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Models development of new cells protection for electrostatic discharges
integrated in Smart Power technology

by Laura Zunarelli

The demand for multiple functions to be implemented has increased the popular-
ity of portable electronics and "smart-devices" featuring several sensing capabilities
such as temperature, motion, current, light etc. Thus, a more sizable portion of the
semiconductor industry finds the need for dedicated analog technologies, high power,
high speed and high density logic. Electrostatic Discharge (ESD) protections have
proven to play an important role in this chain of technology revolution since they
represent a big portion of potential return causes the ICs manufacturing chain. The
irreversible damage that a sudden release of current causes to an IC is of out most
importance for the sake of reliability. Several different ESD clamps are available in
literature, providing different solutions in terms of Safe Operating Area (SOA) de-
pending on the final application. Bipolar-based solutions are widely used for ESD
applications, due to their ability to exactly taylor triggering and holding voltages,
while featuring excellent failure currents. However, power scaling is a major con-
cern as the pulse width of the applied stress increases. Moreover, due to the presence
of several diffusions tied to each other in the same structure, there is an high possi-
bility to build parasitic paths to be identified and investigated during the device de-
velopment and characterization. Similar hassles occur in pnpn based structures such
as Silicon Controlled Rectifiers solution. These structures are obtained by adding a
high-doped p-type diffusion within the drain well of a MOSFET, and the modulation
of the drain extension can be further exploited to reach high triggering conditions.
SCRs are capable of switching from a very high impedance state to a very low one,
thus reaching very low holding voltages. Even though this characteristics makes it
very , it also suffers from latch-up problems. Moreover, this structure is easly dam-
aged by Kirk effect under transient high current, forming a strong electric field in
corner regions and leading to breakdown damage.

In this thesis, a TCAD approach for the investigation of the safe operating area
and the power to failure performances of trading ESD protection is presented. The
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proposed approach is used to investigate power to failure condition for very short
stress times, under 1ns, comparing the theoretical expected trends to the predicted
and measured ones of the device under test. The physical reasoning of the lack in
performance experiences in the proposed devices is presented together with a possi-
ble solution. The same proposed approach is applied also to other devices to study
their holding voltage condition in correlation with the failure. In the first part of
this thesis, a detailed review of the ESD models and characterization techniques is
presented together with the physical models that are peculiar of and ESD event. In
addition, ESD physics and operational mode of basic components is explained. In
the second part, the operating conditions of a new ESD clamp based on BJT tran-
sistors is presented. The main physical mechanisms that drive the bipolar transistors
into failure conditions during a very fast stress are analyzed and further investigated
through geometrical modifications. In the third part, a conventional SCR-LDMOS
ESD clamp is investigated as case study to learn the role played by the physical
mechanisms and the two bipolar transistors when the device is in holding-voltage
conditions. Several layout and geometrical modifications have been performed on
the standard device to study and show the effect over the IV curve and the result-
ing failure conditions. The obtained performance of the device is compared with
available literature data with by comparing their figures of merit to demonstrate and
quantify the obtained advantages.
As a conclusion my thesis project has demonstrated the fundamental role played by
the physical interpretation of the modern technology devices under high injection
regime, self-heating and avalanche. This non-standard operating regimes have been
poorly investigated before thus their physical reasoning is rarely available in litera-
ture. Moreover, this analysis enables us to produce and collect important information
of these devices behavior in all stress regimes, from vfTLP to EOS conditions, char-
acterizing the Power-to-failure conditions of the devices.
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Chapter 1

Introduction

The success of portable consumer electronics (smart-phones, smart-watches, tablets,
navigation devices etc.) has continuously incremented the analog functions to be im-
plemented in such devices. Thus, customized analog functionalities are becoming a
considerable cut of the semiconductor industry [1]. When dealing with these kinds of
smart power technologies, high voltages are involved. The reliability issues related
to such devices are enormous: starting from fabrication to their final application a
large number of issues need to be addressed in order to prevent premature failure of
devices.

Figure 1.1: Field distribution return causes estimated in the IC device
production market [2]

As shown in Figure 1.1, one of the main return causes in IC production is the oc-
currence of an Electrostatic Discharge(ESD)/Electrical over-stress(EOS) event. ESD
is a subset of the broad spectrum of the EOS family, with EOS being defined by
events including lightning and Electromagnetic Pulses (EMP), even though most of
the device physics and the analytical modeling can be applicable to both ESD and
EOS events. More generally, the ESD phenomenon is the sudden release of electric-
ity from one charged object to another one when the two objects come into contact.
It can arise from human handling or contact with machines, as it will be explained
later on. These kinds of stresses are commonly known for their destructive effects
on very large-scale integrated (VLSI) chips [3]. During an ESD event, the device
is driven into high electric fields and high current densities in a relative small area.
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Thus, the IC can be lead into breakdown of the insulator or even worse permanent
thermal damage [4]. Therefore, the suppression of ESD negative effects has become
high-priority precaution for all phases of the IC production and use. For this reason,
most of IC chips are protected against these kinds of events by on-chip protection
circuits, customized to rapidly discharge the high current associated with an ESD
event, as show in Fig1.2.

