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Abstract

Modeling the interaction of ionizing radiation, either light or ions, in integrated
circuits is essential for the development and optimization of optoelectronic devices
and of radiation-tolerant circuits. Whereas for optical sensors photogenerated carriers
play an essential role, high energy ionizing particles can be a severe issue for circuits,
as they create high density of excess carriers in ICs substrate, causing parasitic signals.
In particular, recent advances in CMOS scaling have made circuits more sensitive to
errors and dysfunctions caused by radiation-induced currents, even at the ground
level. TCAD simulations of excess carriers generated by light or radiation are not
dedicated to large scale circuit simulations since only few devices can be simulated at
a time and computation times are too long. Conversely, SPICE simulations are faster,
but their accuracy is strictly dependent on the correctness of the compact models
used to describe the devices, especially when dealing with photocurrents and parasitic
radiation-induced currents.

The objective of this thesis is to develop a novel modeling approach for SPICE-
compatible simulations of electron-hole pairs generated by light and by high energy
particles. The approach proposed in this work is based on the Generalized Lumped
Devices, previously developed to simulate parasitic signals in High Voltage MOSFET
ICs. Here, the model is extended to include excess carriers generation. The developed
approach allows physics-based simulations of semiconductor structures, hit by light
or radiation, that can be run in standard circuit simulators without the need for any
empirical parameter, only relying on the technological and geometrical parameters of
the structure, and without any predefined compact model. The model is based on a
coarse mesh of the device to obtain an equivalent network of Generalized Lumped
Devices. The latter predicts generation of excess carriers and their propagation,
recombination and collection at circuit nodes through the definition of equivalent
voltages, proportional to the excess carrier concentrations, and equivalent currents,
proportional to the excess carrier gradients. The model is validated with Sentaurus
TCAD numerical simulations for different scenarios. Regarding light effects, the
proposed strategy is applied to simulate various optoelectronic devices. Complete DC



Abstract

I-V characteristics of a solar cell and transient response of a photodiode are studied.
Next, phototransistors are considered. After, a full pixel of a 3T-APS CMOS image
sensor is analyzed. The photosensing device, described with Generalized Devices, is
co-simulated with the in-pixel circuit, described with compact models. The impact of
semiconductor parameters on pixel output and on crosstalk between adjacent pixels
is predicted. Finally, radiation-induced soft errors in ICs are examined. Alpha particles
at different energies hitting the substrate are simulated. Parasitic currents collected at
contacts are studied as a function of particles position and energy. Funneling effect,
which is a phenomenon specific to high injection, is also included in the model.

This work shows that the Generalized Lumped Devices approach can be successfully
used for SPICE simulations of optoelectronic devices and for prediction of radiation-
induced parasitic currents in ICs substrate. This thesis is a first step towards a complete
and flexible tool for excess carriers modeling in standard circuit simulators.

Keywords - SPICE, modeling, Generalized Lumped Devices, optoelectronics, radia-
tion effects, Single Event Effects, ICs, soft errors, solar cell, photodiode, phototransis-
tor, CMOS APS, alpha particles, funneling



Riassunto

Sviluppare modelli accurati per simulare l'interazione della radiazione ionizzante
(luce o particelle pesanti) con i circuiti integrati e essenziale per lo sviluppo e |'otti-
mizzazione di circuiti optoelettronici e di circuiti resistenti alle radiazioni. Mentre
i portatori fotogenerati giocano un ruolo fondamentale nei sensori ottici, particelle
ionizzanti ad alta energia possono causare danni importanti nei circuiti integrati,
dato che generano una alta densita di carica nel substrato, causando segnali parasi-
tici. In particolare, i recenti progressi nella riduzione delle dimensioni dei transistor
hanno reso i circuiti piu sensibili agli errori causati dalle correnti parassite indotte
dalle radiazioni. Le simulazioni numeriche TCAD delle cariche generate dalla luce o
dalla radiazione non sono adatte a circuiti complessi con molti transistor, infatti solo
pochi dispositivi possono essere simulati contemporaneamente; inoltre, i tempi di
simulazione sono molto lunghi. D’altro canto, le simulazioni SPICE sono molto veloci,
ma la correttezza dei risultati dipende dalla precisione dei modelli analitici utilizzati
per descrivere i singoli dispositivi presenti nel circuito e le correnti generate dalla luce
o dalle particelle ionizzanti.

Lobiettivo di questa tesi € lo sviluppo di un nuovo approccio per simulare con
software SPICE le coppie elettrone-lacuna generate in una struttura semiconduttiva
dalla luce e dalla radiazione. L'approccio proposto e basato sui cosiddetti Generalized
Lumped Devices, cioe degli elementi contenenti un modello che vengono intercon-
nessi tra loro per ottenere una descrizione completa di una struttura, che sono stati
precedentemente sviluppati per la simulazione di segnali parasitici in circuiti High
Voltage MOSFET. In questo lavoro, il modello ¢ esteso per includere la generazione di
portatori nel semiconduttore. Il modello sviluppato non € empirico, ma e basato sui
modelli fisici dei semiconduttori. Le simulazioni di questo modello possono essere
effettuate con simulatori convenzionalmente usati per i circuiti elettronici, senza bi-
sogno di parametri empirici o di fitting ma solo usando i parametri fisici e tecnologici
della struttura simulata. L'approccio si basa sulla rappresentazione della struttura
tramite un circuito equivalente costruito con i Generalized Lumped Devices. Questi
ultimi simulano la generazione di coppie elettrone-lacuna, la loro ricombinazione e il
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Riassunto

loro trasporto fino ai contatti elettrici attraverso la definizione di tensioni equivalenti,
proporzionali alle concentrazioni dei portatori, e correnti equivalenti, proporzionali
ai gradienti delle concentrazioni di portatori. Il modello sviluppato € stato validato
per diverse strutture e applicazioni usando simulazioni numeriche, effettuate con il
software Sentaurus TCAD. Per quanto riguarda la luce, sono state simulate le caratteri-
stiche di un fotodido, di una cella solare e di un fototransistore. Inoltre, & stato anche
studiato un pixel di un sensore CMOS 3T-APS. Il pixel comprende sia il sensore ottico,
cioé un fotodiodo, che un circuito di lettura formato da tre transistor. Il fotodiodo
e stato descritto dal circuito equivalente di Generalized Lumped Devices mentre i
transistor con i modelli compatti tradizionali, che sono stati connessi direttamente al
circuito equivalente, in modo da simulare tutto il pixel contemporaneamente. E stato
studiato anche I'impatto dei parametri del semiconduttore sull’'uscita del circuito di
lettura del pixel e sul crosstalk tra due pixel adiacenti. Infine, sono stati analizzati gli
errori nei circuiti integrati dovuti alle radiazioni ionizzanti. In particolare, € stata simu-
lata I'interazione tra particelle alfa, con differenti energie, e il substrato di silicio dei
circuiti integrati. Le correnti parassite indotte ai contatti elettrici sono state studiate
in funzione della posizione e dell’energia della particella alfa. L'effetto di funneling,
che insorge quando la concentrazione di portatori e piu alta del doping vicino ad una
giunzione p-n, € stato incluso nel modello.

Questa tesi mostra come 'approccio basato sui Generalized Lumped Devices puo
essere utilizzato per simulare accuratamente i dispositivi semiconduttivi optoelet-
tronici e per predire le correnti parassite indotte nei substrati dei circuiti integrati.
Questo lavoro é il primo passo verso lo sviluppo di un “metodo” completo e flessibile
per la simulazione delle coppie elettrone-lacuna nei dispositivi elettronici utilizzando
software SPICE.
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|§ Introduction

1.1 Radiation and light effects in semiconductors

The interaction of ionizing radiation, either electromagnetic radiation or ions, with
a semiconductor results in the generation of electron-hole pairs, if the energy of the
radiation is sufficiently high. This effect can be responsible for severe dysfunctions in
electronic components and systems, especially when dealing with particles that are
not stopped by the external packaging. The generated charge in the semiconductor
causes parasitic signals in circuits, leading to errors in the operation, data disrup-
tions, bit flipping, permanent damages or even complete failure [9, 10, 11, 12, 13].
But radiation effects are not an issue only restricted to space missions or aerospace
applications, as recent advances in CMOS transistor scaling have made integrated cir-
cuits more susceptible to ground level particles, coming from cosmic rays [14, 15, 16].
However, this charge generation does not only cause undesirable parasitic effects but
can also be actively exploited for detection purposes or energy conversion. Examples
are photodetectors, such as photodiodes and phototransistors, radiation dosimeters,
radiation detectors for particle tracking, and solar cells [3, 17, 18].

The physics mechanisms behind electron-hole pairs generation in semiconductors
by ions and photons are different. Ions, that are particles heavier than electrons,
cause ionization through a process of inelastic collision with atomic electrons of the
target material (Coulomb interaction) [19, 2]. Instead, the process associated to the
interaction with light (zero mass photons) is the internal photoelectric effect: the
photon is absorbed if its energy is higher than the bandgap and an electron-hole
pair is created. For semiconductors with indirect bandgap, phonons are involved in
order to conserve momentum [3]. Nonetheless, for what concerns electronic devices
and circuits, the ultimate result is the same, i.e. excess carriers in the semiconductor
structure, even though with different concentration and space distribution. And the
modeling of generation, transport and collection of these excess carriers has a crucial
importance in both fields of application for systems reliability.

Following the commonly used expressions in literature, the term radiation will be
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used when referring specifically to ions, not including also electromagnetic radiation,
for which the term light will be used.

1.2 Simulation of excess charge in devices and circuits

Modeling and simulation have always been widely used in microelectronics during
the design phase for rapid prototyping and optimization as they provide insight in
the system operation without the long and expensive process of testing. Today, with
the scaling of transistor dimensions, integrated circuits contain several billions of
transistors and the design of such architectures would not be feasible without software
packages that simulate the circuit operation before its fabrication [20]. Computer-
aided design (CAD) and computer-aided circuit analysis started in the early 1950’s
with the first digital computers [21]. Several simulators, based on different algorithms,
were developed during the following years but most of them were hard to use and had
difficulties in converging [21]. The first SPICE (Simulation Program with Integrated
Circuit Emphasis) program was firstly released in 1971, placed into the public domain
and presented at a conference in 1973 [22]. SPICE1 evolved from CANCER program,
developed during an undergraduate class project in the academic year 1969-1970.
SPICE became very popular due to several important characteristics: it was public,
it was multipurpose, allowing DC, AC, transient, noise, and sensitivity analyses in
the same program (while most of the other programs were quite specific), it was very
robust, as the heavy use by students resulted in many improvements, it could handle
large circuits and it was written in portable FORTRAN [1]. The program was further
developed in the next years. SPICE2 was released in 1975 [23], and SPICE2G6 in 1981,
becoming the worldwide industry standard. In 2011, SPICE was named an IEEE Mile-
stone (Fig. 1.1). SPICE simulators are based on devices compact models, i.e. they need
analytical models of the components in the circuit. With CMOS transistor scaling,
numerical solutions to carriers transport equations started to be required. Several

IEEE MILESTONE IN ELECTRICAL ENGINEERING
AND COMPUTING

SPICE (Simulation Program with Integrated Circuit Emphasis),
1969-1970

SPICE (Simulation Program with Integrated Circuit
Emphasis) was created at UC Berkeley as a class project in
1969-1970. It evolved to become the worldwide standard
integrated circuit simulator. SPICE has been used to train
many students in the intricacies of circuit simulation.
SPICE and its descendants have become essential tools
employed by virtually all integrated circuit designers.

¢ IEEE

Figure 1.1 — SPICE is an IEEE Milestone (adapted from [1]).

February 2011
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TCAD (Technology CAD), i.e. the numeric simulation of semiconductor processes and
devices, software programs were developed, such as MINIMOS [24, 25], HFIELDS [26],
FIELDAY [27], CURRY [28], SUPREM and PISCES [29]. With the debut of PISCES Il in
1984, numerical device simulation became mainstream. The increase of computa-
tional power in modern computers made possible the extensive use of TCAD tools
and, as a consequence, the advancement of their complexity and capability. Today,
the main suppliers of commercial TCAD tools are Synopsys (Sentaurus) and Silvaco
(ATLAS).

Simulation of excess carriers in semiconductor structures, generated by light or
radiation, are typically performed using SPICE or TCAD tools. TCAD tools provide
full numerical simulations at device level, solving numerically a set of physics equa-
tions that model the electrical behavior of a device taking into account its geometry,
materials and doping profiles. These equations also model excess charge generation
and transport inside a device [2]. The device-under-test is represented with a mesh
(example of a mesh is reported in Fig. 1.2), which is used for the linearization of the
physics equations (the Poisson equation for the electro-static problem, the continu-
ity equations for the carrier dynamic balance, and one or several equations to treat
the transport problem [2]). TCAD simulations are very accurate and give access to
internal quantities of the device structure that cannot be measured, helping with the
understanding of the underlying physics mechanisms. The significant drawback of
this approach is the long computational time, which depends on the mesh number
and nature of equations [2]. Moreover, it is not possible to simulate complex circuits
with several devices. This latter limitation can be partially overcome by using a mixed-
mode approach, in which only a single device of the circuit (for example the one in
which radiation-induced charge generation occurs) is simulated numerically while
the rest of the circuit is simulated using compact models (see Fig. 1.3). However,
the computation time is still quite high and coupling effect between devices are not
taken into account. Fast simulations of complex circuits are performed with SPICE
simulators, that use compact models to describe the different elementary devices in

Silicon film

Buried oxide

Substrate

Figure 1.2 — Example of a 3D mesh in an SOI MOSFET for TCAD simulaitons (adapted from [2]).
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Figure 1.3 — Schematic illustration of the mixed-mode simulation approach (adapted from [2]).

the circuit. Compact models consist in a simplified set of equations that describe
analytically the device operation. This result in a short computation time. Excess
carriers generated by light or radiation are usually injected in the circuit by means
of an equivalent current, using an external current source, as shown in Fig. 1.4. The
accuracy of the result depends on the correctness of the models used in the simu-
lation. Compact models often use semiempirical analytical expressions with fitting
parameters that have no clear physical meaning. The challenge is thus to extract the
correct values of these model parameters. This can be done by using experimental
data of real devices or data from device numerical simulations [2, 20].

Voo
Rseries
Radiation MAN—O
induced NET1
current NET2
k ? |_| Photocurrent Cf) Rshunt
$ : O
a) b)

Figure 1.4 — SPICE modeling of generated charges involve the injection of a current in the
circuit: a) SRAM hit by radiation, the parasitic current is injected at the struck node; b) solar
cell circuit model, the photocurrent is represented by a current source.
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1.3 Generalized Lumped Devices modeling approach

The novel SPICE-compatible modeling approach based on the so-called Generalized
Lumped Devices was firstly introduced in the framework of the SNF project “A global
approach to model induced minority carrier parasitic currents in HV-MOSFET's in-
tegrated circuits” [30, 31, 32] and then extended in the Automics European Project
for simulation of parasitic signals in Smart Power ICs using standard circuit simula-
tors [33, 34, 6, 35, 36]. The goal of these works was to obtain a complete description of
the ICs substrate, taking into account both drift and diffusion currents, for all injection
levels, i.e. simulating both majority and minority carriers. In fact, classical substrate
noise analyses were based on the description of ICs substrate with a network of doping
dependent resistors and capacitances at the boundaries of PN junctions. The classical
approach is valid when only drift current is involved, with no minority carriers, and
only for low injection regimes [6].

The novel substrate model based on the Generalized Lumped Devices relies on a
semi-compact modeling approach: regions with electric field that rapidly changes in
space (PN junction interfaces and MOSFET channel regions) are modeled with com-
pact models while the rest of the substrate is modeled with a distributed model. The
distributed model is derived from the discretization (with Finite Difference Method
(FDM)) of continuity and drift-diffusion equations, in order to handle the spatial
dependency of the system through a meshing scheme of the substrate [6]. The system
complexity is reduced by assuming the quasi-neutrality hypothesis: in this way the
Poisson equation can be removed and the continuity equation can be solved for just
one type of carriers. The FDM is thus only used for the minority carrier continuity
equation, which is transformed into a system of algebraic equations whose number
depends on meshing. These simplifications imply also that the electric field is piece-
wise constant, taking a different value in each mesh box but still changing over space.
Finally, since the distributed model is applied only where the electric field is slowly
changing, the mesh can be much rougher than the one employed in TCAD tools,
decreasing considerably the computational time. Solving this linearized continuity
equation gives information about minority carrier concentration and gradient. In
order to be solved by SPICE-like simulators, these quantities must be transformed in
electrical quantities that can be handled by such tools. To this purpose, equivalent
voltages and currents are defined: the equivalent voltages are proportional to excess
minority carrier concentration and the equivalent currents are proportional to ex-
cess minority carrier gradient. Thanks to this definitions, the linearized continuity
equation can be described as an equivalent circuit, i.e. the Minority Carriers Circuit
(MCC). The MCC is solved directly in SPICE simulators, obtaining information on mi-
nority carriers, and the results are used to couple back the effects on real currents and
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Generalized Resistor Generalized Diode Generalized Homojunction

Figure 1.5 — The three Generalized Lumped Devices developed to model minority carrier
parasitic currents in HVMOSFET’s integrated circuits.

voltages in the substrate, simulated by the Total Current Circuit (TCC). The substrate
model is thus composed by a network of Generalized Lumped Devices (connecting
the mesh nodes) which embed the MCC and the TCC and have 4 terminals (two for
TCC, i.e. real voltages and currents, and two for MCC, i.e. equivalent voltages and
currents) [6]. Three different types of Generalized Devices, shown in Fig. 1.5, are
derived:

» generalized resistor: to model a piece of substrate with constant doping;

* generalized homojunction: to model the doping discontinuities present at
electrical contacts;

 generalized diode: to model the pn junctions.

The result is a comprehensive tool able to correctly simulate propagation, recom-
bination, collection and injection of minority carriers in the substrate of ICs using
standard SPICE-like circuit simulators. Moreover, a back-to-back connection of two
Generalized Diodes correctly simulates the behavior of a parasitic NPN bipolar tran-
sistor while the a front-to-front connection models a PNP bipolar transistor. This is
possible thanks to the propagation of minority carriers through the MCC, whereas in
standard diode compact model they would be recombined, lost at the compact model
end pins. The Generalized Devices models have been coded in Verilog-A and the
substrate of a HVCMOS benchmark has been simulated with Spectre circuit simulator.
The model predictions were verified by both TCAD numerical simulations and experi-
mental measurements [6]. Regarding TCAD simulations, it is important to mention
that the same geometry and technology parameters were used for the TCAD structure
and the Generalized Devices equivalent substrate network. The latter, in fact, does not
need any fitting or empirical parameters. Simulations with Generalized Devices were
about 1000 times faster that TCAD simulations. Finally, this novel approach is not
dependent on the geometry of the wells in the substrate or on the technology, hence
it can be applied to any circuit layout [6].
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1.4 Motivation and aim of this work

Modeling of excess carriers in semiconductors is essential for the development and
optimization of optoelectronic devices and radiation-tolerant circuits. These latter
are increasingly required, as recent advances in CMOS scaling have made circuits
increasingly sensitive to errors and dysfunction caused by ionizing radiation. TCAD
simulations of excess carriers generated by light or radiation are limited by long
computation times. Moreover, specialized TCAD simulators are needed and only few
devices can be simulated at a time. Conversely, SPICE simulations are fast but their
accuracy is strictly dependent on the correctness of the employed compact models.
This is even more relevant for simulation of excess charge: the results depend on
the precision of the photo- or radiation-induced current injected in the circuit as
stimulus input. The derivation of this current is quite challenging and it is typically
done analytically with a certain number of fitting and empirical parameters.

The objective of this work is to extend the substrate modeling approach based on
the so-called Generalized Lumped Devices (GLD), previously developed for SPICE
simulation of minority carrier parasitic currents in HVMOSFET ICs, to obtain a com-
prehensive tool that can simulate excess carriers generation, transport and collection
in a semiconductor structure. The goal is not to obtain results as precise as TCAD
simulations, but to have a flexible and reliable SPICE model that does not depend on
specific compact models or on extensive fitting and that provides short computation
times. The SPICE compatibility is a key feature of the model, as it allows not only
the possibility to simulate excess carriers directly with standard circuit simulators,
but also to co-simulate any semiconductor structure described using the proposed
approach with any external circuit.

The main objective is thus to develop, extend and optimize the Generalized Lumped
Devices approach for excess carriers modeling in SPICE environment. The model will
be adapted to two different applications:

* simulation of photogenerated carriers in optoelectronic devices;
* simulation of radiation-induced carriers in ICs substrate.
The capability of the model will be tested by simulating a variety of scenarios, starting

with optoelectronic devices, such as photodetectors, solar cells, phototransistors and
CMOS APS, to conclude with soft-errors prediction in ICs hit by radiation.

1.5 Thesis outline

The thesis is divided into two parts:
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PartI presents how the Generalized Lumped Devices model is extended and applied
for simulation of light-induced excess carriers in optoelectronic devices.

