VB4 + VB1, ky = I'), where
V B1 and V B4 are, respectively, the lowest and the highest valence band, and
final states (no, k_;) along the [1,0,0]. The overlap integrals are computed only
if |E(ng, ks) — E(ny, k)| < 33 meV, which is the maximum phonon energy
in GaAs (Eq. 5.18 with the parameters in Tab. 5.4). The results are also
compared with the Rigid Ion expression (Eq. 5.29). We notice that, in all the
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plots, the squared modulus of the overlap integral for interband transitions
is negligible, if compared to the one for intraband scattering events. On the
other hand, the Rigid Ion expression does not match the values obtained by
using Eq. 5.15, but this difference can be compensated by the choice of the
deformation potentials for acoustic and nonpolar optical phonons.

In conclusion, as shown in Chapter 5, the use of the Rigid lon approxi-
mation for the computation of the hole’s overlap integral, associated with an
adequate choice of the deformation potentials for the scattering with acoustic
and nonpolar optical phonons, allows to obtain results for the hole’s impact
ionization scattering rate, the impact ionization coefficient and for the M (V,.,)
and F'(M) curves that are consistent with experiments and/or with the results
obtained by other authors. However, we think that, in the future, further
investigation on the hole’s overlap integrals is necessary to achieve a closer
approximation of the ones computed with Eq. 5.15 and the wavefunctions ob-
tained by solving the EPM hamiltonian.
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