Figure 1.2: ESD strike with ESD protection circuit [2]

In this way, the design of the integrated circuits needs to address the ESD-protection
as well. When the scaling of the technology started to take hold, almost 30 years ago,
advances in protection designs were made by testing and failure analysis, creating the
need of more tests and trials instead of speeding up the time-to-market. Lately, in-
terest in ESD protection circuit design has grown, rising scientific effort in device
modelling and electro-thermal simulations for protection effectiveness. However,
several other features should be investigated for complete reliability. For example,
the protection to different kinds of stresses. The generation of electrostatic charge
inside ICs can mainly be related to four basic physical mechanisms. The first one
is called tribo-electric charging and it occurs among objects with different Fermi en-
ergy where the object at the higher energy attracts an electron, acquires it, leaving the
other object electrically charged; if the recombination is not immediate, this causes
additional instances of contact and separation, thus increasing the total amount of
charge, which builds up a higher voltage. Other environmental factors may influence
this damaging mechanism.
The second process is called ionic charging. It occurs only if the flow of ionized gas
molecules is not properly balanced or adjusted to the charging properties of the indi-
vidual manufacturing process step; it can be easily controlled if the the the cell does
not reach too high voltages. The third process is called direct charging and it consists
of the direct flow of charges from a cable into an IC; it depends on the duration of
the pulse induced inside the IC. The circuit might react in different ways, depending
on the voltage differences reached along the charged path. Finally, the field-induced
charging mechanism: it occurs when a charged object is brought near an uncharged
one, electrically conducting, such as a piece of metal. The force of the nearby charge
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due to Coulomb law causes a separation of these internal charges. For an IC, what
happens is that an external electrostatic charging will eventually overexcite the de-
vice causing a sudden discharge if the IC touches another conductive object. This
might cause a sudden release of current into the IC [4].

The tool to perform simulations of ESD events, is a conventional Technology
Computer-Aided Design (TCAD) environment [5] which correctly predicts the stress
level at which failure occurs due to breakdown or thermal runaway. Thus, this kind
of software tools plays a key role for the development of new rugged devices. TCAD
tools can be adopted to numerically simulate for the main steps of the semiconductor
processing, the prediction of the electrical and thermal device operation and the inter-
connect characterization. It is used as a tool helping to design and optimize semicon-
ductor processing technologies at any design stage. It supports a broad range of ap-
plications such as CMOS, power, memory, image sensors, solar cells, and analog/RF
devices [6]. Moreover, it provides tools for interconnect modeling and extractions,
providing critical parasitic information for optimizing chip performance. Overall, the
TCAD tools provide a good way to explore new device structures, to select viable
process and device development pathways, to optimize process modules and inte-
gration by fully exploring the process parameter space while reducing the number
of experimental wafers and development cycles, to capture and analyze the impact
of process variation on device performance, and to increase process capability, ro-
bustness and yield. For the purpose of this work, the electro-thermal characterization
of a power devices up to their failure limits is needed. Sentaurus Synopsys is the
most flexible and advanced platform for simulating electrical and thermal effects in
a wide range of power devices such as IGBT, power MOS, LDMOS, thyristors, and
high-frequency high-power devices based on wide band-gap materials [7].

Simulations of ESD protection cells allows to reconstruct the device Safe Oper-
ating Area (SOA) (Fig1.3). The ESD operating Area defines the edge barriers of the
active operation of a device under ESD conditions. The ESD protection must shield
the circuit even in un-powered OFF state without interfering with the normal behav-
ior of the component. More specifically, a few key points should be extracted from
the I-V curves, i.e., the breakdown voltage Vt1,the holding voltage Vh, which is at
the end of the snap-back regime and the RON of the protection cell under high current
regimes; usually this resistance is measured by interpolating different values along
the curve. Going further, the current increases until it reaches the second breakdown
voltage Vt2; after this point the device reaches the thermal runaway and, eventually,
starts to melt. The starting point of the thermal runaway onset is indicated in Fig. 1.3
as IT2.

In this thesis, numerical simulations of new-generation ESD devices have been
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Figure 1.3: ESD design window defined by the power supply voltage
(VDD) of the IC, the failure level of ESD protection device, and the

gate-oxide breakdown voltage (VBD) of the MOSFET [2].

compared against experiments to quantitatively validate the proposed approach. The
investigation of the failure mechanisms has been tackled by simulating their electri-
cal characteristics in the framework of the Synopsys TCAD tool. Mainly, the phys-
ical models and thermal behavior of bipolar transistors internally stacked forming
ESD protections has been addressed and thoroughly checked. The particular fea-
tures of the Smart Power technology and the device geometry have been properly
reconstructed. The core of my research activity is to build a TCAD methodology
that can be adopted for all kinds of ESD tests, able to characterize and improve ESD
protections, fully understand the physical events that lead the device into trigger,
holding and thermal failure at different stress conditions. To this purpose, differ-
ent pulse stress times were simulated in order to investigate the whole power failure
characteristic, identified in the Wunsch Bell trend [8], as in Fig 1.4 and find any
possible solution to up-rise their performances without the need of any fine tuning
of the TCAD structure [9]. In Figure 1.4 the Power-to-Failure (P f ) dependencies
with stress time can be briefly explained as follows: the adiabatic model (P f ∝

1
t f

) ,
typically below 10ns, the Wunsch-Bell model (P f ∝

1√
t f

) from 10 to 100ns and the

Dwyer [9] (P f ∝
1

log t f
), where the dependence of the failure power with respect to

the stress time is practically constant.
More specifically, two different kinds of test-structures have been studied find-

ing possible correlations and understanding the possible final application for each
of them, depending on the achieved SOA. The first structure under test is a bipolar
transistor. These devices are widely used in ESD application due to their ability to
exactly tailor triggering and holding voltages, while featuring excellent failure cur-
rents, above 5 mA/µm. However, the failure level not always follow the expected
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Figure 1.4: Wunsch-Bell curve: power-to-failure versus log pulse
width general trend

power scaling. The main concern is related to the very fast stress, achieving rela-
tively low failure current with respect to expected Wunsch-Bell trends. Moreover,
several devices suffer from the latch-up risk that can be identified as a regenerative
switching along a pnpn path, a common failure mechanism that is encountered in
several CMOS ICs. The second test structure is a Silicon-Controlled-Rectifier (SCR)
integrated into an LDMOS (drain extended device), obtained by adding a p-type dif-
fusion within the drain well extension. In this way, a simple pnpn structure is formed.
Its peculiar characteristic is due to the combination of a bipolar transistor followed
by an SCR regime. The holding voltage levels of this device are analyzed through
TCAD analysis.