Chapter 2 provides an overview on light-semiconductor interaction and defines
the quantities that will be used. A literature review on SPICE models for simulation
of photogenerated carriers and currents with standard circuit simulators is reported.
After, the extended Generalized Lumped Devices model, including photogeneration,
developed in this work, is described. The full derivation of the model is detailed,
including the discretization of continuity and drift-diffusion. The equivalent circuits
describing the Generalized Lumped Devices internal models are depicted. The novel
Generalized Devices, i.e the Surface Recombination Element, entirely developed in
this work for optoelectronics application, is presented and its model derived in details.
Finally, the meshing strategy to obtain the network of Generalized Devices describing
a given semiconductor structure is reported.

Chapter 3 presents the simulations of various optoelectronic devices using the
Generalized Lumped Devices (GLD) approach. First of all, a solar cell in DC operation
and a photodiode in transient operation are studied. Then, the model is employed
to predict the optically-triggered current amplification in a bipolar phototransistor.
Finally, the operation of a pixel of a CMOS image sensor and the crosstalk between
adjacent pixels are simulated. In particular, a 3T-Active Pixel Sensor, that includes
the photosensing element and a read out circuit made of 3 transistors, is analyzed.
The network of GLD describing the photodiode is directly connected to the in-pixel
circuit, described with transistor compact models, and the whole pixel is simulated
in a single run with a circuit simulator. The model is validated with TCAD Sentaurus
numerical simulations. The same geometrical and technological parameters are used
for the GLD model and TCAD simulations, hence no fitting or empirical parameter is
inserted in the model.

Part II presents the extension of the Generalized Lumped Devices approach to
model radiation-induced carriers in ICs substrate and its application for alpha particle
strike on silicon substrates.

Chapter 4 provides an introduction on radiation-semiconductor interaction, de-
tailing the mechanisms that can cause circuit dysfunctions at ground level. Radiation
effects in ICs are described, with an emphasis on Single Event Effects, which are
caused by radiation-induced excess carriers in ICs substrate. After, a literature review
on Single Event Effects modeling is presented. Finally, the extension of the Generalized
Devices models developed in this work for radiation-induced excess carriers SPICE
simulation is reported. A new meshing strategy and high-injection phenomena are
discussed, including funneling effect, that occurs when excess carriers with density
higher than the doping are generated in proximity of a p-n junction.

Chapter 5 reports simulations of alpha particles impinging on silicon substrates.
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The parasitic currents induced on n™ wells in p-substrate (representing source/drains
of n-MOSFETs) are studied as a function of alpha particle energy and position in
the substrate. Then, an alpha particle whose track in silicon crosses a p-n junction,
triggering a funneling effect, is analyzed. Also in this case, TCAD simulations are em-
ployed for validation of the GLD model, using the same geometrical and technological
parameters.

Chapter 6 summarizes the conclusions of this work and suggests further extensions
that would enable future applications of the Generalized Lumped Devices approach
in new fields.
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YA Modeling of photocarriers in silicon

2.1 Basics of light-semiconductor interaction

A photon that impinges on a semiconductor can be reflected at the surface, absorbed
in the bulk if its energy is higher than the semiconductor bandgap energy Eg, or
transmitted through the material if its energy is lower than the bandgap. When the
photon is absorbed, it excites an electron from the valence band to the conduction
band, generating an electron-hole pair in the semiconductor, i.e. a pair of excess
carriers. Two types of band-to-band transitions are possible: direct and indirect.
If a semiconductor has a direct bandgap, for example GaAs, the top of the valence
band and the bottom of the conduction band are characterized by the same crystal
momentum (k-vector), as shown in Fig. 2.1, on the right. The interaction is a two-
particle process: the photon with energy higher than E; causes the transition of the
electron. Conversely, for indirect bandgap semiconductors the top of the valence
band and the bottom of the conduction band are associated to different values of
crystal momentum. In this case, two scenarios have to be distinguished. If the photon
has an energy higher than the indirect bandgap but lower than the direct bandgap
(the minimum difference between valence band and conduction band at the same
crystal momentum) the interaction is a three-particle process. Phonons are involved
in order to conserve momentum, i.e. to move horizontally, following the red arrow in
Fig. 2.1. Phonons, with energy Ep, can be either absorbed or emitted [3]. If the photon
energy is higher than the direct bandgap, the interaction happens in the same way as
direct bandgap semiconductor.
The optical properties of a semiconductor can be described by the complex refrac-
tive index 7:
i=n,—ike (2.1)

The real part n, defines the velocity of the light traveling in the material, whereas the
imaginary part k,, i.e. the extinction coefficient, defines the absorption coefficient

13
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Figure 2.1 — Example of direct bandgap semiconductor, i.e. GaAs (right) and indirect bandgap,
i.e. silicon (left).

a [3]:
o= 4k, 2.2)
= X
where A is the light wavelength. For a direct band-to-band transitions:
a=x (hv-Eg)Y (2.3)
while for an indirect band-to-band transitions:
a = (hv—Eg+Ep)’ (2.4)

where hv expresses the photon energy and y is a constant. The absorption coefficient
describes the amount of light absorbed by the material. Light intensity I decreases
with the distance traveled in the material x according to the equation:

dI(x)
=—al(x) (2.5)
dx
that gives as a solution
I(x) = [ye™** (2.6)

where Ij is the incident light intensity (after reflection at the surface). Eq. 2.6 is the
well-known Lambert-Beer law.

The absorption depth is defined as the inverse of the absorption coefficient and
represents the point in the material at which the light intensity is equal to 36% of
the incident intensity. The absorption coefficient depends on the light wavelength:
short wavelengths (high photon energy) have a higher absorption coefficient (shorter

14
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Figure 2.2 — Measured absorption coefficient for Si and GaAs. Adapted from [3].
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absorption depth) whereas long wavelengths (lower photon energy) have a lower
absorption coefficient (longer absorption depth). Fig. 2.2 shows the absorption co-
efficients for Si and GaAs, measured experimentally. For a value of 10* cm™!, 63% of
the light will be absorbed in one micron of semiconductor [3]. In Fig. 2.3 absorption
coefficient and depth for visible light in silicon are presented. Data are obtained from
measurements at 300K [37].

The spatial distribution of the generation rate G of electron-hole pairs, induced by
the incident light, can be extracted from Eq. 2.6. In fact, the generation rate is deter-
mined by the loss in light intensity (which results in electron-hole pairs generation).
First of all, the photon flux N(x) has to be derived:

I() A

N(x) = Nge ** = me“” = Io%e_‘” 2.7

The generation rate G(x) is obtained by differentiating Eq. 2.7:

_dN® _al
~ dx  hc 0

G(x) e v (2.8)

Thus, the generation rate follows the exponential decay of the light intensity in the
material. It is expressed in cm™3s™!. For a light intensity of 1000 W/m? the generation
rate! at the surface, considering a wavelength of 600 nm (red light), is equal to 1.25-10%
3.-1

cm °s .

IThe value 1000 W/m? is referred as the peak solar radiation and corresponds to the typical value of
the solar irradiance at sea level on a clear day when the sun is at zenith.
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ion coefficient a (1/cm) absorption depth (m)
400 9.52E+04 1.05E-05
410 6.74E+04 1.48E-05
420 5.00E+04 2.00E-05
430 3.92E+04 2.55E-05
440 3.11E+04 3.22E-05
450 2.55E+04 3.92E-05
460 2.10E+04 4.76E-05
470 1.72E+04 5.81E-05
480 1.48E+04 6.76E-05
490 1.27E+04 7.87E-05
500 1.11E+04 9.01E-05
510 9.70E+03 1.03E-04
520 8.80E+03 1.14E-04
530 7.85E+03 1.27E-04
540 7.05E+03 1.42E-04
550 6.39E+03 1.56E-04
560 5.78E+03 1.73E-04
570 5.32E+03 1.88E-04
580 4.88E+03 2.05E-04
590 4.49E+03 2.23E-04
600 4.14E+03 2.42E-04
610 3.81E+03 2.62E-04
620 3.52E+03 2.84E-04
630 3.27E+03 3.06E-04
640 3.04E+03 3.29E-04
650 2.81E+03 3.56E-04
660 2.58E+03 3.88E-04
670 2.38E+03 4.20E-04
680 2.21E+03 4.52E-04
690 2.05E+03 4.88E-04
700 1.90E+03 5.26E-04

Figure 2.3 — Absorption coefficient and absorption depth for Si (data measured at 300K).

2.2 State-of-the-art of SPICE simulation of photogener-
ated carriers and currents

TCAD simulators provides a powerful tool for accurate numerical simulations of ex-
cess carriers photogeneration, transport and collection in semiconductor devices.
Thus, the resulting photocurrent in a semiconductor device can be correctly predicted.
In literature several examples of 3D simulations of photodetectors and other opto-
electronic devices can be found, including rigorous analysis of complex architectures
and layout [38, 39, 40, 41, 42, 43, 44, 45]. TCAD simulations are particularly useful for
prototyping and optimization of novel designs at device level, but are not dedicated
to large scale circuit simulations since only few devices can be simulated at a time. In
addition, long computation times and not widely available software packages further
limit their use in circuit design process. Conversely, SPICE simulations are extensively
employed.

SPICE-compatible simulation of photocarriers is based on the analytical or empiri-
cal modeling of the photo-induced current. The equivalent circuit model of a photo-
diode is reported in Fig. 2.4. The photocurrent I, is described with a current source,
which is in parallel with the classical compact model of the diode [46, 47, 48, 49]. Other
parameters, such as shunt and series resistances (R, and R;) and junction capaci-
tance (C;) can be added to the model. CMOS pn junction photodiode represents the
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Figure 2.4 — Equivalent circuit model for a photodiode.
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Figure 2.5 — Bottom and lateral collection in CMOS photodiode.

most common photosensing device employed in solid-state image sensors, due to its
availability and ease of use [50]. Photocarriers are collected by the bottom and lateral
junctions (see Fig. 2.5). Collection through the bottom junction (photocarriers gener-
ated deep in the substrate) is the major contribution to the total photocurrent for large
devices, whereas lateral collection is an essential component in highly scaled CMOS
technologies. Accurate photodiode models need to address both these contributions.

Different semi-analytical approaches have been developed. These are very useful
for certain applications, such as compact modeling for circuit simulations [50], but
they need extensive fitting with experimental data. In [51, 52, 53], CMOS Active Pixel
Sensor? (APS) cells were fabricated, using a 0.5-um CMOS process, and tested. A first
semi-analytical expression of the photocurrent including the lateral collection, as
a function of the geometrical shape and process data, was derived. Other studies
on semi-analytical models for 0.35-um, 180-nm and 90-nm CMOS technology are
presented in [54, 55, 56].

2A CMOS APS is an image sensor in which each pixel include a photodiode and a read-out in-pixel
circuit.
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Several analytical models for photodetectors can be found in literature. Finding
an analytical solution is a complex problem. The continuity equation including the
optical generation rate has to be solved [50]. Typically, the steady-state continuity
equation, assuming zero electric field, is considered:

. o G
All——+—==0 (2.9)
D D

where 7 is the excess carrier concentration, 7 and D are the lifetime and diffusion
coefficient and G is the generation rate (photogenerated electron-hole pairs per
unit volume and time). Analytical solutions in 1D do not consider lateral effects [57,
47, 58, 48] and can be used only for devices with large areas. Lateral photocurrent
modeling requires at least a 2D solution of the continuity equation. In [59] an array
of uniformly spaced stripe collectors are firstly studied. Thanks to the geometrical
symmetry, considering a constant optical generation rate and neglecting the variation
of the diffusion current in vertical direction, the diffusion equation is reduced to
a 1D equation and analytically solved. For the second geometry considered, i.e.
hexagonal matrix of small circular collectors, the total photocurrent is expressed
using the modified Bessel and Hankel functions. Other studies focus on different
geometries (vertical [60, 61, 62], lateral [63], fingered [64], backside illuminated [65],
etc.) or on different types of junction (pn, pn*, p-epi-n, n-p*, p-epi-pn*, etc.), photon
frequency (visible, ultraviolet, infrared, X-ray, etc.), and other parameters, that require
different assumptions [50]. These approaches provide high accuracy and agree well
with measured data or numerical simulation, but are very specific to the considered
structure. Moreover, they are not easily obtained, introduce several approximations or
result in complex expressions that cannot be used for compact models [66]. In [66, 67],
apn* and a pn CMOS square-shape photodiodes are considered and the continuity
equation is solved in 2D. The boundary condition at the surface include the surface
recombination effects while the boundary condition at the bottom of the wafer is set
by the presence of a metal contact. A 2D analytical solution for the total photocurrent,
i.e. bottom and lateral current, is obtained as a function of photodiode size and the
surrounding collecting area, that is suitable for compact modeling. It has been coded
in Verilog-AMS [68] and employed in CAD environments.

The 2D analytical solution developed in [66, 67] is also used for analytical model-
ing of electrical crosstalk, as the latter requires an estimation of lateral currents as a
function of geometrical features (photodiodes dimensions and spacing). Electrical
crosstalk in an image sensor originates when photocarriers generated in an illumi-
nated pixel diffuse towards neighbors pixels, as sketched in Fig. 2.6, producing an
unwanted signal in these pixels. Optical crosstalk arises due to reflection, refraction,
and scattering of photons at the different internal and external optical interfaces of
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Figure 2.6 — Electrical crosstalk in two adjacent pixels.

the chip (including packaging) [69]. In [70] a closed-form and compact expression
for crosstalk as a function of illumination and physical, geometrical, and process
parameters is reported. This is among the very few crosstalk models available in liter-
ature. Other studies are presented in [53], which proposes a semi-analytical approach
approximating the pixel geometrical shape, and in [71], although the lateral diffusion
is not considered due to modification in a standard fabrication process, and thus
crosstalk effects are probably underestimated [50].

Finally, few examples of 3D modeling are found in literature [72, 73]. The ap-
proaches are based on the Fourier series and consider a periodic illumination and a
mesa structure. However, the full analytical solution is obtained only for particular
conditions, such as semi-infinite substrate and specific elements geometry.

The compact modeling approach presented in Fig. 2.4 is widely employed for the
simulation of solar cells in photovoltaic systems. Variations to this circuital equivalent,
presented in Fig. 2.7.a, Fig. 2.7.b, and Fig. 2.7.d, are found in literature, but are less
popular [4]. In fact, series resistance R; and parallel resistance R), affect the I-V charac-
teristics of a solar cell and should be correctly modeled to obtain accurate simulations.
In particular, the parallel resistance reduces the available current, whereas the series
resistance affects the output voltage [4]. The goal of a solar cell compact model is
to predict the IV characteristics, shown in Fig. 2.8, and in particular the three char-
acteristic points: short-circuit point, open-circuit point and maximum power point.
These three points allows the optimization of the photovoltaic system according to
the specific application. Regarding the 5-parameter model (5-p), in Fig. 2.7.c), several
studies are found in literature [74, 75, 76, 77, 78, 79, 80], using different mathematical
models, parameter extraction procedures, and major hypotheses and simplifications,
demonstrating acceptable levels of accuracy [4]. However, the 5-p model does not
consider that the saturation current of the solar cell results from a linear superposition
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Figure 2.7 — Equivalent circuit models for a solar cell: a. ideal model; b. one-diode only
with a parallel resistance R, (4-p model); c. one-diode with series resistance Ry and parallel
resistance R, (5-p model) and d. two-diode model (7-p model). Model c is the most commonly
used. Adapted from [4].

of charge diffusion and recombination in the space-charge region [81]. To correctly
model this aspect, the two-diode model, shown in 2.7.d was proposed [81, 82, 83]. The
additional diode increases the number of unknown parameters and inserts another
exponential term. The model is thus quite complex and requires long computational
time. For this reason, and because the benefits in accuracy are important mainly for
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Figure 2.8 — IV characteristics of a solar cell. Adapted from [4].
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Figure 2.9 — Schematic representation of the distributed electrical network for modeling of
solar cell with non uniform distribution of electrical and optical properties. Adapted from [5].

low irradiance level and during partial shading conditions [84], the two-diode model
is employed only for specific studies.

Finally, models based on distributed electrical networks are developed for the
analysis of lateral inhomogeneities in large area solar cells [85, 86, 87, 5], as shown
in Fig. 2.9. These are particularly useful in multicrystalline silicon solar cells, in
which the presence of defects causes a non uniform distribution of electrical and
optical properties [5]. The solar cell is divided in several small units, described by the
equivalent circuit in Fig. 2.7.c or Fig. 2.7.d without R;, that are interconnected by a
resistive network, i.e. distributed series resistance R;.

2.3 Extended Generalized Lumped Devices approach

SPICE simulation of photogenerated carriers and photocurrents with compact models
is quite challenging. Analytical models are very difficult to develop, as a 2D or 3D
continuity equation has to be solved. Moreover, analytical solutions require several
assumptions and simplifications that depends on the geometry of the device under
study. This results in very specific models that are valid only for small sets of devices
and technologies. Empirical compact models are often employed but require extensive
fitting with experimental data.

To overcome these limits, a novel semi-compact approach for light-induced excess
carriers in semiconductors is proposed in this thesis, based on the so-called General-
ized Lumped Devices. The latter have been previously developed to model minority
carrier parasitic currents in the substrate of HVYMOSFET ICs in SPICE environment [6].
In this work, the Generalized Lumped Devices model is extended to include pho-
togeneration of excess carriers in silicon. The modeling approach consists in the
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description of the semiconductor structure with an equivalent network of Generalized
Devices. The structure is firstly meshed (with a much coarser mesh with respect to
TCAD numerical simulation, providing very short computation time, around three
order of magnitude lower than TCAD), then the equivalent network is obtained by
interconnecting the mesh nodes with the proper Generalized Device. The Generalized
Resistance models a piece of semiconductor with constant doping, the Generalized
Homojunction models the doping discontinuities present at electrical contacts and
the Generalized Diode models the pn junctions. In addition, a novel Generalized
Device taking into account surface recombination effects has been developed. This
equivalent network can predict excess carriers generation, recombination, transport
by drift-diffusion and collection. The developed model is SPICE-compatible and
physics based. It can simulate photocurrents without any empirical fitting parameter
and with no predefined compact model, i.e. independently of the geometry and layout
of the device.

2.3.1 Generalized Lumped Devices model including excess carriers
generation rate

To model photogenerated excess carrier behavior in a semiconductor structure, for
all injection levels, the drift-diffusion problem and the continuity equations should
be solved in three dimensions, but an accurate and general closed form solution
does not exist. This means that numerical methods have to be used, i.e. the well-
known TCAD tools. However, the objective is to have fast simulations that can be
run using standard SPICE-like circuit simulators. To obtain this result, the complete
mathematical problem describing a semiconductor structure, comprising the Poisson
equation and the continuity equations for electrons and holes (in this case with the
drift-diffusion as transport equation), is simplified. The reduced set of equations is
then discretized following the Finite Difference Method (FDM), which is based on a
Cartesian meshing® of the domain. The FDM strategy can be applied to an IC layout
by simplifying the different geometries [6]. An example of FDM mesh applied to IC
substrate is shown in Fig. 2.10.

The first simplification is the assumption that the quasi-neutrality hypothesis al-
ways holds. As a consequence, it is not required to solve the continuity equation for
electrons and for holes. Only one continuity equation is solved, for just one type of
carriers. The second simplification consists in removing the Poisson equation from
the system. For regions where the electric field changes rapidly in space, for example
PN junction interfaces and MOSFET channel regions, the discretization of the Poisson

3The meshing is the division of the entire problem domain in smaller pieces: a mesh of geometrical
points is created where the equations are solved
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Figure 2.10 — Meshing of an IC substrate using the Finite Difference Method (FDM) (adapted
from [6]).

equation would require a mesh size of the order of the Debye length (~ nm), so a
very high number of mesh nodes and long computation times. These critical regions
are removed from the FDM discretization and are described with compact models,
obtaining a semi-compact modeling approach: junctions and transistors are modeled
with compact models while the rest of the substrate is modeled with a distributed
FDM [6]. In the discretized substrate, the electric field is assumed piece-wise constant
(following the quasi-neutrality hypothesis), with a different value in each mesh cell,
i.e. still changing over space.

As a result of these simplifications, the FDM is used for the discretization of one
continuity equation:

ou

T =V-(aDVu—-puuVV)+a(G-R) (2.10)

-

J

where u(x, y, z) is the generic carrier concentration (u is used as generic symbol to
indicate equivalently electrons 7 or holes p), a = +1 for electrons and a = —1 for holes,
D is the diffusion coefficient (D, = V;u, and D, = V;u,, where V; is the thermal
voltage), i is the mobility, V is the electrostatic potential, R is the recombination rate
described with the Shockley-Read-Hall (SRH) model and G is the generation rate. The
discretization perfomed in [6] (for HVMOSFET application) was applied to Eq. 2.10
without the generation term G. In this work, the discretization is perfomed again
including also the generation rate G. In low injection, considering ambipolar transport,
the mobility and lifetime takes the value of the minority carriers. For this reason, in low
injection, Eq. 2.10 will refer to the minority carriers. When dealing with optoelectronics
application, typically the photogenerated excess carriers concentration is lower than
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Figure 2.11 — Discretization scheme in 1D, along x-direction.

the doping, i.e low injection. Modeling of high injection condition will be addressed
in the second part of this thesis, for high energy particles interaction. Eq. 2.10, in
steady-state, can be written in the form:

%+Z—j;+%:qa(R—G) (2.11)
The equation can be split in the three current density components Jy, Jy, J. in the
three directions but the general solution of the problem is not a linear combination of
three 1D solutions, as the recombination and generation terms R(x, y, z) and G(x, y, z)
are functions of the entire volume. The discretization of Eq. 2.11 is now detailed.
For simplicity, the steady-state case will be presented. The discretization is done
according to the scheme in Fig. 2.11, where i — 1, i, 7 + 1 are the mesh nodes, Ax; is the
total mesh size, fromi+1/2toi—1/2, A_x: and AT, are used for non uniform mesh
elements (mesh node i not centered), and 4; is the distance between two adjacent
mesh nodes i and i + 1. The discretization scheme is shown only for the x-direction,
but the same applies also for y and z directions. Eq. 2.10, in steady-state, is linearized
as follows:

ij+ bk ]yi,j—lk

]y ]z _]Z
-+ z
Ax Ay Az

ijk+1 ijk-%

=qa(R; jr—Gijrx) (2.12)

The following linearized quantities are also obtained (for x-direction, the same applies
for the other directions):

dau Uil 2.13)

dx i+3 ai .

. UiRg + U+

ui+% = T (2.14)
4
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Ax;

Rg=— (2.15)
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and thus expressions for the linearized current densities Jy, J,, J, can be derived.

For :
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Similar expressions are obtained for J X1k and for all the other directions. Substi-
1

tuting the expressions for the linearized current density in Eq. 2.12, the following is
obtained:
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i jv1,k — i j k Ui, j = Wij-1,k
qD; . 1 ;———————qD; ;1 ————— |AxAz+
Jj+5.k . i,j—5.,k .
( 2 b] 2 b]—l
. N (2.18)
a (Wz‘,j+%,k“i.j+%,kExi,,-+;,k T K-ty By | AXAZE
i j 1 — Ui j & i j,k = Ui, jk—1
(QDi,j_kJr%—Ck —qD; -1 o AxAy+

@ (q:ui,j,m% @ jerd B, gy = AR 1t a1 By oy | AXAY =

ijk+} 2 ij,

q(R; jx—Gi j ) AxAyAz

As state above, Eq. 2.18 is composed of an expression repeated for the three directions
x,y,Z plus the volumic terms of generation and recombination. A schematic repre-
sentation of this equation is reported in Fig. 2.12, where the three current density
components in the three directions Jy, J;, J, and generation and recombination terms
are shown for a mesh element. The dimensional parameter d,, = 3 is introduced for
the discretization of generation and recombination in the three directions. Eq. 2.18 in
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Figure 2.12 — Schematic representation of Eq. 2.18: the three current densities component in
the three directions Jy, Jy, J, and two volumic terms, i.e. generation and recombination

x-direction is:

Wit1,j,k = Ui,jk Ui,jk = Wi-1,jk
aDyy = =Dy e+
2 a; 2 ai—1
aq'ui+%,]',kul"F%.j,kExH%,]‘,k - aqui_%yj’kui_%']-,kExi_%]ij = (2.19)
Ax

qR; jx— Gi,j,k)%
Eqg. 2.19 is an algebraic equation that can be solved by SPICE simulators using Kirch-
hoff laws? if all the quantities are expressed as electrical quantities, i.e. voltages and
currents. To this purpose, the definitions of equivalent voltages and equivalent cur-
rents are introduced. The equivalent voltage is proportional to the excess minority
carrier concentration and the equivalent current is proportional to excess minority
carrier gradient (the proportionality constant is the elementary charge g, which is
added for scaling purposes):

Veg = ql (2.20)
dil
Teg =0 (2.21)

Eq. 2.19 can be mapped on equivalent voltages and currents. Considering one half of

“4This is possible because the continuity equation is a conservation law and can be mapped using
voltages and currents [6].
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the mesh element, the following is obtained:

Vegii = Veg, Veq:Rg + Veq,, AXx Ax
AxDi+% 1ai 1 +Axa:ui+% liRg lExH% _quRi%+quGi%=0
(2.22)

and expressing the recombination term as R = #i/7, where 7 is the minority carrier
lifetime, the expression is:

Veqiis ~ Veq Veqi Rg + Veq;. Veq, Ax Ax
AxDi+%a—i+Axaui+% ]_+Rg EXH%_AX . %+quGim—0
(2.23)

An equivalent circuit that describes Eq. 2.23 can be obtained considering Eq. 2.23 a
Kirchhoff current law, i.e. there are four current contributions for one node that sum
up to zero, and considering that a linear relationship between currents and voltages
can be modeled as a resistance. By doing so, the equivalent circuit in Fig. 2.13, that
connects the mesh node i to the mesh node i + 1 (see Fig. 2.11), is derived. This
equivalent circuit is the Minority Carrier Circuit (MCC), resulting from the discretiza-
tion of the continuity equation for the minority carriers. It can simulate generation,
recombination, drift and diffusion of excess minority carriers. Since neutrality hypoth-
esis holds, information on both minority and majority excess carriers concentrations
and gradients are obtained. The circuit in Fig. 2.13 also reports two capacitances,
which are derived from the discretization of the non-stationary equations. These are
diffusion capacitances that model the transient phenomena.
The values of the circuital parameters are the following:

AxAx
Ge=— (2.24)
12d,,
Minority Carriers Circuit (MCC)
< >
gde IG Gc __C:d Cd__Gc IG gde
> Ll LN
i.j.k C i+1,).k
X
s

Figure 2.13 — Minority Carrier Circuit (MCC): circuital equivalent of the discretized continuity
equation (Eq. 2.10) for the stationary case.
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Regarding optical generation G;, the Lamber-Beer law, presented in section 2.1, is

used to derive the value of the generation rate, from impinging light intensity, as a

function of the depth d in the semiconductor structure:
al d

G= —Ioe_“

he (2.29)

The additional term I in the MCC is obtained in this work, that was not present in [6].

With the circuit in Fig. 2.13, only minority carrier information, in the form of equiv-
alent voltages and currents, is available. An additional circuit is required for the
simulation of real voltages and currents in the semiconductor, that depend on ma-
jority and minority carriers. The drift-diffusion model is considered for the generic
carrier u(x, y, z):

di

— 2.30
axl, @0

]i+

:q['uM(N+ ﬂi+%)+,um(uo+fti+%) Ei+%+q(Dn—Dp)

2
where ) is the majority carrier mobility, i, is the minority carrier mobility, N is the
doping concentration, iy is the thermal equilibrium minority carrier concentration,
Dy, is the diffusion coefficient for electrons and D), is the diffusion coefficient for holes.
Eq. 2.30 takes into account the bulk conductivity modulation given by both minority
and majority carriers and also the correction term taking into account the difference
between majority and minority diffusion currents (/%) [6]. This expression is thus
valid also for high injection. The equivalent circuit describing Eq. 2.30 is the Total
Current Circuit (TCC), that models the real currents and voltage, and it is reported in
Fig. 2.14. The TCC includes a constant resistance Gy, that is the doping-dependent
resistance, a varying resistance G,;, to model the conductivity modulation by excess
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Figure 2.14 - Total Current Circuit (MCC): circuital equivalent of the drift-diffusion equation
(Eq. 2.30).

carriers and the correction term Ip;,x:
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The substrate distributed model is obtained by interconnecting each mesh node
(i.e. point i, j, k in the 3D mesh element in Fig. 2.12) and the neighbor mesh nodes
in all directions with a Generalized Device that represents the discretized equations
in one direction. Structures with 2D or 1D dimensionalities, i.e. quantities constant
in one or two directions, can be described with a simplified network in 2D or 1D. For
the 2D case, for example, nodes in the third dimension are not considered and the
total length of the third dimension is included in the area of the Generalized Devices.
Moreover, the dimensional parameter is changed to correctly model generation and
recombination: d;;, = 2 for 2D case and d,;, = 1 for 1D case.

Fig. 2.15 describes how these Generalized Devices are obtained. The TCC and MCC
along the x-axis for two mesh elements are reported inside the blue rectangles. These
represent the complete model including transient effects. The mesh node i, j, k and
the neighbor node i + 1, j, k are shown with a black dot. The Generalized Device
interconnects the two mesh nodes. Its equivalent circuit, reported inside the red
rectangle, consist of half of the TCC and MCC of the mesh rectangle i, j, k and half
of the TCC and MCC of the mesh rectangle i + 1, j, k. By summing the resistances in
series and merging the current sources contributions, the equivalent circuit of the
Generalized Resistance is obtained (Fig. 2.16).
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The Generalized Resistance, whose equivalent circuit is reported in Fig. 2.16, models
pieces of substrate with constant doping (i.e., there is no junction between the two
mesh nodes). To recapitulate, The TCC includes a constant resistance (Gy) which
represents the resistance of the substrate (doping dependent), a variable resistance
(Gmin) that takes into account the modulation of the conductivity due to the excess
carriers, and a current source (Ip,;%) which is a correction term for the difference
between majority and minority diffusion currents. The MCC includes a conductance
(G4) depending on the diffusivity that regulates the diffusion current, a current source
(gmaE) that accounts for the drift current, a conductance (G.;) depending on the
electron-hole pairs lifetime (Shockley Read Hall model) that regulates the carriers
recombination in the discretized volume, a current source (I;) that simulates the
photogeneration of excess carriers, and diffusion capacitances (Cg;).

The values of these circuital elements, presented above, only depend on geometrical
and technological parameters of the semiconductor structure, i.e. the model does not
need any empirical or fitting parameters. The TCC and MCC subcircuits are coupled
together so that any variations in equivalent voltages and currents affect real voltages
and real currents, and vice-versa, as shown in Fig. 2.17 (this bi-directional coupling is
a key feature of the model).

As stated above, junctions are modeled with compact models. If between two mesh
nodes there is a pn junction, the Generalized Diode is used. The equivalent circuit
of the Generalized Diode, reported in Fig. 2.18, is obtained by interconnecting the
circuit describing the n-type neutral part of the substrate and the circuit describing the
p-type neutral part of the substrate (Generalized Resistance models) through current
and voltage sources representing the compact model of the space-charge region of
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Figure 2.15 — Schematic representation of TCC and MCC in x-direction. The Generalized
Device interconnects two adjacent mesh nodes.
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Generalized Resistance
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Vio | O v
Ibulk
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(e, O
eq,1 Gdn Veq,2
MCC
Figure 2.16 — Generalized Resistor equivalent circuit.
the pn junction:
Vi Vi
Vi=qnp,| eVt -1 Vy=qpn, | eVt -1 (2.33)
Iior = (Veq,l - Vi)Gan + (Veq,Z - Vp) de + Irec (2.34)

where [, is the current contribution coming from generation-recombination pro-
cesses in the depletion region, given by the Sah-Noyce-Shockley (SNS) term [6], np, is

Vi ot . . Lot V,
> Total current circuit > o
Drift Conductivity
term modulation
V . . . .
il B Mlnorlt.y carriers > ng
Lga circuit Lys

Figure 2.17 — The TCC and MCC are coupled together: variations in equivalent voltages and
currents (i.e., excess carriers concentrations and gradients) affect the real voltages and currents,
and vice-versa. Adapted from [6].
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Generalized Diode
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Figure 2.18 — Generalized Diode equivalent circuit.

the electron concentration at thermal equilibrium in the p-side and p,, is the hole
concentration at thermal equilibrium in the n-side. The II circuit in red is further
discretized, obtaining a distributed RC network as shown in Fig. 2.19, to linearize the
carriers distribution that rapidly changes at the boundary with the depletion region.
The dimension of the space-charge region x; and the depletion region widths in the
p-type part x4, and in the n-type part x4, are calculated as a function of the applied
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=
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equivalent circuit

""" Veq=q n
Figure 2.19-The red part of the Generalized Diode equivalent circuit in Fig. 2.18 is a distributed

RC network. This allows for the discretization of the carriers concentration and gradient that
vary rapidly near the depletion region. Adapted from [6].
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voltage [3]:
2es N, 1
Xan =1 =~ ———(Vbi = V}) (2.35)
q Np Na+ Np
2es N, 1
Xap =1 =L ———— (W} - V) (2.36)
q NA NA+ND

where V}; is the built-in potential, N4 and Np are, respectively, the doping concentra-
tions of the p-type and n-type semiconductors, and €; is the electric permittivity of
silicon. x4, and x4, are then subtracted from the width of the neutral resistive part in
the model of the Generalized Diode. This feature of the model, included during this
work, will be particularly useful to model the Early effects in phototransistors, that
will be presented in the next chapter.

The Generalized Homojunction is used to model the doping discontinuities present
at electrical contacts. The equivalent circuit is shown in Fig. 2.20. As for the Gen-
eralized Diode, the two neutral regions are modeled using the distributed network
(Generalized Resistance equivalent circuit) while the space-charge region of the ho-
mojunction is modeled with a compact model.

The substrate model is thus composed of a network of the three Generalized
Lumped Devices (GLD) in Fig. 2.21. Since excess carrier concentrations and gra-
dients are represented with electrical quantities (equivalent voltages and currents in
the MCC), the network of GLD can be simulated using standard SPICE-like simula-
tors. The circuital equivalences of the models of the Generalized Devices have been
coded in Verilog-A, in order to be directly available for simulation with SPICE tools.

Generalized Homojunction

P/N side P/N side
G G

min min

G, G

0

5235 %%P 5 ¢%¢£ 59

MCC

10

Figure 2.20 — Generalized Homojunction equivalent circuit.
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V1 Vz V1 VQ V1 // V2

Veq.1 Veq.Z Veq.1 Veq‘1 A Veq.z
Veq‘z

Generalized Resistor Generalized Diode Generalized Homojunction

Figure 2.21 — The three Generalized Lumped Devices developed to model minority carrier
parasitic currents in HVMOSFET’s integrated circuits.

The number of the GLD in the network depends on the mesh of the semiconductor
structure, as they interconnect adjacent mesh nodes. Details on the meshing strategy
will be provided in section 2.3.3.

2.3.2 Surface recombination effect

For a comprehensive study of optoelectronic devices, surface effects should be taken
into account. In fact, since light absorption and photogeneration of free carriers have
the peak value at the semiconductor surface, surface recombination can significantly
degrade the devices performances [88, 89]. Recombination at the surface is caused
by defects or impurities located at the surface of the semiconductor. At the surface,
the periodicity of the crystal lattice is interrupted, causing dangling bonds. These
are usually reduced by passivating the surface with a layer grown on top of the semi-
conductor surface. Regarding silicon, passivation is usually done with silicon oxide,
that provides the best surface properties, minimizing the defects. Recombination
at the surface decreases the concentration of excess carriers, causing a diffusion of
the latter toward the surface. A parameter called surface recombination velocity is
typically used to express the surface recombination and it is specified in cm/s. If the
recombination at the surface is zero, the surface recombination velocity is zero, i.e.
there is no diffusion of excess carriers toward the surface. Conversely, for an infinitely
fast recombination, the diffusion of carriers towards the surface is limited by their
maximum possible velocity (about 107 cm/s for most semiconductors).

In this thesis, a new Generalized Lumped Device, called Surface Recombination
Element, has been developed to include the surface recombination effects (results
have been published in [90]). Differently from the Generalized Devices presented in
section 2.3.1, the new element consists only in the MCC subcircuit and has a single
pin, as shown in Fig 2.22. A single pin is used because carriers that recombine at the
surface are lost and do not propagate the current further, in contrast to the Ohmic
contact for instance.

Surface Recombination Elements are connected to the row of mesh nodes closest
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R

v

eq,2

Surface Recombination
Element

Figure 2.22 — Surface Recombination Element.

to the surface. An example of network of GLD including the Surface Recombination
Elements is presented in Fig. 2.23. The generation rate and Shockley-Read-Hall bulk
recombination are not included in the model of the Surface Recombination Element,
as these are already accounted by the Generalized Devices that interconnects the
nodes of the mesh rectangles adjacent to the surface.

The continuity equation to be solved is in the form:

0*u

The electric field is neglected. This assumption is reasonable in this context because
out of the semiconductor the electric field is equal to zero, and so also at the surface
it is zero, due to the continuity of the electric field. Between the surface and the first
mesh node, the electric field is thus negligible. Eq. 2.37 implies that u« is linear, and
therefore the linearization of the differential equations as required for the Generalized
Devices is already satisfied.

In presence of surface recombination, the boundary condition at the surface of the

light

Figure 2.23 — Example of the equivalent network of Generalized Lumped Devices including
the Surface Recombination Elements.
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semiconductor is given by [3]:

qDZ—Z . = qS[u(xs) — upl (2.38)
where D is the diffusion coefficient, u is the generic carrier concentration (p/n), x;
is the coordinate of the semiconductor surface and S is the surface recombination
velocity. Typical values for a bare silicon wafer are in the range of 10 - 10° cm/s,
depending on the fabrication process, doping type and concentration; values in the
range 10® — 107 cm/s are the maximum values for surface recombination velocity [91,
92]. Equation (2.38) is one of the two boundary conditions for the continuity equation.
The second boundary condition is given by the excess carrier concentration (i;) at
the j*" mesh node connecting the surface recombination element, that is computed
by the equivalent network of GLD as the equivalent voltage V.4, ; = qii;. By solving
the continuity equation, a relationship between the equivalent voltage at the j node
and the equivalent current at the j’” node is obtained:

_ ASVitm o,
I LS+ Vip M
———

Gs

(2.39)

where V; is the thermal voltage and p,, is the mobility of the minority carriers, L is
the length of the surface recombination element and represents the distance between
the surface and the j th mesh node, and A is the area of the element. The equivalent
circuit, reported in Fig. 2.24, is thus a conductance, whose value is G, that connects
the single pin to the ground. This is consistent since the surface recombination lowers
the excess carrier density: part of the equivalent current will flow in G, and not
in the internal resistances of the MCC of the Generalized Resistor. This will lower
the equivalent voltage, i.e. the excess carrier concentration, in the resistor. Note
that the model is consistent also for the two limiting cases: S =0 and S = co. When
S =0, the conductance is zero and no current will be subtracted from the equivalent
network (more carriers will be available for collection), while for S = oo, G, reaches its

eq

eq

Figure 2.24 — Equivalent circuit of the Surface Recombination Element.
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maximum value, i.e. minimum carrier concentration near the surface.

2.3.3 Mesh strategy

A proper meshing strategy is crucial to obtain accurate simulations with low computa-
tional time. The mesh dimensions have been optimized to obtain the most accurate
results in the shortest time. A set of rules have thus been derived. However, according
to the application, mesh size can always be increased to have faster simulation if a
lower accuracy is acceptable.

Meshing of the semiconductor substrate to obtain the equivalent network of Gener-
alized Lumped Devices is divided in three steps.

1. Mesh lines are placed at every junctions, pn junctions and homojunctions. A
mesh element contains a piece of semiconductor with same doping concentra-
tion and type.

2. The mesh is refined so that the maximum size is one fifth of the diffusion length
of the minority carriers.

3. In the illuminated region of the semiconductor structure the mesh is further
refined. From the surface where the light is impinging down to a distance equal
to four times the absorption length a~! the mesh size is set as one fifth of the
absorption length a~!. This value is used to ensure the linearization of the
photogeneration profile. For depths higher than this value the photogeneration
can be considered negligible, thus the mesh does not need to be refined.

Following these rules, accurate simulation results are obtained, that will be shown
in the next chapter, with a computational time about three orders of magnitude lower
with respect to TCAD simulations of the same structures.

2.4 Conclusion

A novel approach for SPICE simulation of photogenerated carriers in semiconduc-
tor, based on the so-called Generalized Lumped Devices, has been presented. This
method is based on the description of the semiconductor structure with an equivalent
network of Generalized Devices that can predict excess carriers optical generation,
recombination (in the bulk and at the surface), propagation and collection.

The derivation of the Generalized Devices model has been detailed. The model is
physics based and SPICE-compatible, i.e. the simulations can be performed using
standard circuit simulators. Moreover, it does not need any fitting parameter nor
predefined compact model that depends on specific device geometry.
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In this chapter, the Generalized Lumped Devices (GLD) approach, presented in the
previous chapter, is employed to simulate the interaction of light with silicon in
different optoelectronic devices. The results of simulations performed using the GLD
model in SPICE environment (in particular, Spectre circuit simulators) are compared
with simulations of the same devices done with a TCAD numerical tool (Sentaurus
TCAD). The same silicon intrinsic parameters are used for both TCAD numerical
simulations and in the model of the Generalized Lumped Devices, including doping-
dependent mobility and lifetime values, bandgap and intrinsic carriers concentration.
Hence, no empirical or fitting parameters are introduced in the model.