Therefore, this thesis is organized as follows:

• Chapter 2 : semi-classical description of the charge transport in semiconduc-
tor devices addressed by the drift-diffusion model. Main generation-recombination
process will also be discussed, focusing on impact-ionization generation and
all other correlated physical mechanisms. Finally a brief general discussion
regarding numerical simulations is given.

• Chapter 3 physical and operational characteristics of ESD protection elements
are summarized in order to have a better understanding of the behavior of semi-
conductor devices under a high current stress event into known-topology. In-
dustrial stress tests performed over ESD protection devices to meet the require-
ments are explained. Transmission line pulse characterization is described.

• Chapter 4 The most relevant tests are implemented into TCAD tool, focus-
ing mainly on the Transmission Line Pulse (TLP) approach. In particular, the
study of two internally stacked BJT used as ESD protection under very fast
transients.
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• Chapter 5 : Another ESD protection commonly known as SCR, based on
a LDMOS structure, is simulated and its SOA is characterized. The focus
is on the relation between snap-back condition, low holding voltage and high
breakdown current. Several modification of the structure are simulated in order
to understand and overcome the physical mechanism that disable any degree
of freedom in the increase of the holding voltage.

• Chapter 6: final summary and conclusions on the activity.
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Chapter 2

Preliminaries - Semi-classical
transport models for semiconductors

2.1 Chapter overview

The description of the semi-classical charge transport models for semiconductor de-
vices is reported with a special focus on the drift-diffusion (DD) model. Starting from
Maxwell equations the description of the behavior of electric and magnetic fields and
how they relate to each other is assumed. Provided that the current density is consid-
ered as the sum of the drift and diffusion contributions, the drift-diffusion equation
can be derived [10]. The first one simply accounts for the Ohmic conduction and it is
thus proportional to the electric field. The second contribution reproduces the move-
ment of charges from the region with higher to the region with lower carrier con-
centration. A specific discussion is driven into the main generation-recombination
processes, focusing on the impact-ionization responsible for the strong increase of
the leakage current in reversed biased pn junctions. The analysis is mainly focused
on the thermal behavior of the semiconductor devices due to the frequent occurrence
of thermal effects on ESD protections.

2.2 Drift-Diffusion model

The drift-diffusion model can be derived from the Maxwell equations [11]:

∇ · D = ρ (2.1)

H =
∂D
∂t

+ J (2.2)

∇ · B = 0 (2.3)

E = −
∂B
∂t

+ J (2.4)
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with:

B = µH (2.5)

D = εE (2.6)

where ρ is the charge density, J is the current density and µ and ε are the magnetic
permeability and dielectric permittivity in the material, respectively. Taking the di-
vergence of Eq. (2.2) and remembering that ∇ · ∇ × H = 0, we obtain the continuity
equation of the carrier density:

∂ρ

∂t
+ ∇ · J = 0 (2.7)

with ρ = q(p − n + ND − NA), where ND and NA are the donor and acceptor
dopant concentrations, respectively, and n (p) is the electron (hole) concentration in
the valence band. In writing the expression of ρ we are implicitly assuming that we
are dealing with a crystalline semiconductor. Total current density J is the sum of
the electron and hole current densities, namely J = Jn + Jp. Hence, one can split
Eq. (2.7) in two different equations, one for each type of carriers [10], [12]:

∂n
∂t
−

1
q
∇ · Jn = Wn (2.8a)

∂p
∂t

+
1
q
∇ · Jp = Wp (2.8b)

Wn is the total generation rate for the electrons, namely the difference between the
number of electrons entering and leaving the conduction band. It can be expressed
as the difference between the generation and recombination rates of the electrons
Wn = Gn −Un. Similar considerations can be applied to Wp = Gp −Up for holes.
Assuming that the different generation-recombination processes are uncorrelated and
taking the steady state approximation for the trap populations, one finds:

Un −Gn = Up −Gp = US RH + UA + UII + UD (2.9)

where US RH , UA, UII and UD represent the net recombination rates associated to
thermal recombination, the Auger recombination, impact-ionization generation and
photon induced direct transitions, respectively. UD will be neglected since optical
direct transitions are not considered in this study.

In the drift-diffusion picture, the electron and hole current densities can be ex-
pressed as:



2.2. Drift-Diffusion model 9

Jn = qµnnE + qDnn (2.10a)

Jp = qµp pE − qDp p (2.10b)

where µn (µp) is the electron (hole) mobility and Dn (Dp) is electron (hole) dif-
fusion coefficient and, in principle, both depend on the electric field. Under non-
degenerate conditions (the Boltzmann statistics can be used as an approximation of
the Fermi-Dirac distribution), the Einstein relationship relates these two quantities:

Dn(p) = µn(p)
kBT

q
(2.11)

where kB is the Boltzmann constant and T the absolute temperature of the lattice.
In writing Eq. (2.10) we are implicitly neglecting the magnetic effects (B = 0), as

no specific role is assumed to be given to the magnetic field application. Otherwise,
there would be an additional term containing the magnetic field in the expression of
the current densities. The set of equations 2.1, 2.6, 2.8, 2.10 are non-linear first-order
partial differential equations in the unknowns E, D, n, p, Jn, Jp. They must be recast
in a more compact form to be solved. To do so, the quasi-static approximation is
introduced to write the electric field as follows:

E = −∇φ (2.12)

where φ is the electric potential. This approximation is valid in semiconductor
devices at the typical operating frequencies. Secondly, we introduce the quasi-Fermi
potentials φn and φp. They are auxiliary functions that generalize the concept of
Fermi potential under non-equilibrium conditions. In the equilibrium limit they co-
incide with the Fermi potential φF . In this way we can express the electron and hole
concentrations in terms of the quasi-Fermi potentials:

n = ni exp[
q(φ − φn)

kBT
] (2.13a)

p = ni exp[
q(φp − φ)

kBT
] (2.13b)

where ni is the intrinsic carrier concentration.
Using the Einstein’s relations (2.11) and the definitions (2.13), the Poisson equa-

tion and the current density equations for electron and holes can be recast in a more
suitable form for the numerical simulations of semiconductor devices:
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− ε∇2φ = q(p − n + ND − NA) (2.14)
∂n
∂t

+ ∇ · (µnnφn) = Wn (2.15)

∂p
∂t
−∇ · (µp pφp) = Wp (2.16)

The set of these three equations constitute the drift-diffusion model. It is worth
mentioning that, since very high fields are involved, so that electrons may become
hot (i.e. acquire high kinetic energy), other conduction models for transport, such
as the hydrodynamic model (HD), may prove effective, in principle. The HD model
is a more complex and detailed model that takes into account additional effects such
as momentum transfer, energy exchange, and carrier-carrier scattering. However,
its computational complexity and high-performance computing requirements makes
it not suitable for routine devices simulations [13]. However, the first degree of
approximation of the drift-diffusion model is reliable.