The objective is to analyse the capability of the model and to understand to what
extent it can be used to predict the behavior of optoelectronic devices. The GLD
approach was initially developed for a quite different application, i.e. injection of
parasitic substrate currents in high voltage MOSFET, but thanks to the extensions
and improvements developed during this thesis, it is now an effective tool for the
simulation of photogenerated carriers and currents in semiconductor devices. Thus,
it is important to assess the accuracy of the model for different conditions and for
different devices. However, the goal is not to have a very high accuracy, comparable to
TCAD, but to obtain a tool that provides fast and reliable SPICE simulations, to be run
in standard circuit simulators, independent on specific compact models and on the
layout and applicable to a wide range of devices without extensive fitting.

The results are very interesting. In fact, the model can correctly simulate not only
the static and dynamic behavior of a photodetector for a wide range of illumination
intensities, but also the full IV characteristics of a solar cells, including the short-circuit
current, the open-circuit voltage and the logarithmic dependency between the latter
and the illumination intensity. Moreover, the model can predict the optically-triggered
switching-on of a bipolar phototransistor and the subsequent current amplification.
This particular feature is possible due to the propagation of minority carriers from one
Generalized Devices to the other in the network, as analyzed in the previous chapter.
Finally, since the model works in the SPICE environment, compact models of any
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device and transistor can be connected to the network of GLD. Hence, it is possible
to co-simulate an optical sensor with the read out circuit within the same SPICE
simulation. This crucial characteristics has been exploited to simulate a full CMOS
APS image sensor pixel, including both the photodiode and the in-pixel transistors.
The model allows also for the evaluation of a key feature of an image sensor, i.e. the
electrical crosstalk among neighbor pixels, that is very challenging to obtain with
conventional compact models. In conclusion, it is important to underline that the
GLD approach can simulate fine details of the drift-diffusion process and can be used
to study the physics of excess carriers transport in the semiconductor, as will be shown
in the following sections.

This chapter is based on the published papers [93, 94, 90, 95, 96, 97], that present
the work done during this thesis about optoelectronic devices simulation.

3.1 Photodiode

The first optoelectronic device studied is a simple photodetector based on a pn junc-
tion. Firstly, a 1D structure is analyzed, starting from a simple resistor and then adding
the pn junction, to understand how the model simulates the different scenarios. Then,
a 2D photodiode is presented. Both the bottom and lateral photocurrents (see Fig. 2.5
in chapter 2) are evaluated. Preliminary simulations to check the correctness of the
GLD model for static operation have been performed but are not shown here. The
results for transient operation will be directly presented. Static operation will be
shown in section 3.2 for the solar cell, i.e. a photodiode with an external resistive load.

3.1.1 1D structures

First of all, a structure with 1D dimensionality, i.e. with all quantities constant in two
directions, is studied. Generation, recombination and propagation of carriers upon a
pulse of light are simulated in a p-doped (N4 = 10'® cm™3) silicon resistor of 20 um
length, 5 ym wide and 1 pm thick. Three different structures have been considered,
each of which introduces a different Generalized Device:

e S1: Electrodes are in direct contact with the p-type silicon (Ohmic contact
conditions are imposed).

e S2: Two highly-doped layers (N4, = 2-10' cm™3, with a dimension of 0.1 ym)
terminate the p-type resistor, constituting two homojunctions. Electrodes con-
tact these highly-doped layers.

¢ §3: An n-type layer is introduced, creating a pn junction (note that two homo-
junctions are introduced as well, Ngy/py =2- 1019 cm™3).
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Figure 3.1 — Structure S3: layout, mesh (gray dashed lines) and equivalent network of General-
ized Lumped Devices (Generalized Homojunctions, Resistors and Diodes). The structure is
uniformly illuminated from the left side, justifying a 1D discretization scheme.

All devices are illuminated uniformly from one side with a 1 ns light pulse of 103 W/cm?
at a wavelength of 600 nm. For silicon, the absorption coefficient at 600 nm is a =
4.14-10% cm™!. A similar type of analysis was used to measure carriers mobility in
semiconductors [98, 3] with structures such as S1. The geometry of structure S3 is
shown in Fig. 3.1. The other structures are obtained by removing the n-type part and
replacing it with a p-type homojunction (S2) or removing the n-type part and the
homojunctions (S1). Fig. 3.1 also shows the mesh lines, in gray, and the equivalent
network made of Generalized Lumped Devices that connect the mesh nodes. A similar
mesh is adopted for S1 and S2. In order to minimize the number of components, still
keeping the mismatch with numerical simulations below 2%, eight mesh nodes are
placed along the illuminated zone, i.e. the region between the illuminated surface and
a distance in the semiconductor from this surface of 4a~! as explained in section 2.3.3,
namely atx=0.5 ym, 1 um, 2 ym, 3 ym, 4 um, 5 yum, 6 um and 8 ym. As soon as the
generation of free carriers becomes negligible ( x > 4a~! ~ 8um), for this structure, a
single Generalized Resistance would be sufficient to account for drift, diffusion and
recombination mechanisms in the p-type part. However, in order to extract the excess
carrier density with respect to space and time, additional lumped components are
intentionally introduced.

The current that flows between the two electrodes is computed using the equivalent
network of Generalized Devices, as well as the excess carriers density and gradient as a
function of time at the mesh nodes. TCAD simulations are run for each structure, with
the same semiconductor parameters used in the Generalized Devices, as explained
above. Results of these simulations for the three structures are presented in the
following paragraphs.
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S1 - uniformly p-type doped resistor

The uniformly p-doped silicon layer is terminated with ideal contacts defined at
x =0 pym and x = 20 pum, i.e. full recombination of excess carriers is imposed at these
interfaces. This resistor is biased with a DC voltage of 0.5 V applied on the illuminated
side. The densities of electrons (minority carriers) at different coordinates obtained
from SPICE using the equivalent network of GLD and TCAD simulations are plotted
in Fig. 3.2. Continuous lines represent the results of the GLD model while symbols
are for TCAD. The origin of time is set after the pulse of light, i.e., after 1 ns. Fig. 3.2
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Figure 3.2 — Simulated electron density for the structure S1 (continuous line for GLD model,
and symbols for TCAD). The inset shows the electron density in logarithmic scale.
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Figure 3.3 — Simulated photocurrent, i.e., total current minus dark current, for the structure S1
(continuous line for GLD model, and symbols for TCAD).
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3.1. Photodiode

shows that the excess minority carrier concentrations decay about 6 ns after the light
pulse, as electrons are accelerated by the electric field and collected rapidly. Beyond
8 um, the electron density becomes negligible. The GLD model is in good agreement
with TCAD numerical simulations. The approach proposed in this thesis can thus
correctly predict the time dependence of the minority carrier concentration between
the contacts. Concerning the photocurrent (difference between the total current and
the dark current) at the output, SPICE simulations are also very accurate, as can be
seen in Fig. 3.3. The free carrier density is about one order of magnitude lower than
the doping, meaning that it is a low injection condition.

S2 - p-type doped resistor with highly doped homojunctions

In the structure S2, highly p-type doped regions are implemented at x = 0 pm and at
x = 20 um with a negligible extension of 0.1 ym (they are usually inserted to create
Ohmic contacts in fabricated structures). The structure is still biased with a DC voltage
of 0.5V applied on the illuminated side. Fig. 3.4 plots the electron density versus time
at different coordinates obtained with the Generalized Devices and with numerical
TCAD simulations. Again, there is a good agreement between these two approaches.

It is worth to note that whereas the pulse of light is the same for S2 and S1, the density
of minority carriers is about one order of magnitude higher in S2 compared to S1,
i.e., 10'6 instead of 10'® cm™3, and the time scale is in the us range for S2 instead
of some tens of ns, as for S1. Similarly, the transient current decays in the us range
(see Fig. 3.5), which indicates that the drift towards the electrical contact is no longer
the dominant mechanism. In fact, the additional homojunction exerts a repelling
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Figure 3.4 — Simulated electron density for the structure S2 (continuous line for GLD model,
and symbols for TCAD). The inset shows the electron density in logarithmic scale.
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Figure 3.5 — Simulated photocurrent, i.e. total current minus dark current, for the structure S2
(continuous line for GLD model, and symbols for TCAD).

effect on the minority carriers due to the barrier created by the doping gradient. Thus,
electrons cannot be collected effectively by the contact and they remain longer inside
the silicon. Excess holes could be collected at the counter electrode as they face no
barrier, but, since propagation of photogenerated e/h pairs is driven by ambipolar
transport, holes move with electrons as a whole. Results of the simulations shows that
these fine points are accurately depicted by the equivalent network of GLD, hence the
proposed approach can be used also to study the excess carriers transport mechanism
from a physics point of view.

$3 - reverse-biased pn junction

The last structure investigated (S3) consists of a diode (N4,p = 10'® cm™) in series
with a uniformly p-doped silicon layer, as represented in Fig. 3.1. The p-type layer
has a length of 20 ym and the n-type layer has a length of 5 um. Highly doped p and
n regions are also included for Ohmic contacts (both with a length of 0.1 yum). In
this case a DC voltage of 0.5 V is applied to the n-doped (non-illuminated) side to
set the diode in reverse mode. Again, the electron density at different coordinates is
well predicted by the GLD approach, as reported in Fig. 3.6. The transient current
is plotted in Fig. 3.7 and, as for the minority carrier concentrations, there is a good
correspondence between numerical TCAD simulations and the predictions of SPICE
simulations using the GLD model. The overall kinetic for S3 is mid-way between S1
and S2. Since the potential drops almost entirely across the pn junction, the dominant
mechanism in this case is diffusion. This is supported by the fact that the photocurrent
drops almost to zero after about 150 ns, i.e. the typical time needed for electrons to
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3.1. Photodiode

diffuse from the surface to the pn junction at x = 20 um. The excess electron density
simulated at coordinates where there is no light generation (x = 8 pym) is initially
negligible (t = 0), then it shows a maximum after some tens of ns (this value increases
when moving further from the surface). This behavior is consistent with a diffusion
process where the cloud of carriers photogenerated at the surface at time zero moves
towards the pn junction with time. Again, the GLD modeling approach captures these
processes accurately. It is interesting to increase the intensity of light from 103 W/cm?
to 10* W/cm? to investigate high injection regime. Simulations confirm that for
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Figure 3.6 — Simulated electron density for the structure S3 (continuous line for GLD model,
and symbols for TCAD).

54 Intensity:
— — e 10*W/cm?
3 4 \ —+ 10%® W/cm? (x10)
= ]
8 >
]
&)
Lo 24
(@)
o

1 4

0 1 T T T T T T

0 50 100 150 200
Time (ns)

Figure 3.7 — Simulated photocurrent collected by the reverse-biased diode in S3 for two light
pulse power densities (continuous line for model and symbols for TCAD). In the 103 W/cm?
case, the photocurrent values have been multiplied by a factor of 10.

45



Chapter 3. Simulation of optoelectronic devices

10* W/cm? the density of the photogenerated carriers is higher than the doping
concentration (the electron density reaches ~ 1017 cm™ at the left homojunction
interface).

Fig. 3.7 shows the photocurrent for low (103 W/cm?) and high (10* W/cm?) injection
conditions for S3. The effect of high injection degrades slightly the matching with
TCAD, but the agreement is still acceptable. The GLD model is also accurate in high
injection for the structure S1, while for S2 it is less precise, as the relative error is about
15%. In fact, the model can cope with high injection for cases S1 and S3 because the
excess carrier concentration goes back to steady state in quite a short time, while for
case S2 the concentration remains larger than the doping concentration for a longer
time, leading to bigger errors.

3.1.2 2D structures

The analysis carried out in 1D structures is now generalized to simulate photoelectric
effects in a 2D photodiode, represented in Fig. 3.8, where the different doping regions
are highlighted. Fig. 3.8 also reports a simplified sketch of the mesh and the equivalent
Generalized Devices network derived from the mesh. The actual mesh follows the
meshing strategy illustrated in section 2.3.3, hence the mesh is finer near the surface
to correctly linearize the exponential photogeneration profile. In particular, the mesh
size is set to 0.5 um in the y direction where photogeneration takes place. The diode
consists of an n-type region (40 um wide and 10 ym thick; the third dimension,
where all the quantities are constant, is 1 um long) with a doping concentration of
2-10'® cm™3 surrounded by a p-type region (100 um wide, 20 um thick, the third

Figure 3.8 — Sketch of the layout of the diode structure used for 2D simulations. The gray
dashed lines symbolize the mesh. The equivalent network of the Generalized Lumped Devices
is superimposed. The structure is illuminated from the top and the light intensity is constant
along the x-axis.
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dimension as before) with a doping concentration of 4-10'® cm™3, both contacted
with highly doped regions (doping of 2-10'% cm™3, 5 um wide, 0.25 um thick). The
structure is illuminated from the top with a wavelength of 600 nm and the intensity
is assumed constant along the x-axis. As already explained above, same geometrical,
technological and physical parameters are used for TCAD simulations and GLD model.

1-pulse illumination

The structure reported in Fig. 3.8 is illuminated with a single pulse of light of 1 ns
with an intensity of 10 W/cm?. The photocurrent collected by the diode biased in
reverse mode is plotted as a function of time in Fig. 3.9. As for the 1D case, the results
obtained with the equivalent network (continuous line) fit well the data obtained with
TCAD numerical simulation (symbols). The model correctly simulates both the quick
rising of the photocurrent during the light pulse and the decreasing phase after the
pulse, before vanishing around 200 ns. The time response of a photodiode can thus
be predicted with standard circuit simulators, with much lower simulation times than
with TCAD numerical tool.
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Figure 3.9 — Photocurrent collected by the 2D diode in reverse mode when illuminated with a
single pulse of light (continuous line for model and symbols for TCAD).

Periodic excitation

The same structure sets in reverse bias is also illuminated with periodic pulses of 1 ns
duration every 10 ns, with light intensity of 10 W/cm?. The simulations performed
using the GLD model and TCAD tool are reported in Fig. 3.10. Even for this mode of
operation, the model predicts accurately the time dependence of the photocurrent.
Both the transient waveform at early times as well as the successive stabilization are
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Figure 3.10 — Photocurrent collected by the 2D diode in reverse mode when illuminated with
periodic pulses (continuous line for model and symbols for TCAD).

well tracked. In particular, the model simulates the evolution of the charge density
and related current inside the structure without degrading the accuracy, i.e., with-
out accumulating errors. For instance, the variation in photocurrent between each
pulse is always well estimated (i.e., around 260 nA). Therefore, the sensitivity and the
bandwidth of photodetectors can be computed relying on this equivalent network.
The optimization of the layout to target some characteristics can be performed using
circuit simulators without the need to build a compact model of the photoelectric
element, a key feature to optimize the sensor and its control/sensing circuitry before
any fine tuning.

3.2 Solar cell

By connecting an external resistive load to a photodiode, a simple solar cell is obtained.
This section section will analyze to what extent the GLD model can be used to predict
the I-V characteristics of a pn junction solar cell. The structure under test is a 2D
structure and is shown in Fig. 3.11. It consists of a 3 um deep n-well and in a 20 ym
deep and 100 um wide p-type substrate (the length of the third dimension, where all
quantities are constant, is set to 1 ym). The 30 um wide n-well is doped at 10'6 cm™3,
as for the p-type substrate doping. The two zones are contacted with heavily doped
regions (101 cm™3). Fig. 3.11 also illustrates an explicative scheme of the mesh
rectangles (gray dotted lines) and of the equivalent Generalized Lumped Devices
network. The mesh strategy is the same as for the photodiode in section 3.1.2. In this
case, the illumination is constant (DC operation), with a wavelength of 600 nm. The
value of the external resistance Ry is ramped gradually to rebuild the complete I-V
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Figure 3.11 - Sketch of the layout of the solar cell structure, with the external load between
anode and cathode. The gray dashed lines symbolize the mesh. The equivalent network of the
Generalized Lumped Devices is superimposed. The structure is illuminated from the top, and
the light intensity is constant along the x-axis.

characteristic of a solar cell, from short-circuit current to open-circuit voltage.

Fig. 3.12 and Fig. 3.13 reports the results obtained with the Generalized Devices
equivalent network and TCAD simulations, for different light intensities. A power
density of 0.1 W/cm? corresponds to the typical value of the sun intensity at sea level
at zenith. This intensity is usually employed to characterize solar cells performances.
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Figure 3.12 — I-V characteristics of the solar cell in Fig. 3.11 for different light intensities
(continuous line for GLD model, and symbols for TCAD).
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Figure 3.13 - I-V characteristics of the solar cell in Fig. 3.11 for different light intensities. The
intensity is ranged over several orders of magnitude (continuous line for GLD model, and
symbols for TCAD).

The simulations done with the GLD network (continuous line) are in good agreement
with TCAD simulations (symbols) for all intensities of light. It is important to note
that the whole characteristic, including the open-circuit voltage and the short-circuit
current, is well estimated. The open-circuit voltage is predicted with less than 1%
error with respect to TCAD, while the error in predicting the short-circuit current is a
bit larger, but still less than 5% (~ 4.8%). Those values are quite accurate given that no
fitting parameter is introduced.

The GLD model can also predicts the logarithmic dependency between the open-
circuit voltage and the incoming light intensity. The latter is not a trivial result and it
was not expected to be predicted so accurately, as the model was developed with a
focus on the photocurrent. This feature of the model arises from the intimate coupling
between the TCC and MCC subcircuits in Generalized Lumped Devices. Going back to
the model of the Generalized Diode, it is possible to understand why the open-circuit
voltage is so well estimated. The total current flowing in the diode is set by the current
source I;,; in the TCC, as explained in section 2.3.1:

Iior = (Veq,l - Vi)Gan + (Veq,z - Vp)de + Lrec 3.1)

where V), and V), represents the boundary condition at the space-charge region:
Y
Vi=qnpo|eVt -1 3.2)
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Vi
Vy=qpuo|eVt -1 (3.3)

These three dependent sources couple the MCC and the TCC: the voltage drop across
the diode Vj, the excess carrier concentrations and gradients are all interrelated,
thanks to Eq. 3.2, Eq. 3.3 and Eq. 3.1. If there is no generation and a voltage is applied
externally to the diode, V}, and V), are imposed by Eq. 3.2 and Eq. 3.3 while the current
is given by Eq. 3.1 in terms of V;, and V), and the resistances of the equivalent network
that set V,; 1 and Ve,» (the diode is connected to generalized resistors in the network).
When the diode is illuminated, the values of V.4 1 and V., > result from the steady-state
condition involving generation and recombination of excess carriers (which depend
on the whole network of Generalized Devices, that simulates excess carriers thanks
to the MCC). The open-circuit voltage of a solar cell roots in the equivalent voltages
Veg,1 and Veq 2. More precisely, in open-circuit condition, the total current I, is zero
and, according to Eq. 3.1, neglecting I,.., also the currents flowing in the resistances
Gan and G4, are equal to zero, since these diffusion currents must have the same
sign. It implies that V}, and V), are necessarily equal to V1 and V, . Thus, Eq. 3.2
and Eq. 3.3 link directly V,41 and V4> with the voltage drop on the diode, V; (the
simulator will search for the solution that satisfies all the relations). As expected, a
logarithmic relationship between the open-circuit voltage (V; in this case) and the
excess carrier density (proportional to V4,1 and Ve 2) is found. Conversely, in short-
circuit conditions, the applied voltage is zero and thus V,, and V), reach their minimal
values. Since V4,1 and V,» are fixed by the rest of the circuit, I;,; is maximum, as
confirmed in Fig. 3.12 and Fig. 3.13. In between, the equivalent network of Generalized
Devices can model the intermediate regime quite precisely.

Hence, the Generalized Devices approach can depict the physics of a solar cell
accurately and can be used to study this type of optoelectronic devices also at physics
level. Moreover, since the full I-V characteristic of a solar cell can be simulated, the
maximum output power can be estimated only from the device geometry and illumi-
nation intensity and without the need of an analytical model for the photocurrent in
the specific device.

3.2.1 Study of surface recombination effects

The effect of surface recombination can also be included in the model, thanks to the
novel Generalized Devices, i.e. the Surface Recombination Element, presented in
section 2.3.2. The solar cell performance degradation due to surface recombination
are now studied with the Generalized Devices approach and the results are validated
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Figure 3.14 — Generalized Lumped Devices equivalent network for the solar cell including
Surface Recombination Elements.

with TCAD simulations. Typical values of the surface recombination velocities for a
bare silicon wafer are in the range of 103 — 10° cm/s, depending on the fabrication
process, doping type and concentration, whereas values in the range 106~107 cm/s are
the maximum values for surface recombination velocity [91, 92]. The new equivalent
circuit for the solar cell in Fig. 3.11 including the new Generalized Device is reported
in Fig. 3.14.

The structure is illuminated from the top at a wavelength of 600 nm (red) with
uniform intensity along x of 0.1 W/cm? at the surface and constant in time. The
surface recombination is assumed to be effective at the illuminated (top) surface
only. IV characteristics of the diode under illumination, with a variable resistive
load interconnecting the anode with the cathode to simulate the solar cell behavior,
are presented in Fig. 3.15 for different surface recombination velocities. The results
obtained with the GLD model (lines) are in good agreement with TCAD simulations
(symbols). Also in this case no fitting parameter is used in the model and the same
surface recombination velocity values are employed for both Generalized Devices
and TCAD simulations. Again, the open-circuit voltage (Vpc) is better estimated
with respect to the short-circuit current (Is¢): the error on the value of the open-
circuit voltage calculated with the model with respect to the one simulated with
TCAD is about 1% when the surface recombination is negligible, and is close to
2% for higher surface recombination velocities. Regarding the short-circuit current,
the error is ~ 6% for zero surface recombination velocity and ~ 9% otherwise. For
surface recombination velocities higher than 10® cm/s no further variation in the IV
characteristics is evidenced (not shown here). A surface recombination velocity of 10
cm/s provides the same photocurrent as a zero surface recombination velocity (i.e.
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Figure 3.15 — IV characteristics of the structure in Fig. 3.14 for different surface recombination
velocity values. Results obtained with the GLD equivalent network are plotted in lines and
TCAD results are plotted with symbols.

ideal surface with no recombination).

Fig 3.16 shows how the presence of a surface recombination velocity is not equiv-
alent to a mere lowering of the light intensity. Light intensity is intentionally tuned
(i.e. 0.029 W/cm?) so that the short-circuit current without surface recombination
is almost equal to the current with surface recombination of 10% cm/s at 0.1 W/cm?.
It happens that recombination taking place at the surface cannot be modeled as a
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Figure 3.16 — IV characteristics of the structure in Fig. 3.14 for different light intensities and
surface recombination values. Results obtained with the GLD equivalent network are plotted
in lines and TCAD results are plotted with symbols.
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global reduction of photogenerated carriers. In fact, when the structure without sur-
face recombination is illuminated with a lower intensity, the short-circuit current is
affected the most, while the open-circuit voltage is only slightly changed. The effect of
the surface recombination, instead, is a significant decrease of both the short-circuit
current and open-circuit voltage. The model tracks also these effects quite accurately.

So far, simulations have been carried out using a bulk lifetime of 30 us for electrons
and 10 us for holes. However, there is a kind of competition between recombination
taking place at the surface and in the volume of the semiconductor. An analysis of
the surface recombination effects in structures with different bulk lifetimes is needed.
The short-circuit photocurrent is plotted in Fig. 3.17 versus the surface recombination
velocity, for different electron and hole lifetimes. Again, the results obtained with the
GLD model are in good agreement with the TCAD numerical simulations. For the
highest bulk lifetime (30 us for electrons and 10 us for holes), the surface recombi-
nation is the main contribution to the recombination (the diffusion length is about
300 pum for the electrons and about 100 um for the holes) and thus the decrease in the
photocurrent with surface recombination velocity is pronounced. For lower values
of lifetimes, recombination in the substrate is dominant, meaning that the variation
of the photocurrent with the surface recombination velocity is weaker. Finally, for
very short bulk lifetimes, i.e. 3 ns for electrons and 1 ns for holes, an almost flat
characteristic is evidenced.

The quantum efficiency, defined as the ratio between the number of charge carriers
collected by the diode and the number of absorbed photons, is now extracted as a

50J.
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Figure 3.17 — Short-circuit photocurrent as a function of the surface recombination velocity for
different electron (7.) and hole () bulk lifetime. Results obtained with the GLD equivalent
network are plotted in lines and TCAD results are plotted with symbols.
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Figure 3.18 — Quantum efficiency as a function of the surface recombination velocity for blue
(500 nm) and red (600 nm) light. Results obtained with the GLD equivalent network are plotted
in lines and TCAD results are plotted with symbols.

function of the surface recombination velocity. Two wavelengths are studied, 500 nm
(blue) and 600 nm (red). As expected, the model predicts that the quantum efficiency
decreases for increasing surface recombination velocity. In addition, while for a
very low surface recombination velocity the quantum efficiency for the blue and
red light are almost equal, the quantum efficiency decreases faster for the 500 nm
wavelength (blue) with respect to the 600 nm wavelength (red) when increasing the
surface recombination. In fact, since the blue light is absorbed very close to the
surface, the photogenerated excess carriers are more subject to recombination taking
place at the surface. Note that TCAD simulations are still in agreement with the
Generalized Devices network results.

3.3 Phototransistor

The original Generalized Devices model for substrate parasitic currents in HVMOSFET
was able to simulate the activation of a bipolar transistor, modeled by back-to-back
or front-to-front Generalized Diodes, thanks to the propagation of minority carriers
through the MCC from one Generalized Device to another. Following this result, it is
interesting to understand whether the novel Generalized Devices can simulate the
switching on of a bipolar phototransistor, triggered by light.

The phototransistor is a photodetector that can be built in a standard CMOS pro-
cess, whose main feature is the internal current amplification. While the photodiode
has no inherent amplification and its maximum quantum efficiency, defined as the
number of electron-hole pairs which contribute to the photocurrent divided by the
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number of the incident photons [99], is below unity, the phototransistor can reach
apparent quantum efficiencies higher than unity. Such an amplification is desirable
and important for certain applications involving weak optical signals detection [100].
A phototransistor is a conventional bipolar transistor operated with a floating base
contact [3]. Phototransistors have large base-collector junctions, as they are the light-
collecting elements. In a pnp phototransistor!, photogenerated electrons, in the
base/collector depletion region and within a distance of the diffusion length, flow to
the energy maximum and are trapped into the base. This accumulation of electrons
or negative charges increases the base energy (lowers the potential) and allows a large
flow of holes from the emitter to the collector. The result is a much larger hole current
caused by a small electron current, which is the dominant gain mechanism that is
common for both the bipolar transistor and the phototransistor, provided that the hole
transit time through the base is much shorter than the minority-carrier lifetime [3].
The major benefit of the phototransistors is the low operating voltages, the low sensi-
tivity to technology and the low dark current when the device operates with a floating
base (two-terminal configuration) [101]. The biggest drawback is related to the limited
bandwidth, as the inherent larger area (i.e. high capacitances) of phototransistors de-
grades the high-frequency performances. Moreover, the diffusion of minority carriers
in the base limits the switching speed. Nevertheless, bipolar phototransistors find
applications at low frequencies or when other solutions cannot be integrated [99], as
in opto-isolator applications because they offers a high current-transfer ratio of the
order of 50% or more, compared to 0.2% for typical photodiodes [3].

The structure under test is shown in Fig. 3.19 and consists in a pnp bipolar transistor
with a floating base contact. The doping concentrations are set to 10!° cm™ p-type
for the substrate (collector), 1016 cm™3 n-type for the n-well (base), 1017 ¢m™3 p-type
for the inner p-well (emitter), and 10'8 cm™3 for the highly-doped regions (p+ and n+
wells) near the contacts. The base n-well has a depth of 2 ym and a width of 6 um,
the emitter p-well depth is 0.5 um and the width is 2.5 ym, and the highly doped
regions have a depth of 0.1 yum and a width of 1 um. The structure is 2D and has a
lateral extension of 1 um. A sketch of the equivalent network of Generalized Devices
is superimposed to the layout of the structure in Fig. 3.19. The actual mesh is finer
near the surface and follows the mesh strategy presented in section 2.3.3.

Fig. 3.20 and Fig. 3.21 report the results of simulations for the phototransistor
illuminated with a red light (wavelenght of 600 nm), using different light intensities.
The results obtained with the Generalized Devices are plotted with solid lines whereas
TCAD numerical simulations of the same structure are reported with dots. It can be
seen how the optically-triggered, current-amplification effect in the phototransistor is
simulated by the GLD model. The error on the photocurrent estimation of the GLD

! A negative bias is applied to the collector with respect to the emitter.
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Figure 3.19 — Scheme of the structure of the simulated pnp phototransistor and sketch of its
equivalent network of Generalized Devices.

model with respect to TCAD is around 15%. So, the model can predict the switching
on and the overall behavior of the phototransistor quite consistently, even though the
error is higher with respect to the photodiode and solar cell cases. The results obtained
with the Generalized Devices network are convincing and even with an error of around
15%, the model is still very useful to give a first guess of the key phototransistor figures
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Figure 3.20 — Photocurrent flowing between the emitter and the collector as a function of
the collector voltage for an illumination of 10~ W/cm? (absolute value in the graph. A
negative collector voltage was used in the simulations as the phototransistor is a pnp type).
Results obtained with the Generalized Devices approach are shown with solid lines, and TCAD
numerical simulations results are reported with dots.
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Figure 3.21 — Photocurrent flowing between the emitter and the collector as a function of the
collector voltage in log scale for different illumination levels (absolute value in the graph).
Results obtained with the Generalized Devices approach are shown with solid lines, and TCAD
numerical simulations results are reported with dots.

of merit within short simulation times, much shorter than TCAD simulations.

The Internal Quantum Efficiency [99], i.e. the ratio between the number of charge
carriers collected at the contacts over the number of absorbed photons, is about 21.
The Responsivity [99], which measures the electrical output per optical input and is
defined as the ratio of the photocurrent and the incident optical power, is about 10
A/W, irrespective of the light intensity, as shown in Table 3.1.

Table 3.1 - Responsivity and Internal Quantum Efficiency for the structure in Fig. 3.19

Light Intensity (chmz) Photocurrent (nA) Responsivity (A/W) Internal Quantum Efficiency

0.001 4.23 10.56 21.89
0.005 20.81 10.4 21.55
0.01 41.34 10.33 21.41
0.05 204.27 10.21 21.16

0.1 405.92 10.12 20.97

Fig. 3.22 compares the photocurrent collected by the phototransistor in Fig. 3.19 for
an illumination of 1073 W/cm? (wavelenght of 600 nm) to the photocurrent collected
for the same illumination by the photodiode obtained by removing the emitter p-well
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Figure 3.22 — Photocurrent as a function of collector voltage (absolute value) for an illumination
of 1073 W/cm? in the phototransistor structure of Fig. 3.19, in red, and in the photodiode
structure obtained by removing the emitter p-well in the structure in Fig. 3.19. Results obtained
with the Generalized Devices approach are shown with solid lines, and TCAD numerical
simulations results are reported with dots.

in the structure in Fig. 3.19. The plot clearly confirms the amplification taking place
when the emitter well is present.

The Early effect [3] is also taken into account since the model of the Generalized
Diode calculates the voltage-dependent, depletion-region widths, as presented in
section 2.3.1. The Early effect is negligible for the structure simulated until now
because the doping concentration in the base is quite high, and so the depletion
width is small with respect to the dimensions of the well. The Early effect starts to be
important for a base doping of 10!° cm™3, as shown in Fig. 3.23. A lower base doping
provides also a higher amplification factor. Thus, the base doping concentration
has to be carefully designed in order to meet a trade-off between large amplification
(lower doping) and reduced Early effect (high doping). Such an optimization can be
carried out directly in SPICE simulation tools using the Generalized Devices modeling
approach.

Since Generalized Devices only use geometrical, technological and physical param-
eters of the semiconductor, it is possible to study the impact of these parameters on
the output characteristics. Fig. 3.24 reports the photocurrent for different electron
and hole bulk lifetimes collected by the phototransistor of Fig. 3.19, with a doping of
10%° cm™3 p-type for the substrate (collector), 10'® cm™3 n-type for the n-well (base),
10'7 cm™3 p-type for the inner p-well (emitter), and 10'® cm™3 for the homojunctions
and considering an illumination of 1073 W/cm? and wavelengh of 600 nm. In Fig. 3.25,
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Figure 3.23 — Photocurrent as a function of collector voltage (absolute value) for an illumination
of 1073 W/cm? for different doping concentrations of the base (n-well) and collector (p-
substrate). Results are obtained with the Generalized Devices approach.
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Figure 3.24 — Photocurrent as a function of the collector voltage (absolute value) for an illumi-
nation of 1073W/cm?. Values of bulk electron (z,) and hole (¢ ) lifetime are varied. Results
are obtained with the Generalized Devices approach.

the results for different surface recombination velocities are shown. As expected, the
photocurrent decreases with increasing carrier recombination (lower bulk lifetimes)
and higher surface recombination velocities. Finally, the Responsivity and the In-
ternal Quantum Efficiency, considering a collector voltage of —1V, as a function of
bulk lifetime (holes lifetime on the x-axis) and surface recombination velocity are
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Figure 3.25 — Photocurrent as a function of the collector voltage (absolute value) for an illu-
mination of 107 W/cm?. Values of surface recombination velocity are varied. Results are
obtained with the Generalized Devices approach.

calculated, from the results shown in Fig. 3.24 and Fig. 3.25, and are plotted in Fig. 3.26
and Fig. 3.27.
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Figure 3.26 — Responsivity and Internal Quantum Efficiency plotted as a function of hole
bulk lifetimes, for an illumination of 107 W/cm?. Results are obtained with the Generalized
Devices approach.
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Figure 3.27 — Responsivity and Internal Quantum Efficiency plotted as a function of surface
recombination velocity, for an illumination of 1073 W/cm?2. Results are obtained with the
Generalized Devices approach.

3.4 CMOSAPS

The last optoelectronic device investigated is a pixel of an CMOS Active Pixel Sensor
(APS) imager. A CMOS APS is an image sensor that is composed by an array of active
pixels, i.e a specific architecture that includes a photodiode and a read-out in-pixel
circuit to measure the intensity of light. Since the Generalized Devices model is SPICE
compatible and its simulations are run in the SPICE environment with standard circuit
simulators, it is possible to co-simulate the equivalent network of GLD that simulates
the optoelectronic device with any external circuit, described with compact models.
The GLD approach can be a powerful tool in this scenario as does not require a specific
compact model for the photodiode, which is usually strictly linked to the geometry and
technological parameters of the semiconductor structure. It can provide flexibility in
the design of the APS, help in the optimization of the parameters of the photodetector
at the layout level, and assess the impact of the semiconductor parameters on pixel
performances directly during SPICE simulations, thus avoiding time-consuming and
costly fabrication process modifications or long and complex numerical simulations.
In the next sections, the feasibility of the GLD model in predicting the operation of APS
pixels is studied. Also in this case, TCAD simulations will be run for the same structure
to validate the model, using the same geometrical and technological parameters
inserted in the network of GLD.
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3.4.1 Architecture and principle of an APS pixel

A typical 3T-APS pixel architecture is shown in Fig. 3.28 [102, 103]: each APS pixel
is composed of a photodiode and three MOSFETs. Prior to the measurement, the
photodiode is reverse biased up to Vpp — V7 [104] by means of T1 during the reset
time, which increases the depletion charge density of the junction capacitance. Next,
during the integration time, T1 is switched off. The photogenerated electron-hole
pairs that are separated by the electric field in the depletion region are drifted away,
resulting in a discharge of the photodiode capacitance. This will decrease the potential
on the gate of T2. Therefore, the discharge time will depend on the optically-generated
excess carriers, i.e., will depend on the light intensity. The output signal of the pixel,
provided by the source follower transistor T2, is sampled at the end of the integration
time (i.e., readout time, see Fig. 3.28). The select transistor, which can be omitted in
this case, is part of the row and column selection circuits to access specific pixels in
an image sensor. In fact, in CMOS imagers, voltage signals are readout one row at a
time in a manner similar to a random access memory [105].

Voo
P — Reset I:
re;;: integration _| T2 Source
time time  roaq out Follower
e ' | Select
Photodiode L

|bias

Figure 3.28 — Architecture of a 3T-APS pixel.

3.4.2 Simulation of a single pixel

The structure under test is presented in Fig. 3.29. The photodiode is modeled by the
network of Generalized Resistors, Diodes, Homojunctions and Surface Recombination
Elements and the usual meshing strategy presented in section 2.3.3 applies also in
this case. The n-well of the photodiode has an area of 30 um?, it is 3 ym deep and
doped at 10'® cm™3. The p-substrate is doped at 10'® cm™3, and highly doped regions
(10! cm™3) are used for Ohmic contacts. The structure has a 2D dimensionality. A
monochromatic light with a wavelength of 600 nm (red light) is used for illumination.
Standard compact models are used for the transistors. In particular, the two transistors
T1 and T2 are simulated using the BSIM3 compact model (a 0.18 um CMOS technology
is considered) and both have a channel length and width of 180 nm and 240 nm,
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Figure 3.29 — Equivalent APS circuit with Generalized Devices.

respectively. The select transistor is neglected. The bias voltage (Vpp) and bias current
(Ipiqs) are set to 3.3 V and 1 pA. Fig. 3.30 shows the voltage on the cathode of the
photodiode (connected to the gate of T2) for different illumination intensities during
reset and integration times. The GLD model (solid lines) is in good agreement with
the numerical simulations (dots) performed with Sentaurus TCAD, using the same
physical and technological parameters. As already stated in section 2.3.3, also in this
case the computation time required for the SPICE simulation of the structure using
the Generalized Devices approach is about three orders of magnitude lower with
respect to the computation time required for the TCAD numerical simulation of the
same structure using the same hardware. Nevertheless, SPICE simulations of GLD
model predict accurately the transient discharge of the photodiode capacitance upon
illumination, as well as the saturation of the signal for high light intensities. Indeed,
for a given integration time, there is a particular value of the light intensity that
fully discharges the capacitance (i.e., zero voltage at the cathode of the photodiode).
For higher illumination densities, this zero voltage is reached before the end of the
integration time, which would require shorter integration periods. Given that the
photodiode and the circuit are co-simulated in SPICE, the output voltage of the APS
circuit is obtained in the same simulation. The different curves in Fig. 3.31 represent
the output voltages readout after different integration time. Again, the results obtained
with the model match quite well TCAD simulations, including the slightly non-linear
dependence. Decreasing the integration time, higher light intensities could also be
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Figure 3.30 - Time dependence of the voltage at the cathode of the pn junction under illumi-
nation for different light intensities. Results obtained with the Generalized Devices model are
plotted with solid lines while TCAD simulations results are plotted with symbols.

detected, but this will also degrade the resolution for lower intensities. Therefore, the
integration time is critical and depends on the range of illumination foreseen. Using
the GLD modeling approach, this kind of technological-versus-circuit optimization
can be carried out during SPICE simulations.

2.5 e TCAD, integration time: 30 ps
Model, integration time: 30 us
s ® TCAD, integration time: 20 us
2.0 N Model, integration time: 20 us
® TCAD, integration time: 10 us
< Model, integration time: 10 ps
S 15 ° "
5
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1.0 1
0.5
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00 05 10 15 20 25 30
Light Intensity (mW/cm?)

Figure 3.31 — APS output voltage at the source of T2 as a function of illumination intensity for
different integration times.
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Prediction of the impact of semiconductor parameters on pixel output

Since the Generalized Devices approach relies on geometrical and physical parameters
only, it can also be used to study the how those parameters affect the output voltage,
and so the overall APS performance.

Bulk lifetime The recombination lifetime plays an important role when dealing
with optoelectronic devices since the collection efficiency of photogenerated carriers
can drop dramatically when the carrier lifetime is small, i.e., in the ns range. The
lifetime of electrons and holes in the semiconductor substrate was varied from 30 us
for electrons and 10 us for holes, down to 3 ns for electrons and 1 ns for holes. As can
be noticed in Fig. 3.32, the mismatch increases for shorter lifetimes. This is because
the diffusion length decreases with decreasing lifetime, thus requiring a finer mesh for
an accurate linearization, as explained in section 2.3.3. The simulations reported in
Fig. 3.32 predict a limited range of the output voltage variation when decreasing the
carrier lifetimes. To overcome this issue, the integration time should be increased in
order to obtain a steeper slope for the dependence of the output voltage on the light
intensity.

3.5 —— 1,=30ps, 1, = 10 ps
1 — 1,=300ns, 7, =100 ns

3.0+ —— 1, =30ns, 7, =10 ns
25_- — 1,=3ns,1,=1ns
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Figure 3.32 — Impact of electron lifetime (7.) and hole lifetime (7) on the APS output voltage
for an integration time of 30 us (solid lines for GLD model results and symbols for TCAD
simulations).

Surface recombination As seen above, another important semiconductor parame-
ter that must be taken into account when dealing with optoelectronics is the surface
recombination velocity. In fact, surface recombination can significantly degrade the
photodiode performances, as light absorption peaks at the semiconductor surface.
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Simulations including surface recombination velocities based on the Generalized
Devices and TCAD simulations presented in Fig. 3.33 confirm that this feature can
also be tracked during SPICE simulations.
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Figure 3.33 — Impact of the surface recombination velocity on the APS output voltage for an
integration time of 30 us (solid lines for GLD model results and symbols for TCAD simulations).

Doping concentration The output voltage of the APS is analyzed for different dop-
ing levels of the p-type substrate and n-well. The doping affects the depletion region,
and so the capacitance of the photodiode which translates light into an electrical
quantity. As such, it has a key role in the operation of the pixel sensor, in addition to
modifying the built-in voltage. Fig. 3.34 shows the results obtained with the General-
ized Devices model and TCAD simulations. For lower doping densities, the depletion
region increases and the photodiode capacitance decreases. Therefore, keeping the
same reverse bias voltage during reset mode, it makes the stored charge lower. Since
for a given light intensity the electron-hole pairs generation will not change, the charge
in the junction capacitance and the resulting voltage on the cathode of the photodiode
will decay faster, resulting in a lower output voltage of the APS sensor at the end of the
integration time, 10 us in this case. Note that for the intensity of light used in this work,
longer integration times would totally discharge the capacitance of the photodiode
when the doping densities are set to 10'°> cm™ (same for n and p type), meaning that
the output signal would saturate.
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Figure 3.34 — Impact of the p-substrate and n-well doping densities on the APS output voltage
for an integration time of 10 us (solid lines for GLD model results and symbols for TCAD
simulations).