2.3 Approximated thermal model

In addition to thermo-electric power, another important thermal effect in semicon-
ductors is thermal conduction. The heat flow Q is driven by the temperature gradient
in a diffusion type process as follows:

Q = −k
dT
dx

(2.17)

where k is the thermal conductivity with two major components for both electrons
and holes:

k = kL + kM (2.18)

as kL is the component of phonon (lattice) conduction, while kM is the mixed free-
carrier conduction. The lattice contribution is carried out by diffusion and scatter-
ing of phonons. The scattering events include different typed of occurrences such
as phonon-to-phonon, phonon-to-defects, boundaries and surfaces and so on and so
forth [12].

If we consider a simple Silicon-based pn junction in reverse bias condition, most
of the voltage drop is across the junction itself. Considering the situation as plane
source at junction x=0 in an infinite medium where both thermal conductivity and
specific heat rate are proportional to temperature, an approximated thermal model
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can be derived [14]. Thus, the general one-dimensional heat equation is:

dQ
dx
− ρCp ∗

dT
dt

= 0 (2.19)

where Q is the heat flow in 2.17 k is the thermal conductivity in 2.18 and Cp is the
specific heat. However, semiconductor actual junction geometries strongly depend
on the specific device. Moreover, the failure mechanisms for the real junction shape
is not necessarily consistent. Thus, after some approximation assumptions, the tem-
perature variation equation is described by:

d2T
dx2 −

1
α

dT
dt

= 0 (2.20)

The solution to 2.20 is the temperature failure of the junction [8].

2.4 Generation Recombination processes

Inter-band generation-recombination processes allow the transition of electrons from
the valence to the conduction band and vice-versa. We can distinguish between direct
processes and trap-assisted. In the former case, the transition occurs directly between
the two bands (Auger recombination, impact ionization generation), while in the
latter it is assisted by the presence of trap levels into the band gap which originate
from defects in the lattice crystal of the semiconductor (Schockley-Read-Hall theory)
[15].

2.4.1 Schockley-Read-Hall recombination

The Schockley-Read-Hall (SRH) recombination describes the trap-assisted thermal
recombination assuming the presence of a single trap level with energy ET and a
steady-state condition. With the presence of more than one level, the contributions
of each level should be summed at the end of the calculation. However, it can be
shown that the most efficient value of ET is located approximately at the mid-gap,
neglecting the other trap levels. It is usually expressed as:

US RH =
np − neq peq

τp0(n + nB) + τn0(p + pB)
(2.21)

where neq (peq) and τn0 (τp0) are the electron (hole) equilibrium concentration
and lifetime, respectively, and nB and pB are given by the following expressions:
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nB =
neq

dT
exp(

ET − EF

kBT
) (2.22a)

pB = peqdT exp(
ET − EF

kBT
) (2.22b)

where EF is the Fermi energy and dT the degeneracy coefficient of the trap. Re-
combinations is larger than generation (and vice-versa) when there is an excess of np

with respect to equilibrium [12].

2.4.2 Auger recombination

Two electrons into the conduction band may collide and exchange energy. If at the
end of the collision one of the electrons exhibits a loss of energy equal or greater than
the energy gap, it experiences a transition into an empty state of the valence band.
The other electron acquires the same amount of energy and goes into a higher energy
state in the conduction band. This process is usually called Auger recombination
initiated by electrons. Analogue considerations can be made for a collision between
two holes into the valence band. The Auger recombination for electron and holes can
be written as:

UAn = cnn2 p (2.23a)

UAp = cp p2n (2.23b)

Where cn (cp) is the Auger recombination coefficient for electrons (holes). The
probability that two electrons in the conduction band or equivalently two holes in
the valence band can collide is usually low at room temperature since the probability
of a collision of a charge carrier with phonons is much higher. The Auger recom-
bination is dominant in heavily doped regions with a high charge density, and as a
consequence, low electric field. For this reason it is very important in our analyses
since the electron and hole concentrations are always high together with the electric
fields of interest in high injection conditions.

2.4.3 Impact-ionization generation

Impact-ionization transitions occur when an electron whose initial state is in the con-
duction band at high energy, collides with another electron in the valence band. After
the collision, the first electron is still in the conduction band but with a lower energy,
while the second one acquires enough energy to transit into the conduction band.
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This process is called impact-ionization initiated by electrons. The impact-ionization
generation for electrons and holes can be written as:

UIIn = −Inn (2.24a)

UII p = −Ip p (2.24b)

In (Ip) is called impact-ionization generation coefficient for electrons (holes). The
carrier generation due to impact-ionization occurs only when an electron or a hole
acquires an energy larger than the energy gap. This happens only in presence of
a strong electric field which provides a sufficient amount of kinetic energy to the
charge carrier over a distance much shorter than the mean free path in the material.
As a consequence, impact-ionization is dominant in regions with low carrier con-
centrations and a high electric field and for this reason it plays a relevant role in our
analyses.