3.4.3 Crosstalk between adjacent pixels

In addition to the pixel sensitivity, the GLD modeling approach permits the prediction
of crosstalk between pixels, another key parameter to describe the performance of an
image sensor. The crosstalk in APS originates when a pixel at dark behaves as if it were
impinged by light. While the optical crosstalk could originate if photons reach a dark
pixel due to light beam scattering in the optical microlenses, the electrical crosstalk
happens when carriers photogenerated in the illuminated pixel diffuse further to-
wards neighbor pn junctions and produce a signal [50]. Such a crosstalk is becoming
a critical factor in new technologies as it gets worse when pixels shrink, seriously dam-
aging the sensor resolution [53]. Crosstalk modeling, especially electrical crosstalk, is
thus mandatory to optimize pixel design. However, as presented in section 2.2, devel-
oping an analytical model is challenging and only few analytical and semianalytical
models can be found in literature. Instead, the network of Generalized Devices can
easily simulate crosstalk, as the modeling of the diffusion of excess carriers in the
semiconductor substrate is one of the key feature of the approach.

Multiple definitions of crosstalk can be found in literature [70, 106]. Here, the
following definition is used:

Ap-Ap

CKT (%) =——-100 3.4)
L—Am

where Ar and Ap are the differences in the output voltage taken at the beginning and
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Figure 3.35 — Definitions of voltage drops (A, Ap and Ajp) on the cathode of the photodiodes
in case of illuminated pixel, dark pixel and isolated dark pixel.

the end of the integration time for the illuminated pixel and dark pixel respectively
(i.e., the non-illuminated pixel in the neighborhood of the illuminated pixel subjected
to crosstalk), and Ajp is the difference in the output voltage between the beginning
and the end of the integration time for an isolated dark pixel (i.e., the voltage drop
is only due to the thermal current of the pn junction). The definitions of Az, Ap
and Ajp are graphically explained in Fig. 3.35. Adopting this definition, the crosstalk
between two pixels is simulated using the Generalized Devices modeling approach
and compared with TCAD simulations. The structure under test is reported in Fig. 3.36.
The pixel on the right side (pixel 2) is illuminated while the pixel on the left side (pixel 1)
receives no light at all. This configuration represents the worst case scenario when
dealing with crosstalk since photodiodes are separated by the minimum distance as
there is no in-pixel electronics between them [69]. Fig. 3.36 sketches the network of
Generalized Devices used to model the semiconductor structure, which is connected
to the compact models for the in-pixel circuit. It is important to note that the network
of Generalized Devices interconnects the dark and illuminated pixels and can thus
simulate the propagation of photogenerated carriers from one pixel to the other. This
is the key feature enabling prediction of crosstalk between pixels. Moreover, as already
stated above, there is no need of any fitting parameter, as the model is physics based
and only uses geometrical and technological parameters.

Front-side illumination

Crosstalk is firstly simulated in case of a front side illumination of the pixel 2 (see
Fig. 3.36). Each pixel has the same dimensions as the one simulated in section 3.4.2,
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Figure 3.36 — Equivalent circuit with Generalized Devices for two adjacent pixels.

and the distance between the pn junctions is set to 30 pum. Fig. 3.37 shows the time
evolution of the voltage on each photodiode during the integration time. The reset
signal (Veontrol) for the integration time is the same for both pixels. Moreover, the time
dependence of the voltage for an isolated photodiode at dark (isolated structure with
no collection of photogenerated carriers from neighbor pixels, i.e., only subjected
to thermal generation) is also plotted in Fig. 3.37. The GLD model (solid lines) is
in good agreement with the TCAD simulations (symbols) performed on the same
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Figure 3.37 — Crosstalk study for front-side illumination: time dependence of the voltage at
the cathode of the pn junctions for different illumination conditions. Results obtained with
the Generalized Devices model are plotted with solid lines while TCAD simulations results are
plotted with symbols.
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structure. The crosstalk predicted with the model is about 11%, while for TCAD it is of
7.9%. This confirms that the network of Generalized Devices can simulate not only
the photogeneration of carriers in the illuminated pixel, but also their propagation
and collection towards each pn junction with enough accuracy for a fair evaluation of
crosstalk simulated at the output node of the photodiodes.

Back-side illumination

In recent years, the demand for higher resolution cameras has led to dramatic pixel
shrinkage. As a consequence, the percentage of pn junction area exposed to impinging
light (not shadowed by metallic interconnections) decreased by a great amount. To
solve this issue, state-of-the-art CMOS image sensors are using back-illuminated pixel
technology. The back-side illumination requires the thinning of the active silicon layer
(where photogeneration takes place) in order to avoid excessive crosstalk. In fact, as
will be seen later, crosstalk strongly depends on the silicon layer thickness. Papers
in recent literature report that for pixel sizes of 1 ym to 3 um, the silicon thickness
is about 3-4 um [107, 108, 109, 110, 111, 112, 113]. Following this analysis, crosstalk
is now studied considering back-illuminated pixels, with a size of 3 um, a silicon
thickness of 4 um, a pn junction width and depth of 1.5 um and a distance between
two adjacent pn junctions of 1 ym.

In-pixel circuit using switches The 2-pixel structure is simulated first by substi-
tuting all the transistors in Fig. 3.36 with simple passive switches in order to avoid
considering transistors compact models and focus on the substrate model only. In-
deed, in this case the photodiode is much smaller than in the previous case-studies
and the transistor capacitances cannot be neglected with respect to the capacitance
of the photodiode. Thus, MOSFET capacitances can be responsible for non-idealities
in the voltage characteristics. For a proper validation of the model, this must be
identified separately. Fig. 3.38 reports the simulations for the model and TCAD with
ideal switches. The pixel on the right side (see Fig. 3.36) is illuminated with a red
light (wavelength of 600 nm) using an intensity of 1 mW/cm? while the left one is not
illuminated. The bias voltage Vpp is set to 1.2 V and the integration time to 40 us. To
improve the accuracy of the simulation, the model of the Generalized Diode is slightly
modified, to take into account corners of the pn junction. The pn junction is modeled
using several Generalized Diodes in parallel. Up to now, the model used an equivalent
length given by the sum of the bottom and lateral sides of the rectangle, thus ignoring
2D effects. Results were still accurate as the contributions to the depletion region of
corners was negligible. As the size of the pn junction shrinks, its shape looks more as a
square than an elongated rectangle. To take into account this, the overlap between the
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Figure 3.38 — Crosstalk study for back-side illumination (smaller pixels) with no in-pixel
transistors, only switches: time dependence of the voltage at the cathode of the pn junctions
for different illumination conditions. Results obtained with the Generalized Devices model
are plotted with solid lines while TCAD simulations results are plotted with symbols.

depletion regions? at the corners is suppressed. This solution was adopted because
deriving a depletion region in 2D for corners is not straightforward. In addition, this
would make the model quite complex, while this simplified view gives acceptable
results. Indeed, the model can accurately predict the voltage characteristics of each
diode as shown in Fig. 3.38. The crosstalk obtained with the model is 27.4% compared
to 24.8% for TCAD.

In-pixel circuit using transistors Since the intrinsic pixel operation, without tran-
sistors, has been validated, the complete pixel architecture including all the transistors
is now assessed. Fig. 3.39 reports the time evolution of the voltage on the cathode of
the two photodiodes (one in the illuminated pixel and one in the non-illuminated
pixel) simulated with the GLD model and with TCAD. An external capacitance of 0.1 fF
has been added between the gate and the source of the transistors in the model in
order to precisely match the capacitances in the compact model of the transistor used
in the TCAD tool. In fact, any minor difference in compact models (especially for
capacitances) can lead to a significant mismatch for such small pixel dimensions since
transistors capacitances are no longer negligible with respect to the capacitance of
the photodiode. For instance, as can be noted in Fig. 3.39, the presence of transistors
instead of switches is responsible for a jump in the transient characteristics, a feature
that was not present in Fig. 3.38 (pixel with ideal switches). This jump is attributed to

2The depletion region width is still calculated under the full depletion approximation in one dimen-
sion.
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Figure 3.39 — Crosstalk study for back-side illumination (smaller pixels) with in-pixel transis-
tors: time dependence of the voltage at the cathode of the pn junctions for different illumina-
tion conditions. Results obtained with the Generalized Devices model are plotted with solid
lines while TCAD simulations results are plotted with symbols.

the charge injection from the MOSFETs when switching. In conclusion, the model can
simulate the full architecture of the pixel including now the transistors as in regular
APS, both for front and back side illumination and with state-of-the-art dimensions.
Not only the output voltage, but also crosstalk figures of merit can be predicted within
the same SPICE environment. In this last case, the crosstalk predicted with the model
is 24.3%, very close to the value simulated with TCAD, i.e., 23%.

Impact of silicon layer thickness and wavelength on crosstalk As stated before, the
thickness of the silicon layer is a key feature for the optimization of the sensitivity to
light and crosstalk in back-illuminated APS. Fig. 3.40 reports the crosstalk as a function
of the silicon thickness for different wavelength (corresponding to blue, green and
red light). The crosstalk simulated with the GLD model (solid lines in Fig. 3.40) is in
good agreement with TCAD results (symbols) for a wide range of silicon thicknesses
and wavelengths. It is possible to note how large the crosstalk becomes for high
thicknesses, reaching already 50% for about 5 um. Based on these SPICE simulations,
the acceptable values of silicon thickness are found to be in the range of 3-4 um (the
same found in literature for fabricated pixels), as thinner thicknesses would provide
a signal on the illuminated pixel that is too low. This illustrates how physics-based
design of pixel layout can be carried out using SPICE circuit simulators.
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Figure 3.40 - Impact of silicon layer thickness in back-side illuminated pixels and wavelength
on crosstalk (solid lines for model results and symbols for TCAD simulations).

3.5 Conclusion

The modeling approach based on the Generalized Lumped Devices for the simulation
of photogenerated excess carriers in semiconductor structure, developed in this thesis,
has been applied to several optoelectronic devices. It has been shown that it can
correctly predict the static and dynamic behavior of a photodiode, as well as the full IV
characteristics of a solar cell, from short-circuit to open-circuit condition. The model
provides accurate results for a wide range of illumination intensities. Moreover, the
optically-triggered switching-on of a bipolar phototransistor has been simulated with
the network of Generalized Devices. Finally, the simulation of a CMOS APS image
sensor pixel has been presented, including the estimation of the crosstalk between
two adjacent pixels.

It has been proved that this modeling approach can be successfully used in a variety
of scenarios and represents an effective tool for optoelectronics simulations.
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Modeling of ionizing radiation effects
in ICs substrate

4.1 Basics of radiation-semiconductor interaction

Radiation can deeply affect the operation of semiconductor devices. Energetic par-
ticles impinging on a semiconductor mainly lose energy by the following mecha-
nisms [19]:

* jonizing energy loss by inelastic collision of a charged impinging particle with
the semiconductor target, resulting in electron-hole pair production (hard colli-
sions) or atom excitation (soft collisions);

* non-ionizing energy loss caused by elastic collision, in which the impinging
particle transfers momentum to the target atoms, resulting in phonon produc-
tion and displacement of lattice atoms from their position in the crystal, thus
causing defects in the structure. Elastic collisions usually happen at the end of
radiation path in matter, when its energy is low;

* nuclear reactions, in which the collision between the nuclei produces one or
more different nuclides than the initial ones.

Other processes, much rarer than atomic collision [114], can occur due to radiation
interaction with matter, such as emission of Cherenkov radiation, i.e. an electro-
magnetic radiation produced when a charged particle travels in the target material
faster than the speed of light in that material, and bremsstrahlung (braking radiation),
i.e. the emission of electromagnetic radiation due to the deceleration of a charged
particle deflected by an electron or nucleus in the target material (the energy lost by
deceleration is converted to light).

4.1.1 Ionizing radiation

For charged particles, ionization is the main phenomenon that causes energy loss and
so the slow down of the particle. The energy loss is the result of several collisions in
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Figure 4.1 — LET as a function of penetration depth of alpha particles in silicon.

which the energy transfer is very small, thus the particle trajectory is not modified [2].
Two quantities are used to characterize the ionization process: the stopping power,
that is the amount of energy loss per unit length, and the range, i.e. the distance
traveled by the particle in the target material. The stopping power is divided in
electronic stopping power, due to collisions with electrons of target material atoms and
nuclear stopping power, due to collisions with nuclei of target atoms. The stopping
power depends on the impinging particle, on its energy, and on the target material and
is usually calculated using Monte Carlo simulations; the most common simulators is
SRIM (Stopping and Range of Ions in Matter) [115]. The electronic stopping power is
typically named Linear Energy Transfer (LET), which is defined as the rate of energy
loss per unit length due to ionization. Its appropriate SI unit is N, however, the LET is
usually expressed in MeV/cm or pC/um. A weighted Linear Energy Transfer (LET) can
be defined as the electronic stopping power divided by the target material density and
expressed in MeV cm?/mg [2]. An example of LET, plotted as a function of distance
traveled in the semiconductor, is shown in Fig. 4.1 for alpha particles, with energy
ranging from 1 MeV to 10 MeV, impinging on silicon. The LET increases with the
distance traveled by the alpha particle in silicon until it reaches a maximum right
before the range (distance at which LET is zero), then it decreases abruptly. This
maximum is called Bragg peak and is the point in which the charge generation is the
most effective.
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4.1.2 Ionization by secondary particles

Ionization occurs when the incident particle is charged. Neutral particles can cause
an indirect ionization, i.e. after a nuclear reaction, a charged recoil product is emitted,
that can produce ionization [2, 116, 8]. This process is particularly important for
neutrons interacting with semiconductors. In fact, indirect ionization caused by
neutrons is one of the major cause of dysfunction in integrated circuits due to radiation
at ground level [117]. Neutrons interacting with silicon can produce a wide range
of recoil products, ranging from protons to ions with atomic number equal or lower
than silicon [8]. Such neutrons originate from cosmic rays, which are responsible of
radiation environment in the atmosphere. Because of the interaction with air nuclei,
high-energy particles from cosmic rays generate large cascades of secondary particles,
composed of protons, neutrons, electrons, pions, muons, etc., as shown in Fig. 4.2,
with maximum density at the Pfotzen point, i.e. about 15 km of altitude, just above
airplane altitudes [7]. It was noted that less than 1% of the primary galactic particles
can create a cascade which arrives at sea level since most of the particles are absorbed:
they either decay spontaneously or lose energy [7]. The most abundant particles that
reach ground level are muons and neutrons, followed by protons and pions. Earth
magnetic field can stop charged particles from cosmic rays under a certain value of
magnetic rigidity (geomagnetic cut off, that varies with location), hence the flux of
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nucleons
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or “soft” “hard” component

Figure 4.2 — Cascade of secondary particles generated in the atmosphere by a primary cosmic
ray (Adapted from [7]).
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Figure 4.3 — Theoretical ground level secondary particle flux, generated by cosmic rays, in New
York City (Adapted from [7]).

secondary particles at ground level depends on it. The secondary flux at ground level,
calculated theoretically at the location of New York City, is reported in Fig. 4.3 while
the experimental data for secondary particles flux at different sites on Earth can be
found in [7].

Another source of neutrons able to produce indirect ionization is boron, that is
extensively used in fabrication of integrated circuits as p-type dopant in silicon. The
isotope B (19.9% abundance) is unstable when exposed to neutrons and has an
interaction cross section which is higher by three to seven orders of magnitude in
comparison to most other isotopes present in semiconductor materials. Moreover, the
reaction has a very high probability to generate two ionizing particles (alpha particle
and Li ion) [2]. Boron is also present in borophosphosilicate glass (BPSG), but most
modern semiconductor processes have eliminated the presence of !B in BPSG or
they do not use BPSG, that is the primary reservoir of 1°B. The same is not possible
for silicon doping, since the processes are not selective for isotope and use natural
boron [2].

Predicting ionization in semiconductors given by impinging neutrons is thus a
two-step process. Firstly, the probability associated to each of the recoil particles
has to be assessed. This is usually done with specific simulators for particle-matter
interaction that are based on the Monte Carlo method. An example of probability
curves for recoil products of 1 GeV neutron impinging on silicon can be seen in Fig. 4.4.
Then, the LET of such recoil particles has to be derived as a function of particle energy.
As stated above, this can be done by using specific simulators, such as SRIM [115]. For
interaction of neutrons with silicon, LET of all possible recoil products are reported in
Fig. 4.5. The phosphorus ion, which has the highest LET, is also a potential product
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Figure 4.4 — Example of integral probability curves for recoil products considering 1 GeV
neutron impinging on silicon (Adapted from [8]).

of this interaction, even though its atomic number is higher than that of silicon.
The probability associated to this product is however very low, as the reaction, that
corresponds to 3°Si capturing the incident neutron and decaying by beta emission, is
very rare.
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Figure 4.5 — Electronic stopping power as a function of particle energy for all the possible recoil
products given by the interaction between neutrons and silicon (Adapted from [2]).

81



Chapter 4. Modeling of ionizing radiation effects in ICs substrate

4.2 Radiation effects in ICs

Radiation impinging on an integrated circuit causes three different types of effects [118]:

* Displacement Damage (DD);
* Single Event Effects (SEEs);

* Total Ionizing Dose (TID).

Displacement Damages are caused by non-ionizing energy loss mechanism whereas
Single Event Effects and Total Ionizing Dose derive from ionizing energy loss mecha-
nism. The three radiation effects are schematically depicted in Fig. 4.6. Displacement
Damage occurs when the incident particle transfers sufficient energy to a lattice atom
to dislodge it from its normal location, causing the creation of vacancies and intersti-
tials and introducing energy levels in the bandgap [119]. The displacement damages
result in the reduction of recombination lifetime, enhanced thermal generation due to
reduction of generation lifetime, reduction of carriers mobility, increase of temporary
trapping of majority and minority carriers, and change of majority carrier concentra-
tion due to the introduction of centers that compensate the doping [119]. The primary
effects are an increase in dark current for any device containing a depletion region, a
decrease of charge collection efficiency for silicon detectors, and a decrease gain in
bipolar transistors [119, 120]. It has been shown that the electronic property which is
most sensitive to displacement damage in irradiated Si and Ge is the recombination
lifetime [121, 122].

Single Event Effects occur when the incident particle creates electron-hole pairs in
the semiconductor bulk and these charges are collected by an active device, causing

Total lonizing Dose (TID)

Single Event Effects G
(SEEs) I 5
N oxide l
n+

Displacement |
Damage (DD)

p-sub

/Impinging particle

Figure 4.6 — Schematic representation of the three type of radiation effects in a MOSFET.
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a dysfunction. The SEEs are divided in soft errors, i.e. faulty operation of a circuit,
for example flip of a bit state in memory cells or glitches in logic gates, and hard
errors, in which the circuit is permanently damaged, for example due to a latch
up [14]. Total Ionizing Dose is another result of ionizing energy loss, in particular of
the accumulation of charge in the oxide layers of electronic devices. TID causes a
degradation in devices operational parameters, such as, for MOS transistors, a shift in
threshold voltage and higher leakage currents [14].

This thesis will focus on SEEs, as they originate from electron-hole pairs generation
in the semiconductor substrate. The GLD model will be further extended to simulate
radiation-induced excess carriers behavior. Modeling of SEEs is becoming particularly
crucial. In fact, recent drastic transistor downscaling, very low operating voltages, and
higher complexity made circuits increasingly sensitive to SEEs failures, which became
a major source of dysfunction not only in space and at aircraft altitudes but also at
ground level [123].