Electron-hole pair production due to avalanche generation requires a certain thresh-
old field and the possibility for the carriers to accelerate, that is, wide space-charge
regions. If the width of a space-charge region is greater than the mean free path be-
tween two ionizing impacts, charge multiplication occurs, which can cause the elec-
trical breakdown. The reciprocal of the mean free paths are called impact-ionization
coefficients αn and αp, for electrons and holes, respectively. Their mathematical defi-
nition follows by assuming a condition far from equilibrium, when impact-ionization
dominates over the other generation-recombination processes. Hence, Un −Gn =

Up −Gp ≊ UII ≊ −Inn − Ip p. Under steady-state conditions, the continuity equa-
tions become:

∇ · Jn = −qnIn − qpIp (2.25a)

∇ · Jp = qnIn + qpIp (2.25b)

Assuming that the conduction term is dominant over the diffusion term due to
the high electric field yields to Jn ≊ qµnnE and Jp ≊ qµp pE. Rewriting the current
densities as Jn = Jne and Jp = Jpe where e = E/|E|, Eq. 2.25 become:

−∇ · Jn = αnJn + αpJp (2.26a)

∇ · Jp = αnJn + αpJp (2.26b)

where the impact-ionization coefficients are:
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αn =
In

µn|E|
(2.27a)

αp =
Ip

µp|E|
(2.27b)

2.5 TCAD-based numerical simulations

The drift-diffusion and thermo-electrical models described so far can be solved an-
alytically only in a few simple cases. On the contrary, when the complexity of the
device geometry increases, numerical simulations are fundamental to understand the
effects of each physical model on the behavior of the device. Different software
suites are today available to reproduce the different levels of abstraction, including:
process, device and circuit simulations. Process simulations allow to reproduce ion
implantation, dopant diffusion and oxidation, etching and lithography steps. How-
ever, when the details of the fabrication processes are not relevant to the device anal-
ysis, as in our case, the structure of the device can be recreated in the simulator
without process simulations, provided that the geometry and doping configuration
are known. This is usually achieved by using specific tools available into the soft-
ware suite. The recreated device is then used as input for the device simulations in
which the drift-diffusion model is solved numerically. The device is divided into a
discretized structure called mesh. Thus each differential equation of the system is
solved at each vertex of the mesh. The Poisson equation (Eq. 2.14), the transport
equations for electrons and holes (Eq. 2.15 and Eq. 2.16, respectively) are solved
iterative until the convergence is achieved. The current-voltage (I-V) characteristics
can thus be extracted and compared against measurements performed on real devices,
having a better understanding of the physical mechanisms that take place inside the
devices. In this work, the commercial suite provided by Synopsys Inc. has been used
[7]. Process simulations have not been considered since all the information about
geometry and doping were given by the technology property. Sentaurus Structure
Editor has thus been used to define the device and the mesh structure. The electrical
characteristics have been simulated through Sentaurus Device solving numerically
the drift-diffusion and heat flux models.
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2.6 Concluding remarks

In this chapter, the main generation-recombination processes, focusing on the impact-
ionization are reported. Since the most relevant transport mechanisms in ESD pro-
tection devices is expected to be the avalanche generation due to the electron impact-
ionization, the physical mechanism causing the breakdown of the parasitic bipolar
transistors is analyzed, along with other contributions. The TCAD tool allows us
to have a complete physical representation of the transport properties since many
models are already implemented on Silicon. The latters do not require any particular
parameter fitting since they have been previously calibrated on Silicon.
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Chapter 3

ESD models and structure
peculiarities

3.1 Chapter overview

A general introduction of the ESD world is given in this chapter. The research and
development groups of the main industrial chip fab competitors have studied and
disclosed the ESD features of well-known components and ushered standard stress
condition under which all new ESD clamps should comply. These test models pro-
vide an essential guideline not only for ESD protection designers but for all circuit
designers.

3.2 ESD models and characterization techniques

The main mechanisms of electrostatic charge generation have been explained briefly
in Chapter 1. In this section the stress models used to emulate electrostatic voltages
are delineated. The latter ones are standard configurations used in Companies for
testing purposes on ESD cells.

3.2.1 ESD industrial stress

The stresses induced into ICs by an ESD event have been classified considering the
mechanism that causes the stress. The circuit is set to be un-powered while the sud-
den release of current takes place. The phenomena that are emulated by the injected
spike of current are explained in the following sections:
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CDM - Charge Device Model [16]

The conventional model used to characterize ESD stresses is the Charged Device
Model (CDM), with operating conditions around 250V to 500V. It is the most fre-
quent discharge mechanism in an automated handling environment. The device pack-
age is positioned upside-down and previously charged by a field charging plate; the
parasitic capacitance that are created between the plate and the IC package are grad-
ually discharged over a pin called “pogo pin”. In such a situation, a very short and
high current spike may occur due to the capacitance of the device, the inductance of
the pin, and the resistance of the ionized channel, consequently causing damage to
the circuit. Pulses of few ns duration and amplitudes up to 10A are generated in most
cases.

Figure 3.1: Charge Device Model illustration [16]

For a more immediate understanding, this event is exemplified in Fig 3.1. The
device is in contact with both a charged relay and a discharged relay (Field charging
plate and ground plate); this model is called contact mode. The capacitance value is
highly influenced by the package and by the presence of an air gap (or other dielec-
tric) between the package and the ground plane. The voltage difference is determined
by the resistance generated by the voltage source and the one generated by the isola-
tion between the chip the ground plane. If the device was previously discharged, the
voltage is determined by capacitive voltage suppression. The area that surrounds the
discharge loop, consisting on bond wire, pin and relay, affects the inductance of the
discharged path.

HBM - Human Body Model [16]

Human Body Model (HBM) is the idealisation of the phenomenon related to the
touch of an IC by an operator to plug it into a board. In other words, it might happen
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Figure 3.2: Human Body Model set of situation [16]

that the charged capacitance of the person’s body discharges through the IC. This
circumstance is shown in Fig 3.2. Without any protection, the gate oxide facilitates
the IC voltage increase, which can reach the breakdown region of the devices. This is
modeled by the HBM test, which is given by a current pulse injected into the circuit
with specific raise and fall times and a minimum bandwidth of 350MHz, for single
shot events. The circuit models an ideal pulse of 150 ns duration. The amplitude of
such signal for the HBM operating conditions is in the range of 1000 V – 2000 V.

MM - Machine Model [16]

Figure 3.3: Machine Model circumstances [16]

Machine Model (MM) emulates IC stresses caused by sources with high current
discharges that come from the operation of a machine over the device during fabri-
cation; an example is shown in Fig 3.3. These events are not necessarily classified as
ESD ones, so this mechanism is not representative for ESD in an automated handling
environment. Both HBM and MM models involve at least two pins and typically gen-
erate power-related failures in pn-junctions. With respect to HBM model, the MM is
related to failure in the pn-junction which occurs at pre-charged voltages lower than
threshold failure. For this reason, HBM tests need be carried out after the MM, as
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if MM fails, HBM will fail as well. The difference of the three models in terms of
injected pulse into the protection in un-powered conditions is shown in Fig 3.4.

Figure 3.4: CDM, HBM and MM pulses [16]

It can be guessed that the spike that the CDM stress injects can cause signifi-
cantly differing effects in the system with respect to the HBM and MM ones. It has
also to be considered that wave-forms are usually unintentionally altered by different
environmental sources, like, e.g., interference between probe and signal, dispersion
in cables, electromagnetic interference etc. Thus, a difficult challenge for simulation
purposes is to reproduce the same effect considering the worst case scenario given
by all possible kind of environmental factors. On top of all, each different type of
protection has a different kind of side effect with different levels of sensitivity to the
stress.

3.2.2 Transmission Line Pulse characterization [17]

Transmission Line Pulsing (TLP) is a technique which allows to measure the dy-
namic and the quasi static behavior of a single device, I/O cells or the entire IC
behavior applying square pulses of different amplitude and length. TLP is used for
deriving the device isothermal quasi-static I-V characteristics in combination with
the evolution of the leakage current, for increasing amplitudes of the square pulses.
Typically, a 100-ns pulse width is considered, with 10-ns rise time. The main out-
come given by the TLP I-V curves is usually correlated with HBM even though the
TLP-tester provides excellent handling and the analysis of significantly more data
can be carried out to better understand the behavior of the device under test.

The circuit set-up is shown in Fig 3.5: it should ensure a constant injected current.
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Figure 3.5: Simplified TLP setup circuit [18]

Moreover, in order to generate a square pulse of prescribed duration and amplitude,
the distributed capacitance of the Transmission Line (TL) is charged and discharged.
For this reason, in order to allow the injection into the circuit of a controlled current
or voltage pulse, a coaxial wire of a suitable length, depending on the pulse duration,
is needed [18].

Pulsed characterization techniques are necessary since, otherwise, a DC char-
acterization causes strong self-heating. Indeed, electrostatic discharge cause a high
current, a fast event with a complex waveform. The transmission line pulses are very
similar to the HBM stress tests and have been demonstrated to be extremely use-
ful in understanding the device behavior during an ESD event. Each pulse must be
designed carefully to analyze the device over time until failure occurs.

In this way, key parameters like trigger voltage, holding voltage, failure voltage
and failure current can be extracted with high accuracy. More specifically, after in-
serting the device under test (DUT) into the test fixture or contacting the wafer, the
leakage current needs to be measured before and after each pulse. The increase of
leakage current is considered as a failure criterion in measurements. Moreover, it is
crucial to select the bias voltage carefully in order to avoid additional stress. De-
pending on the final goal, the whole wafer can be tested, according to this technique.

When dealing with simulation, the same setup can be used, simplifying the in-
jection of current as current generator simulating different pulses of different lengths
and amplitudes (see Fig 3.6). This technique is commonly used even though it can
be time-consuming since each point of the characteristic is a point that has to be
simulated.

3.2.3 From very fast TLP (vf-TLP) to EOS stress pulses

Depending on the length (t) and rise time (tr) of the pulse, the behavior that is ex-
pected from the tested device is obviously different and related to the correlated in-
dustrial stress tests described in 3.2.1. The attention given in the literature commu-
nity to current densities and pulse widths as overcome the consideration attributed
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Figure 3.6: TLP simulation setup

to impact of the tr . As a matter of fact, fast transients can lead to different fail-
ure modes than pure HBM and MM stress. These rise-time effects can be attributes
to the devices’ dynamics that can build overshoots at the beginning of the pulse (at
t<tr). Even though in the majority of the cases these effects are not harmful for the
device, several situations the rise time effects may actually damage vulnerable cir-
cuitry; thus, it has to be verified that the overshoot given by fast transients is not
dangerous on the IC. In [19], several experiments were performed for various TLP
and vf-TLP configurations with data taken on wafers. With the proposed solutions, it
was possible to determine the suitability of protection devices for fast ESD transients
as CDM, system level ESD and real HBM.

3.3 Macroscopic Physical models

3.3.1 Thermodynamic physical model of ESD stresses

The macroscopic physical model to detect the failing conditions are reported. The
main mechanisms by which a semiconductor junction may fail due to an ESD even
are avalanche breakdown around the surface junction and internal avalanche break-
down through the junction within the body of the device [4]. These are the failure
mechanisms which are supposed to turn on ESD protection devices in order to pre-
vent the system from reaching thermal failure: after the onset of avalanche break-
down, the junction is likely to increase the current significantly causing, as expected,
self-heating up to the melting point of the crystalline material. As a matter of fact, in
internal body breakdown, the destruction mechanism apparently results from changes
in the junction features. Due to high temperatures the junction area is either totally
destroyed or its conduction properties are drastically changed. The localized points
where this event takes place are identified as hot spots. For this reason, the theoreti-
cal treatment of the semiconductor devices in failure conditions can be reduced to a
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thermal analysis.
Failure levels can be certainly significantly affected also by other factors, such as

skin effect, non-homogeneous local fields or ion migration, but hot spot is considered
as the most relevant factor [9]. Moreover, in order to get a more general insight on
the issue, it is necessary to find a set of equations which does not directly depend on
the geometry of the specific device. Thus, it is possible to establish a general law
which all devices should ruffly follow.