4.3 State-of-the-art of Single Event Effects modeling

Modeling of ionizing radiation effects in semiconductor substrate, and so prediction
of SEEs in ICs, involves simulation of the charge generation, transport and collection.
Regarding the evaluation of the amount of generated charges in the semiconductor by
the incoming particle, i.e. the LET, as explained in the previous section, specific tools
based on Monte Carlo simulations are employed. In addition to SRIM, Geant4 [116,
124] MCNPX, MARS15, PHITS [2] are also used. Some tools for prediction of SEEs have
been derived with a direct link with these Monte Carlo simulators, embedding them
as internal simulators and adding a charge transport model [125]. In these tools, for
computational cost reasons, the transport of the radiation-induced charges is often
based on a simplified transport model. Refs. [125] and [126] presents a comprehensive
review of these tools. One of the most interesting tool is presented in [127, 128, 126]
and is called TIARA-G4. It is a full Geant4 application and uses Geant4 classes for
the description of the circuit geometry. The incident particle interaction with the
circuit and all the secondary particles generated in the entire volume are simulated
by Geant4 [126]. Then, TIARA-G4 analyzes all the ionizing particles tracks generated
and lists all the traversed sensitive volumes [129]. The parasitic transient currents are
evaluated by the tool using an analytical diffusion-collection model. In this model, the
energy lost by radiation in the semiconductor is described as a succession of quasi-
point charges, whose transport is assumed to be governed by a pure 3D spherical
diffusion law [129]. The tool is applied for prediction of SEEs in memory cell: the
parasitic currents are evaluated for all sensitive nodes and the collected charge is
compared to a critical charge that causes the cell upset [129].
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The most common approaches to simulate radiation-induced charges transport
and collection in semiconductor devices are numerical simulations with TCAD tools,
SPICE simulations using compact models and mixed-mode approach. The full nu-
merical approach with TCAD tools provides the most accurate results but simulation
times are very long and only small circuits with few devices can be simulated in this
way. Thus, TCAD is widely used for simulations at a single device level and several
examples can be found in literature [130, 131, 132, 133, 134, 135, 136, 137, 138, 139].
Numerical simulations provide a complete picture of charge behavior in the device,
depending on the device structure, geometry, and technological parameters and they
are useful to understand the underlying physics and to carefully optimize the layout
at device level. Mixed-mode approach is very popular for accurate simulation of
radiation effects in circuits [140, 141, 142, 143, 144, 145]. Mixed-mode consists in
simulating numerically, using TCAD tools, only the device struck by the radiation and
to model all the others transistors and devices in the circuit using compact models.
The parasitic signals resulting from interaction with radiation in the struck device are
computed by TCAD and injected in the circuit that is simulated by SPICE software [2].
Simulation times for mixed-mode approach are still long, as a numerical simulation
is embedded in the modeling flow, however, the biggest advantage is the enabling of
circuit simulation, that is impossible by pure numerical TCAD simulations. The other
drawbacks are that mixed-mode simulations are not feasible for very large and com-
plex circuit and they are not accurate if there is a coupling effects involving a device
modeled with a compact model [146, 2]. Short simulation times are obtained with
SPICE simulations at circuit level, that use compact models and can be applied even
to very large architectures. SEEs simulations with SPICE are obtained by modeling
the radiation-induced parasitic current and injecting it in the circuit via a current
source connected at the struck node [2]. A large number of works can be found in
literature, among them [147, 148, 149, 150, 151, 152, 153, 154, 155, 156]. A commonly
used expression for the radiation-induced current is the double exponential [140, 2]:

r t
I() = Q e 'f—e Tr 4.1)
Tf_Tr

where Q is the total charge deposited, 7 is the current pulse rising time constant and
7 is the falling time constant. Typically, rise times are much shorter, in the order of
tens of picoseconds, than falling time, that are in the range of 200 to 300 ps [140, 2]. The
parameters in Eq. 4.1 are extracted empirically, by fitting experimental data, or derived
from numerical simulations. Another approach consists in deriving the collected
carrier density n using a spherical diffusion model [157, 158]. However, this model is
valid only when the transport of carriers is only by diffusion, i.e. charges are generated
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far from any junction. Finally, the simulation of charge transport based on parallelized
random-walk drift-diffusion process is proposed in [127]. For each simulated ionizing
particle impact, radiation-induced charge deposition is first modeled and computed
as a succession of charge packets along the particle track, then the transport of each
charge packet is computed, independently of the others. This transport is split into two
components: the 3D spherical charge carrier diffusion, modeled using a random-walk
algorithm, and the electric-field induced drift, due to reverse-biased drain junctions.
The model has been dynamically coupled with a SPICE circuit simulator to take into
account temporal variations of the electric fields in the charge collection process. Even
though this method provides fast simulations at circuit level with higher accuracy
with respect to analytical models, there are some limitations: the model is not self-
consistent with electrostatics (electrostatic interactions between the charge packets
are not taken into account), it is not precise for high injection operation (which is
likely to occur for energetic particles), and considers the boundaries of the wells as
absorbing boundaries (and so the charge packets are removed from the simulation,
which might not be case for all the situations).

The main limitation of the SPICE approaches using compact models is that the
precision of the results is strictly linked to the accuracy of the compact models and
of the expression used for the parasitic current. The actual value of the latter is
very challenging to model precisely (it depends on the type and energy of impinging
radiation, device layout and hit location), and analytical equations can only give an
approximate estimate [140]. However, SPICE simulations can be very useful when
a high accuracy on current magnitude and time profile is not needed to study the
circuit dysfunctions and the main requirements are response within short simulation
times and avoidance of complex numerical simulation tools. When higher accuracy
is needed, parasitic currents obtained by TCAD numerical simulations can be used
as an input [140, 2]. Ref. [159], for example, presents a library of parasitic transient
currents for the different particle strikes derived from 3D numerical simulation, which
can be used for circuit-level soft error estimation.

4.4 Extended Generalized Lumped Devices approach

In this work, the Generalized Lumped Devices (GLD) approach is used to simulate
excess carriers generated by ionizing radiation in ICs substrate. With the proposed
model it is possible to obtain fast SPICE-compatible simulations with higher accu-
racy with respect to conventional approaches presented in the previous section. The
parasitic current, in fact, will not be obtained analytically, empirically or by using
approximated transport models, but it will be computed by the equivalent network
of Generalized Devices that describes the semiconductor substrate hit by the ra-
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diation. The GLD model, as seen already in Part I, is a physics-based model that
simulates excess carriers generation, recombination, propagation and collection in a
semiconductor structure using a semi-compact approach, i.e. a lumped network of
Generalized Lumped Devices. The model does not need any fitting parameters, as it
only employs geometrical and technological parameters related to the semiconductor
structure, and does not need any predefined compact model. Still, the objective is not
to develop a new “TCAD” tool, but to have a model that can provide the designers
with an estimation of the SEEs tolerance of the circuit under development and that
can be easily embedded in the design flow in standard circuit simulators.

In Part I, the GLD model has been used for simulation of optically generated excess
carriers. The model will now be extended to simulate radiation-induced charges. The
generation profiles given by light and ionizing particles are very different, as the peak
of generation for radiation is not at the surface and also the generation track goes
deeper in the substrate. Because of this, together with the much higher density of
radiation generated charges, the mesh strategy will be changed in order to correctly
linearize the excess carriers concentrations and gradients. In addition, the generation
rate values, as a function of the position in the semiconductor, will be extracted from
the available data for ionizing radiation given by the particle-matter simulators, i.e.
the LET. This map of generation rate will be used to insert the correct generation
parameter in the model of each Generalized Devices in the equivalent network of the
substrate.

The other main difference between light and radiation is related to the injection
level. In fact, while for light, in most of the applications, the semiconductor is in low
injection condition, for radiation there is almost always a high injection condition.
The Generalized Devices model, presented in section 2.3.1, has already some features
that take into account high injection. In particular, there are the correction terms
of resistance value depending on the excess carriers concentration, as explained in
section 2.3.1, the Boltzmann correction term and the Misawa’s space-charge bound-
ary conditions, already included in the original Generalized Devices developed for
HVMOSFET [6]. In high injection, in fact, the quasi-Fermi level splitting AVr of a pn
junction is not equal to the applied voltage, as for low injection, but an additional cor-
rection term has to be considered, i.e. the Boltzmann voltage drop V;. The following
expression is present in the model of the Generalized Diode [6]:

—NA+ﬁp)+thn(—ND+ﬁ")

Vr:thn( ~ ~
Np + p2

4.2)
At

where N4 and Np are the doping concentrations of the p-type and n-type semi-
conductor, respectively, V; is the thermal voltage, 71, and p, are the excess carriers
concentration at the boundaries of the depletion region, and 7; and p, are the ex-
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cess carriers concentration at the external pins of the Generalized Diode, i.e. the
geometrical boundaries. Including the Boltzmann correction term in the law of mass
action for non-equilibrium (np = ne*"#/¥1), new boundary conditions at the edges
of depletion region are obtained, i.e. the Misawa’s boundary conditions that are valid
for all injection levels [160, 6]:
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where 7, is the electron concentration at thermal equilibrium in the p-side, py, is the
hole concentration at thermal equilibrium in the n-side, and V; is the voltage drop on
the space-charge region. These expressions are substituted to the Shockley boundary
conditions in the Generalized Diode model, presented in Eq. 2.33 (section 2.3.1).

In this thesis, other corrections for high injection will be included. The ambipolar
transport will be considered and mobility and lifetime values will be changed to the
ambipolar values. Finally, the phenomenon of funneling, that arise when excess
carriers with density higher than doping are present in proximity of a pn junction,
will be studied and inserted in the model of the Generalized Diode. The plasma
given by high concentration of electron-hole pairs generated by the ion track in
the semiconductor drastically distorts the space-charge region of the pn junction it
crosses. The highly conductive plasma propagates the electric field along its track,
inside previously field-free regions. The carriers in the track, accelerated by the electric
field, will be collected by drift, a much faster process, rather than by diffusion. When
the excess carrier concentration at the junction decreases below the doping, the
original space-charge region rebuilds and the electric field turns back to its original
value [8, 161].
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4.4.1 Radiation-induced generation modeling

Simulation software for particle-matter interaction gives as an output the electronic
stopping power, i.e. the LET. The LET of a specific ion, with certain energy, impinging
on the target semiconductor is used to derive the generation rate. This is introduced
in the MCC of the Generalized Lumped Devices (see section 2.3.1 for details on GLD
model). In this work, the LET values, referred to ions impinging on silicon, are taken
from a behavioral modeling of SRIM data, presented in [162]. The LET data, as a
function of ion energy (E) for a given particle, simulated with SRIM are fitted using
power polynomial functions [162]. The LET is modeled as:

LET(E) = 104® (4.5)

8
A(E)=)_ a;-sin(b; -logy(E) + ¢;) (4.6)
i=1
where the parameters a;, b; and c;, obtained from fitting SRIM simulation results,
are tabulated in [162] for several ions (the possible secondary ions produced by the
neutron-silicon interaction, i.e. from hydrogen to phosphorus). The same approach
is used to obtain the range [162].

In this thesis, the LET as a function of distance traveled by the ion in silicon is
derived from the LET as a function of energy in Eq. 4.5. The complete derivation is
reported in Appendix A. Then, the generation rate is extracted. The LET is a point-like
quantity, as it is expressed in pC/um, but the generation rate (cm™3/s) is a volumic
quantity. Thus, the LET has to be spread in the corresponding mesh rectangles. The
radiation track is divided in several segments, used to construct the mesh rectangles
in that region of the substrate, and the local charge given by the LET is integrated in
each segment, giving an equivalent charge density distribution, which is attributed to
the mesh rectangles around the track. The generation rate is obtained dividing this
charge density by the duration of the radiation pulse' At. This results in a single line
of mesh rectangles with a given generation value, while the rest of the substrate has
zero excess carriers generation. The generation rate for a mesh rectangle in the ion
track is given by the following expression:

1

l
G=LET - —— 4.7)
V At

where [ is the mesh element length and V is its volume.

IThe generation rate in time is assumed to be a square wave with a single pulse of the duration of At
in which the generation rate is non-zero
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4.4.2 Lifetime and mobility in high injection

When the semiconductor is in high injection condition, i.e. the excess carrier density
is higher than the doping, the ambipolar parameters, lifetime and mobility, cannot be
approximated to the minority carrier values, as for low injection. The full expressions
have to be used. Thus, when modeling radiation-induced excess carriers, whose
concentration is almost always higher than the doping, the values used in section 2.3.1
are changed.

The ambipolar diffusion coefficient D, and the ambipolar mobility i, are com-
puted as [3]:

+
=P (4.8)
n/Dy+plDy
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where D,, and u, are the diffusion coefficient and mobility for electrons, D, and u,
are the diffusion coefficient and mobility for holes, n = ny + 7 is the total electron
concentration given by doping plus generated excess carriers 7, and p = pg + p is the
total hole concentration given by doping plus generated excess carriers p.
Regarding recombination rate R, the general expression, valid for low and high
injection, is [3]:
R=recpn (4.10)

where r,, is the recombination coefficient. For low injection, in an n-type semicon-
ductor [3]:

R:recpn:RecﬁNDEE (4.11)
Tp
where the holes lifetime is defined as:
! (4.12)
Ty,= .
P rrecND
and, similarly for electrons in p-type semiconductor:
! (4.13)
Tp= .
" TrecNa

For high injection condition, in which n = 77 and p = p [3], the recombination rate is:

R=TocPN = T'oci® = Foc P* (4.14)
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and the ambipolar lifetime 7, is defined as [3]:

1 1
Tag= — = — (4.15)
rrecn rrecp

However, when the recombination rate depends on ~ A2, the solution of the differ-

2

. . e AR . . N
ential equation for diffusion i 71 is no more an exponential, as in low injection
X

A

when @ o Ny# and the solution is 7 o< ~ €7, Thus, the definition of lifetime in
Eq. 4.15 )Ic)rovides an approximate solution for high injection. In Generalizes Lumped
Devices approach, the solution of the differential equation is not needed. In fact, the
continuity equation is linearized and is solved by the SPICE simulator. In section 2.3.1,
the recombination rate has been inserted in the model in its approximate form valid
in low injection:

N Veqi .
R=1d/t — R;j= at the mesh node i (4.16)
T

For simulation of high injection, the general form is included in the GLD model (valid
for both high and low injection), assuming that neutrality hypothesis 72 = p = @ holds:

R=recpn=rec(po+ ) (ng+1a) — R; = rec(po+ Veg,) (no + Veg,) (4.17)

where 1y and py are electron and hole concentration at thermal equilibrium. Follow-
ing this derivation, the equivalent circuital parameter in the MCC for recombination
(G, see section 2.3.1 for details) is:

Ax
Ge = Tec(N + Vegq) (4.18)
dm
where N is the doping. In MCC, the conductance G, is multiplied by the equivalent
voltage V,, to obtain the equivalent recombination current, thus the proportionality
to ii® o« Vg, is satisfied. The concentration at thermal equilibrium of minority carriers
is assumed to be negligible with respect to .

4.4.3 Funneling effect

Funneling may occurs when a radiation track crosses a semiconductor pn junc-
tion [161, 163, 148, 164, 165, 166, 167]. If electron-hole pairs generated by the radiation
in close proximity to the pn junction have a concentration higher than the doping, a
plasma is created and the space-charge region around the junction collapses, fading
out where generated e-h pairs exceed the doping, as sketched in Fig. 4.7. This plasma
behaves like a wire, i.e. a highly-conducting region, that extends along the radiation
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Figure 4.7 — Schematic illustration of the funneling mechanism. The space-charge region
collapses as a plasma is generated along the ion track.

track inside the semiconductor. The plasma wire has a low resistance, so the potential
along the wire is almost constant. Consequently, the electric field, that was initially
restricted to the space-charge region, spreads out in semiconductor regions that were
previously neutral.

Fig. 4.8 shows the 2D distribution of the potential from TCAD numerical simulation
0.1 ns after the particle event (same structure as in Fig. 4.7). The potential of the
n-well now extends along the ion track in the p-substrate since the pn junction barrier
disappeared around the track. This plasma wire, that shifts the potential of the
substrate, acts as a contact: the potential decreases almost linearly along the path.
Given this electric field generated by the funneling, excess carriers in the track will be
rapidly collected by drift, until the e-h pairs density at the junction will be lower than
the doping, usually after a few nanoseconds (depending on the charges generated,
bias voltage and doping). After this delay, the original space-charge region starts to
rebuild, as for the potential distribution which drops back into the depletion region.
The remaining excess charges are then collected by diffusion.

Funneling drastically changes the collection of charge in the substrate of an IC [167].
Without funneling, the diffusion is the predominant transport mechanism. The excess
charges travel slower but farther, which results in parasitic currents at various nodes
of the circuit, with low but relatively long current waveforms. In presence of funneling,
parasitic currents will be mainly collected by the struck node, resulting in shorter and
higher current peaks. SEEs are usually caused by short and high currents, which is the
reason why modeling whether or not funneling occurs is crucial for accurate simula-
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Figure 4.8 — Potential distribution in a 2D structure similar to the one in Fig. 4.7, 0.1 ns after
the striking of an ionizing particle. The junction line is shown in brown: the upper part is the
n-well and the lower part is the p-type substrate. The funneling effect, with the distortion of
the potential in the structure, is evident.

tions. TCAD simulations include this phenomenon, whereas for SPICE simulations
it depends on how the radiation induced parasitic current is modeled. Funneling
can be taken into account by considering the proper parasitic currents (i.e., when the
funneling is active) for the fitting of analytical models [159, 140, 156].

In this work, the funneling effect is included in the Generalized Lumped Devices. In
order to simulate funneling as a connecting wire, a resistance (Rgnnel) that connects
the two neutral region of the diode is introduced in the TCC sub-circuit. The new
model of the Generalized Diode, including the resistance Rginnel, is shown in Fig. 4.9.

The resistance Rgynnel has initially a high value (~ 102 Q, open-circuit), takes a low
value (~ 1078 Q, short-circuit)> when the funneling is active, i.e. the excess carriers
density is higher than the doping, and come back to the high value at the end of the
funneling event, i.e. when the excess carriers density is lower than the doping. Rgnnel
is modeled analytically with an hyperbolic tangent function, as shown in Fig. 4.10.
In this way, the p-side and the n-side of the diode are connected together and are
set at the same potential during the funneling. The diode is also connected to the
rest of the network of Generalized Devices, so the potential is also spread inside
the substrate depending on the local resistances and currents. Moreover, since the
junction barrier collapses, the exponential diode laws in the compact model (Vy,, V),
Itot, Cj) are not valid anymore, and the excess carriers can move freely across the
junction. This is obtained by interconnecting with a wire the p-side and n-side of the

2These two value have been chosen to obtain convergence in Spectre simulators
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Figure 4.9 — a) Equivalent circuit describing the model of the Generalized Diode before and
after the funneling effect. b) Equivalent circuit describing the model of the Generalized Diode
during the funneling effect.
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diode (see Fig. 4.9.b) and disabling the sources V},, V), I, and the capacitance C;
when funneling is active.

4.4.4 Mesh strategy

The mesh strategy presented in Part [, section 2.3.3, is modified to correctly linearize
concentrations and gradients for radiation-induced excess carriers. The following
steps will be used for meshing of the substrate hit by ionizing radiation, which will be
simulated in the next chapter:

1. Mesh lines are placed at every junctions, pn junctions, and homojunctions. A
mesh element contains a piece of semiconductor with same doping concentra-
tion and type.

2. The mesh is refined so that the maximum size is one fifth of the diffusion length
of the minority carriers.

3. The mesh is further refined along the ion track. In the direction of the impinging
particle, mesh elements are placed in order to linearize the LET profile. The
width of the mesh elements in which generation takes place is 0.2 um. As
explained above, generation is non-zero only in one column of mesh element
around the ion track, in which the point-like generated charge given by the LET
is spread to obtain an equivalent volumic generation rate. In the radial direction,
i.e. around the track, 5 mesh elements with a width of 0.2 um are positioned on
each side to linearize the gradient.

Simulations with GLD approach are about 500 times faster than TCAD simulation,
for the same structure and using the same hardware. When funneling is active, there
are some convergence difficulties with the software program used for SPICE simu-
lations, i.e. Spectre, and as a consequence the simulations are slower, while TCAD
simulation times are the same. In this case the SPICE simulations with GLD model are
about 100 times faster than TCAD simulations.

4.5 Conclusion

The Generalized Lumped Devices approach has been extended to simulate excess
carriers generated in the semiconductor by ionizing radiation. In particular, the model
has been modified to support high injection condition. Furthermore, the funneling
effect, which is a phenomenon happening when the concentration of excess carriers in
proximity of a pn junction is higher than the doping concentration, has been included
in the model of the Generalized Devices.
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5] Simulation of radiation-induced cur-

rents in ICs substrate

The extended Generalized Lumped Devices (GLD) model is now applied to simulate
effects of radiation strike on the substrate of ICs. The objective is to understand if this
model can be employed to predict Single Event Effects using SPICE simulators, with
a higher accuracy with respect to standard compact models for radiation-induced
currents. Excess carriers generated by the impinging particle, according to the LET
of the particle in the specific target material (silicon will be always considered), are
simulated. Their generation, propagation and collection are taken into account by
the Minority Carrier Circuit (MCC) of the Generalized Lumped Devices that, thanks to
the coupling with the Total Circuit Currents (TCC), computes the resulting current at
sensitive nodes. The main objective is to have a fast, but still accurate, tool that can
be used by designers directly in standard circuit simulators to have an estimation of
how the circuit behave when subjected to ionizing radiation and to predict if an error,
such as memory bit flipping, can arise, according to the circuit layout. The simulation
presented in this chapter are a preliminary step toward this result. TCAD Sentaurus
simulations will be used to assess the validity of the model. The same geometrical and
technological parameters of the semiconductor structure are used in TCAD and GLD
simulations, so no fitting parameters are inserted in the model. The GLD network is
simulated using Spectre circuit simulator.