3.3.2 Wunsh-Bell model

One of the most common theories used to describe ESD thermal behavior is the well-
known Wunsh-Bell model [8]. One of the most important features of the Wunsh-Bell
model is that it describes the relationship between the thermal runaway and the cur-
rent pulse injected in the system, using some approximated model to generalize the
failure mechanism in semiconductor devices. In fact, the failure level (failure power
and failure energy) in a semiconductor structure due to thermal run-away strongly
depends on the pulse width [20]. Besides the failure level, also the on-resistance
(RON), which directly affects the transient response of the ESD protections, is a pa-
rameter that needs to be considered: since it measures the intrinsic conduction losses
of a device, it is usually measured to check the health and efficiency of a device,
testing deterioration due to the heating of the device [21].
For the Wunsch-Bell model, the junction failure condition strongly depends on the
duration of the pulse as it is shown in the following equation:

P
A
=
√
πkρCp(Tm − Ti) ∗ t−

1
2 (3.1)

where P is the power, A is the area, P
A is the power per unit area, k is the thermal

conductivity, ρ is the mass density, Cp is the specific heat, Tm is the junction failure
temperature and Ti is the initial junction temperature, t is the stress time. The adia-
batic dependence 1

t f
is derived for TLP simulation setups considered as standard case

scenario for failure stress conditions.
In the Wunsh-Bell model, the thermal equation is used to predict the semiconduc-

tor junction failure as it provides the time dependence to failure. From a measurement
point of view, the time to failure is obtained by a step voltage pulsing the junction un-
til failure or when a degradation of the device occurs in reverse mode. Consequently,
localized melting occurs, especially across the junction where the main voltage drop
is experienced, or localized moving current filaments originate from the hot spots.
Thanks to experimental measurements, it is possible to compare results obtained
with expected result given by previous equation and test the effective efficiency of
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a specific device-under-test. Considering equation (3.1) equation as a general time
dependence, it is possible to build a model based on three cases:

• Heating from 25 ◦ C to 675 ◦ C

• Heating from 700 ◦ C to 1415 ◦ C, which is roughly Silicon melting tempera-
ture.

• Identical from the second case except the current density is assumed to go
through local hot spots (so roughly one tenth of the overall area of the device).

This model results in three theoretical curves shown in Fig 3.7 providing a straight
line on log-log plots and hence it allows one to quickly estimate failure levels by
plotting the power versus pulse time duration for a known junction area. The form
of the solution has many advantages. It allows one to compare devices of different
junction areas and various junction geometries by plotting the power per unit area.
Finally, it is possible to reconstruct an analytical semi-empirical solution of the heat
equation and its dependency on time, as mentioned before. More specifically, the
power dissipation which depends on the self-heating of the device can be plotted.
This dependency changes with respect to the width of the current injected pulse.
Another important issue is given by the type of stress that is induced in a charge
device model stress (CDM) or Human Body model stress (HBM). In the case of ESD
simulations and, more in general, EOS simulations (thus with longer stress times),
this plot has an exponential behavior as shown in 3.7.

As an experimental result, it is possible to estimate the time to failure by analyz-
ing the time-dependent behavior of the device.

3.4 Physical behavior and operational characteristics
of ESD protection devices

Devices subjected to modes correlated to ESD stress are very different with respect
to normal operating conditions. For this reason, it is very important to understand the
phenomena taking place in the IC during an ESD event (very high current event that
occurs for very short duration)and the main parameters governing their performance.
In order to fully understand the behavior of each device in ESD mode, it is important
to remember their safe operational working conditions first.
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Figure 3.7: Theoretical failure curves of Silicon junctions studied in
[8]

3.4.1 Resistors

A basic resistor provides a good overview on every possible operating condition that
also apply to other components. Considering, for example, an N-type doped resistor,
as it is the most common one for ESD applications, it is important to recall some
basic equations which highlight the most important dependencies. The conductivity
of a semiconductor depends on the carrier mobilities and concentrations. In general
both electrons and holes take place and the equation reads:

σ = nqµn + pqµp (3.2)

where

n = Nce
(Ec−E f )

kT ] (3.3)

and
p = Nve−

(E f −Ec)
kT (3.4)

E f is the Fermi energy, Ec the conduction band energy and Ev the valence band
energy; these equations are know as the Boltzmann relationships. Nc and Nv are
the effective density of states, k is the Boltzmann constant T is the temperature,
q = 1.6021917 ∗ 1019[C] is the elementary charge, µn and µp are the electron and
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hole mobilities, respectively.

Assuming as an example an n-type resistor, the resulting current density depends
mostly on the electrons as they are the majority carriers and the total current density
Jn, which is the major one reads:

Jn = nqvd (3.5)

with vd = µnE being the drift velocity of the carriers and Nd the donor (n-type)
doping concentration. The drift component will eventually saturate while increasing
the applied voltage, thus the applied electric field will change the behavior of the
resistor from its Ohmic (linear dependence between current and voltage) to saturation
regime. In the latter case, the electric field is the only parameter that is increasing.
Thus, the current density equations reads:

J = Jsat = nqvsat (3.6)

Figure 3.8: Ohmic resistor behavior [4]

If the voltage continues to further increase, it reaches the onset of the impact
ionization generation. Due to the impact ionization generation, holes are created,
giving rise to an opposite charge flow. As soon as the hole current increases enough
to contribute to the total current, it will cause a voltage decrease creating a negative
resistance characteristic, called snap-back. The explained trends are shown in Fig
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3.8 up to the snap-back regime. The latter regime is typical of ESD conditions and it
is usually is the adopted regime in ESD protection devices to avoid failures at large
voltages. The upper limit of resistance behavior is the snap-back condition at which
thermal runaway takes place.