The main source of Single Event Effects at the ground level are the secondary parti-
cles generated by the interaction of neutrons with silicon substrate. Alpha particles
are one of the most probable secondary product of this interaction, as reported in
Fig. 4.4. Moreover, alpha particles emitted by radioactive impurities (uranium and
thorium) in materials of electronic devices packaging are known to be another impor-
tant contribution to soft errors [2]. For these reasons, alpha particles will be used as
radiation source.
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Chapter 5. Simulation of radiation-induced currents in ICs substrate

5.1 Impactofradiation position and energy on parasitic
current

The results presented in this section are based on the published paper [168]. The first
structure under test is presented in Fig. 5.1 and represents a region of an IC substrate
with n*-type implants having a depth of 200 nm, a width of 0.36 um (equal to twice
the minimum feature size, considering a 180 nm CMOS technology) and doped at
10%° cm™3, whereas the p-substrate has a doping of 10! cm™3, a depth of 100 um and
a width! of 50 um. These implantations could represent the source and the drain of
MOSFETs for instance. The structure is described with the network of Generalized
Lumped Devices following the mesh strategy presented in section 4.4.4.

Fig. 5.3 reports the results of the simulation with the GLD model and of TCAD
simulations, run to validate the model. The current is collected by the n* implants
located at a given distance d (see Fig. 5.1) from the alpha particle track. The alpha
particle, with an energy of 2 MeV, strikes the substrate at time ¢ = 10 ns. The generation
rate is extracted from the alpha particle LET profile as a function of penetration depth,
computed according to the method presented in Appendix A and reported in Fig. 5.2.
In the GLD model, the radiation-induced generation pulse width is equal to 1 ns (the
generation profile is a square wave with a single pulse). In TCAD simulations, the

Ut is a 2D structure with a lateral extension of 1 ym.
Radiation

GND  N3* N2* N1* l’d N1 N2 N3 GND

-

Figure 5.1 — Structure under test. In orange, the alpha particle track inside silicon (the Bragg
peak is in dark orange).
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Figure 5.2 — LET as a function of penetration depth of alpha particles in silicon.

generation profile has a Gaussian shape with a standard deviation of o = 2 ps. The
currents predicted by the GLD model (solid lines) are in good agreement with TCAD

simulations (dots).
Fig. 5.4, Fig. 5.5, Fig. 5.6 and 5.7 report parasitic currents induced by alpha particles
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Figure 5.3 — Parasitic currents induced by a 2 MeV alpha particle in an n* well with distance d
from the particle track. Results with GLD model are reported with solid lines whereas TCAD
simulations with dots.
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with energy of 1 MeV, 2 MeV, 5 MeV and 10 MeV, respectively, collected by the three
n* wells N1, N2, N3 of the structure in Fig. 5.1. The distance between N1 and the
alpha particle track is equal to 2 um and each well has a distance of 5 ym from the
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Figure 5.4 — Parasitic currents induced by an alpha particle with an energy of 1 MeV in the three
n* wells (structure in Fig. 5.1, d = 2 um, each well has a distance of 5 um from the adjacent

well). Results with GLD model are reported with solid lines whereas TCAD simulations with
dots.
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Figure 5.5 — Parasitic currents induced by an alpha particle with an energy of 2 MeV in the three
n* wells (structure in Fig. 5.1, d = 2 um, each well has a distance of 5 um from the adjacent

well). Results with GLD model are reported with solid lines whereas TCAD simulations with
dots.
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adjacent well. Plots refer only to the wells N1, N2 and N3 since the currents on the
wells N1*, N2* and N3* are equal to those reported by reasons of symmetry. The results
obtained with the GLD model, plotted with solid lines, are in good agreement with
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Figure 5.6 — Parasitic currents induced by an alpha particle with an energy of 5 MeV in the three
n* wells (structure in Fig. 5.1, d = 2 um, each well has a distance of 5 um from the adjacent
well). Results with GLD model are reported with solid lines whereas TCAD simulations with

dots.
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Figure 5.7 — Parasitic currents induced by an alpha particle with an energy of 10 MeV in the
three n* wells (structure in Fig. 5.1, d = 2 um, each well has a distance of 5 um from the adjacent
well). Results with GLD model are reported with solid lines whereas TCAD simulations with

dots.

99



Chapter 5. Simulation of radiation-induced currents in ICs substrate

TCAD simulations results (dots). Increasing the particle impinging energy, the current
peak decreases, even though the total generated charge in the silicon is increased:
as can be seen in Fig. 5.2, the integral of the LET for the alpha particle energy of 10
MeV is the highest. The initial energy influences the position of the Bragg peak, where
the highest energy is released. In fact, greater alpha particle energies correspond to a
deeper Bragg peak, see Fig. 5.2, meaning that lower energy is released near the surface.
This is reflected on the peak current decrease with increasing impinging energy since
the n* wells are only 200 nm deep. In addition, charges generated deeper in the
substrate have more time to diffuse further from the particle track, meaning that they
can be collected by the wells that are more distant from the track. Conversely, charges
generated near the surface are mainly collected by the closer well (N1). In fact, for the
alpha particle at 5 MeV, the currents induced on N2 and N3 are higher (relatively to
the signal on N1) than in the case of 1 MeV and 2 MeV energies. Moreover, for charges
generated quite deep in the substrate (high alpha particles energy), the time required
to diffuse to the implants is so high that many more e-h pairs will be recombined.
The total current collected by all of the wells will thus be lower for high energy alpha
particles, a counter intuitive picture. These fine points are well captured by the GLD
model that is in agreement with TCAD simulations for all the range of alpha particle
energy.

The substrate doping used in these simulation is quite high (p = 10" cm™3). This
value was selected to study a high injection scenario for which the excess carriers
concentration is in the same order of magnitude of the doping concentration. In this

12 4
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Figure 5.8 — Parasitic currents induced by an alpha particle with an energy of 1 MeV in the
three n* wells in the structure in Fig. 5.1 with a substrate doping of p = 10'® cm™3. Results
with GLD model are reported with solid lines whereas TCAD simulations with dots.
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Figure 5.9 — Parasitic currents induced by an alpha particle with an energy of 2 MeV in the
three n* wells in the structure in Fig. 5.1 with a substrate doping of p = 10'® cm™3. Results
with GLD model are reported with solid lines whereas TCAD simulations with dots.

case, the model can correctly predict radiation-induced excess carriers generation,
propagation and collection without using fitting parameters. Further, the model is
assessed for very high injection level, i.e. excess electron-hole pairs density is one
order of magnitude higher than doping concentration. The substrate doping of the
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Figure 5.10 — Parasitic currents induced by an alpha particle with an energy of 5 MeV in the
three n* wells in the structure in Fig. 5.1 with a substrate doping of p = 10'6 cm™3. Results
with GLD model are reported with solid lines whereas TCAD simulations with dots.
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Figure 5.11 — Parasitic currents induced by an alpha particle with an energy of 10 MeV in the
three n* wells in the structure in Fig. 5.1 with a substrate doping of p = 10'® cm™3. Results
with GLD model are reported with solid lines whereas TCAD simulations with dots.

structure in Fig. 5.1 is set to p = 101® cm™3 and simulations are run again, considering
the same alpha particles energies. Parasitic currents collected at the nodes, simulated
with GLD model and TCAD simulations, are reported in Fig. 5.8, Fig. 5.9, Fig. 5.10
and Fig. 5.11. Results show that the accuracy of the model is degraded with such
high levels of injection. The current peak is overestimated whereas the curve goes
to zero too rapidly with respect to TCAD simulations. The GLD approach should be
further improved for high injection modeling to obtain a better match. However, for
prediction of circuit dysfunctions these results are still acceptable, as the information
required to determine if an error occurs is mainly the order of magnitude of the

parasitic current. For injection levels even higher, with p = 10!® cm™3

, meaning
that excess charge density is two orders of magnitude higher than the doping, the
circuit simulator used for the network of GLD, i.e. Spectre circuit simulator, cannot
find a solution due to convergence problems. Convergence issues are the main
limitation of this approach for radiation-induced excess carriers modeling and need

to be addressed in the future to obtain a complete and reliable tool.

5.2 Simulation of funneling effect

In this section, the funneling effect is studied using the GLD model. The simulated
structure is reported in Fig. 5.12. The p-substrate has a doping of p = 10'® cm™3, the
n-well has a doping of n = 107 cm~3, the highly-doped implants for Ohmic contacts
have a doping of p*/n* = 10%° cm™3. The p-substrate is 100 um thick, the n-well has a
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Radiation L

GND l GND

Figure 5.12 — Scheme of the simulated structure: PMOS substrate.

depth of 1 yum and a width of 10 um, and the p*™/n™ implants have a depth of 200 nm
and a width of 0.36 um. The lateral extension of these 2D cross sections is 1 ym (all
quantities are constant along the third dimension and the cross section is the same).

The structure is hit by an alpha particle with an energy of 5 MeV: the ion track in
silicon crosses the pn junction, as the particle travels for 25 pm inside silicon, see
Fig. 5.2. Moreover, the excess carrier concentration generated by the alpha particle at
the junction is higher than the doping: funneling is triggered. The structure in Fig. 5.12
is meshed and the network of GLD is obtained by connecting each mesh node with
the proper Generalized Device. A sketch of the mesh and network of Generalized
Devices is shown in Fig. 5.13. The mesh around the radiation track is much finer than
in the rest of the structure in order to linearize the LET profile and excess carriers
concentration and gradient, as explained in section 4.4.4 (GLD network in Fig. 5.13 is
only representative).

The results obtained with the Generalized Devices approach are compared with
TCAD numerical simulations to validate the model of the funneling, inserted in the
Generalized Diode. The same geometrical and technological parameters have been
used in the TCAD simulations and in the GLD network.

Fig. 5.14 reports the simulated current collected by the structure (the pn junction is
in reverse-bias, radiation impinging at time t = 0). Simulations with the GLD network
and TCAD are reported by solid lines and dots, respectively. The general trend of
the current, especially the time scale in which the current goes back to the initial
value, is well predicted by the GLD model. However, the model is not very accurate in
the estimation of the current peak when the funneling is active. Still, this accuracy

103



Chapter 5. Simulation of radiation-induced currents in ICs substrate

Radiation

Figure 5.13 — Generalized Devices network obtained for the structure in Fig. 5.12. The mesh is
drawn in gray dashed lines. The network is not shown around the radiation track, only the
mesh is reported, which is more dense to linearize the generation profile and excess carrier
gradients.

is acceptable for the purpose of simulating circuit disturbances, that is the main
objective of this approach.

The current induced by the 5 MeV alpha particle, when funneling is active, reaches
a higher peak with respect to the currents induced by the same particle when it does
not cross a pn junction, i.e. as in the previous section. In fact, when the funneling is
not present the current peak is around 2 - 3 A (see Fig. 5.6 and Fig. 5.10), one order
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o

0 2 4 6 8 10
Time (ns)
Figure 5.14 — Radiation induced current as a function of time (radiation impinging at t = 0):

5 MeV alpha particle impinging on the structure in Fig. 5.12. The funneling occurs. Results
obtained with the GLD network are plotted in solid line. Dots are used for TCAD.
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Figure 5.15 - 2D potential distribution in the structure of Fig. 5.12 after the strike of a 5 MeV
alpha particle at t = 0 ns.

of magnitude lower than the current peak when the funneling is active (Fig. 5.14).
Moreover, the funneling current decays much faster (less than 1 ns) than the non-
funneling current (more than 30 ns). Funneling changes drastically the excess carriers
transport and collection and modifies significantly the electric field in the structure,
as explained in section 4.4.3. Fig. 5.15 shows the 2D potential distribution in the
simulated structure (TCAD numerical simulations) at different points in time. After
the radiation strike, funneling occurs, the space-charge region collapses, and the
potential quickly spreads into the substrate. The electrostatics in the substrate is
deeply affected during the first 0.2 ns. Then, the generated e-h pairs density becomes
smaller than the doping and the potential distribution reverts to the initial value. The
potential comes back to pre-radiation levels after about 4 ns, but the space-charge
region is restored already after 0.5 ns.

The pn junction is located at a depth of 1 um in the substrate. Thus, also 1 MeV and
2 MeV could have been used to simulate funneling effect, as their range is around 2 ym
and 6 um, respectively (see Fig. 5.2). In these cases, the Bragg peak, i.e. maximum of
generation profile, is closer to the junction. Higher density of excess carriers are gener-
ated at the junction. Simulations, run with the GLD model in Spectre circuit simulator,
for alpha particle energies of 1 MeV and 2 MeV do not reach convergence. Further
simulations have shown that convergence is more difficult to obtain if electron-hole
pairs generated in proximity to the junction have a density one order of magnitude
higher than the p-substrate doping. As stated above, convergence issues in very high
injection are the main limitation for the application of the proposed approach to
high energy particle simulations and further improvements needs to be done in this
direction.
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5.3 Conclusion

The Generalized Devices modeling approach has been employed to simulate the effect
of ionizing radiation in ICs substrate. Simulation of parasitic currents caused by alpha
particles strike have been presented and the impact of the particles energy and hitting
position has been studied using the Generalized Device model. Finally, the model was
used to simulate the funneling effect, triggered by an alpha particle crossing the pn
junction between an n-well and the p-substrate.
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Conclusion

A novel SPICE-compatible approach for simulation of excess carriers was discussed
in this thesis. The Generalized Lumped Devices model, previously developed for
simulation of minority carrier parasitic substrate currents in HVYMOSFET ICs, was here
extended to simulate excess carriers generated in semiconductor structures. Excess
carriers generated by light and radiation were considered and the model was adapted
for these two different cases. The approach developed in this work provides fast and
accurate simulations that can be performed using standard circuit simulators. The
model is based on a semi-compact approach, in which the semiconductor structure
is described with an equivalent network of Generalized Devices. The Generalized
Resistance models a piece of semiconductor with constant doping, the Generalized
Homojunction models the doping discontinuities present at electrical contacts, the
Generalized Diode models the pn junctions, and the Surface Recombination Elements
models recombination at surface. This equivalent network simulates excess carriers
generation, recombination and transport by drift-diffusion with standard circuit
simulators through the definition of equivalent voltages, proportional to the excess
carrier concentrations, and equivalent currents, proportional to the excess carrier
gradients. The Generalized Devices internal model was obtained by discretizing drift-
diffusion and continuity equations. The model is physics-based and does not need
any fitting parameters nor predefined compact models: it is independent of the device
geometry and layout. The Generalized Lumped Devices models were coded in Verilog-
A and simulations were performed using Spectre circuit simulators. Since the model is
SPICE compatible, it can be directly interconnected with compact models describing
circuital elements, such as transistors, resistors, capacitors, etc., to co-simulate the
semiconductor substrate, in which generation takes place, and any external circuit.
Thanks to these features, the Generalized Lumped Devices model allows to study the
impact of layout, geometrical and technological parameters on the circuit output
signals.

The long-term goal of this approach is to have a tool that can be easily used by
circuit designers for rapid prototyping and optimization of optoelectronic devices and
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radiation-hard circuits. This thesis presents a first step towards this objective. The
capability of the developed model to predict different scenarios was assessed.

Firstly, simulations of various optoelectronic devices were performed. In particular,
the complete I-V characteristic of a solar cell, including the open-circuit voltage and
short-circuit current, as well as the transient response of a photodiode were accurately
predicted. Then, optically-triggered current amplification was simulated in bipolar
phototransistors. Then, a full 3T-APS CMOS image sensor pixel was simulated, in-
cluding both the photodiode and the in-pixel circuit in a single run. Crosstalk among
adjacent pixels was also studied. TCAD simulations (Synopsys Sentaurus Device simu-
lator) were used to validate the models, using the same geometrical and technological
parameters, i.e. without introducing fitting parameters in the model. Results confirms
that the Generalized Lumped Devices model is suitable to evaluate performances of
optoelectronic devices both in DC and transient operation. The relative error with
respect to TCAD is in the range of 1%-9% for photodiodes in low injection, whereas it
is about 15% for phototransistors and photodiodes in high injection. Simulation times
are three orders of magnitude faster than the corresponding TCAD simulations, using
the same hardware. Accuracy in optoelectronics simulations is higher than what it was
expected since ~ 20% accuracy was set as objective, which would have been enough
for a fast pre-optimization to be run in standard circuit simulators. However, even
faster simulations can be obtained by decreasing the mesh size, if a lower accuracy is
acceptable. Moreover, the model can simulate fine aspects of excess carriers behavior
in semiconductors and can thus be used to analyze optoelectronic devices at physics
level.

Next, the Generalized Lumped Device approach was assessed for the simulation
of radiation-induced excess carriers in ICs substrate. The parasitic current, induced
by an alpha particle striking on a p-type substrate and collected by various n* wells
(source/drain of NMOS transistors) was simulated. The impact of alpha particle en-
ergy and position on the parasitic current was studied. Again, TCAD simulations with
the same geometrical and technological parameters were run for model validation.
The Generalized Devices model could predict quite accurately the parasitic currents,
even though with a higher relative error with respect to the previous cases of optoelec-
tronic devices. However, the accuracy obtained is high enough to predict whether the
circuit will have a dysfunction or not, which is the main scope of the approach. The
main limitation comes from convergence difficulties in very high injection. In fact,
simulating the Generalized Devices using Spectre circuit simulator, when the gener-
ated excess carriers have a concentration about two order of magnitude higher than
the doping, does not reach convergence. Finally, funneling effect was simulated for an
alpha particle track crossing the pn junction between an n-well and a p-substrate. The
collapse of the space-charge region, the distortion of the electric field in the structure
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and the consequent parasitic current were predicted quite accurately by the model.
Also in this case, convergence issues arose above a certain threshold of excess carriers
concentration.

6.1 Future work

This thesis demonstrates that the approach based on the Generalized Lumped De-
vices can be employed for fast SPICE simulations of optoelectronic devices and for
prediction of radiation-induced parasitic currents in ICs substrate using standard
circuit simulators. Several further improvements could be implemented to obtain a
comprehensive and ready-to-use tool:

* Full 3D meshing tool:
Simulations in Chapter 3 and Chapter 5 were performed on 2D structure (all
quantities were constant in the third direction). The model supports 3D sim-
ulations, as explained in section 2.3.1 and as demonstrated for HVMOSFET
ICs in [6]. What is missing is a software program to generate the mesh of the
structure in 3D, including the mesh refinement needed for linearization of light
and radiation generation profiles, presented in section 2.3.3 and section 4.4.4.
A program to generate the mesh was developed in this thesis, using MATLAB,
only for 2D structures.

e Convergence improvement:
For very high injection levels (excess carriers density about one-two orders
of magnitude higher than the doping, depending on the application) Spectre
circuit simulator (version 10.1.1) cannot simulate the network of Generalized
Lumped Devices due to convergence problems. A different circuit simulator, or
a different Spectre release, could be used to solve this issue. Alternatively, the
Generalized Lumped Devices model could be modified to improve convergence.

* Displacement Damage modeling:

Displacement Damage could be included in the model. The substrate region
in which it occurs should be identified and properly meshed. Semiconductor
parameters in those mesh elements should be changed, according to the Dis-
placement Damage. Typically, recombination lifetime and carrier mobility will
be lower, whereas thermal generation will be higher. Other effects could include
temporary trapping of carriers and change of majority carrier concentration
due to the introduction of centers that compensate the doping.

¢ Different substrate materials:
In this work, only silicon was considered as substrate material. Other mate-
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rials could be simulated by changing the semiconductor parameters in the
Generalized Devices model.

* Pinned Photodiode:
In Chapter 3, simulations of a CMOS image sensor pixel were presented. A 3T-
APS was selected. Another widely used pixel architecture is the 4T-APS, which
employs a pinned photodiode. The model could be extended to predict the
behavior of the pinned photodiode in order to simulate a 4T-APS pixel.
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.\ Appendix

Derivation of LET as a function of distance traveled by the
particle in the semiconductor

The LET is usually obtained from particle-matter interaction software. They give as a
result the electronic stopping power, i.e. the LET, as a function of impinging particle
energy. In this thesis, The LET as a function of distance traveled by the particle in
the semiconductor is needed, so to perform a mapping of the generation of excess
carriers in every position of the semiconductor structure.

The LET is defined as:

LET(E) = E (A.1)
dx

where E is the energy of the particle and x is the distance traveled by the particle in
the semiconductor (x-axis is defined along the particle track, in the same direction).

Thus:
dE

X =
LET(E)

xf Er  dE
X = f dx= f (A.3)
X; g; LET(E)

the distance traveled by the particle as a function of the energy lost E¢ — E; is obtained.
The range, which is the distance at which the particle has lost all its energy and it stops,

(A.2)

and by integrating d x:

can be computed by integrating between the initial energy with which the particle
hits the surface of the semiconductor (x; = 0) and the final energy at which it stops,
i.e. Er =0. The integral is done numerically using MATLAB. Thus, the range as a
function of the energy is found, and so it is possible to obtain the energy as a function
of distance:

x=fE)—E=f"1x) (A.4)
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From Eq. A.1:

dE(x)

LET = =LET(x) (A.5)

After performing the derivative, numerically with MATLAB, the LET as a function of

distance is found.
An example of LET as a function of distance obtained by applying the above method

to the LET as a function of energy extracted from the behavioral modeling of SRIM
data presented in [162] is reported in Fig. A.1. Results for different impinging energy
of Mg ions hitting on silicon are shown.

Mg ions in Silicon
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Figure A.1 — LET as a function of traveled distance for Mg ions with different initial energies
impinging on silicon.
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