3.4.2 p-n junction diode

In the pn-junction diode two regions are asymmetrically doped with donors and ac-
ceptors and the onset of avalanche due to impact ionization mostly depends on the
doping concentration of the lightly doped region. The breakdown condition is de-
scribed as follows:

VBD =
ϵsE2

m

2qN
(3.7)

where Em is the value of the maximum electric field at the junction. When the im-
purity concentration in a semiconductor changes abruptly from acceptor impurities
NA to donor impurities ND, as shown in Fig 3.9, one obtains an abrupt junction. In
particular, if NA » ND (or vice versa), one obtains a one-sided abrupt p+-n (or n+-p)
junction [12].

At the condition of zero net electron and hole currents, the Fermi level E f must
be constant. Thus, the built-in potential reads as follows:

ψbi = ψp + |ψn| ≈
kT
q

ln
NDNA

n2
i

(3.8)

where n2
i is the product of 3.3 and 3.4.

The depletion-layer width in the equilibrium condition can be then considered as:

WD =

√
2ϵs

qN
(ψbi −

2kT
q

) (3.9)

where N is ND or NA depending in whether NA >> ND or vice versa.

When applying a voltage V to one terminal of the junction, the total potential
variation is given by ψbi −V for a positive voltage on the p-region with respect to the
n-region (forward bias) and V − ψbi in the opposite condition. Substituting ψbi with
the above new condition in 3.9, the depletion-layer width as a function of applied
voltage is obtained.

The ideal current-voltage characteristics are based on the following assumptions
[12]:
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Figure 3.9: Abrupt p-n junction in thermal equilibrium.
(a) Space-charge distribution. Dashed lines indicate corrections to de-

pletion approximation.
(b) Electric-field distribution.

(c) Potential distribution where ψbi the built-in potential.
(c) Energy-band diagram. [12]
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1. the built-in potential is applied at the abrupt boundaries of the dipole; outside
the semiconductors is assumed to be neutral.

2. the minority carriers injected are smaller than the carrier intrinsic density.

3. inside the depletion layer, the electron and hole currents are constant.

When applying a voltage to the device, the minority carrier densities on both sides
of the junction change; thus the quasi-Fermi levels to be defined. Considering the
Boltzmann relation in (3.2), we can redefine them as follows:

n = nie
(EF n−Ei)

kT (3.10)

and
p = nie

(Ei−EF p)
kT (3.11)

where
EFn = Ei + kT ln n

ni
and EF p = Ei − kT ln p

ni
are the quasi-Fermi levels for electrons

and holes, respectively. When (EFn − EF p) > 0, the pn diode is in forward bias.
Thus, the current equation of drift and diffusion becomes:

Jn = µnn∇EFn (3.12)

Jp = µp p∇EF (3.13)

The idealized potential distributions and the carriers concentration under forward and
reverse-bias conditions can be checked in Fig 3.10 and 3.11.

Figure 3.10: Energy-band diagram, with quasi-Fermi levels for elec-
trons and holes in forward bias [12]

In both cases (either forward or reversed bias), the on-resistance extracted in a
low current injection, will be dominated by the doping concentration of highly doped
regions; this resistance will lower for high current densities due to conductivity mod-
ulation since minority-carrier density and majority one are comparable. In forward



30 Chapter 3. ESD models and structure peculiarities

Figure 3.11: Energy-band diagram, with quasi-Fermi levels for elec-
trons and holes in reverse bias [12]

bias conditions a positive voltage drop is applied to the anode and a negative one to
the cathode. In the forward direction, the rate of carriers is constant thus the current
will increase exponentially. In reverse bias condition, the current saturates at a cer-
tain current density value. In fact, in reverse bias condition, the generated current is
solely due to thermally generated carriers in the depletion region; as the reverse volt-
age increases, carriers can gain enough energy to create electron-hole pairs which
will collide with other free carriers and create additional charge (impact-ionization
generation leading to avalanche multiplication). When a sufficiently high field is ap-
plied to the junction, the latter can break-down and conducts a very large current.
This event can occur only in reverse bias condition since it needs high voltages re-
sulting in high electric fields. The junction breakdown can lead to several intrinsic
mechanisms, one of which is the thermal instability. In this case, because of the heat
dissipation, the junction temperature increases [12].

3.4.3 Bipolar Transistors (BJTs)

In section 3.4.2 the theory of minority-carrier injection of a two terminal device was
explained, forming the basis of the junction transistor. The bipolar transistor is a
three-terminal (Collector, Base and Emitter) device usually adopted in analog elec-
tronics as a current amplifier [4]. A bipolar transistor in normal operation has a
forward-biased junction (Base-Emitter BE) that enables minority carriers to be in-
jected into the vicinity of a reverse-biased junction (Base-Collector BC). As currents
in reverse-biased junctions are carried by minority carriers, the increase in minor-
ity carrier concentration at the junction edge will result in an increase in the cur-
rent across the junction. The current flow across the reverse-biased junction can be
modulated by controlling the injection of minority carriers from the forward-biased
junction, and this forms the basis of the bipolar transistor[4]. In Fig 3.12 the series
of above mentioned three junctions realizing the active area of the device is shown,
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forming the so-called npn BJT.
Under normal operating conditions, the emitter junction is forward biased and the

Figure 3.12: Symbols and nomenclatures of an n-p-n transistor. [4]

collector junction is reversed biased. Under these conditions, electrons are injected
into the base, diffuse through the base and eventually are collected by the collector
region. Electron injection takes place from the emitter n region when a positive volt-
age Vbe is applied across the base-emitter junction. The base, being a p-type region
in the npn case, represents a reverse biased pn junction. On the other hand, the base
generates an hole diffusion current. However, if the injection ratio of electrons to
holes is large, such as the case of the n+ - p emitter-base junction by virtue of the
difference in doping level, a current gain is realized and the transistor is turned on.
All the operating regions under which the bipolar transistor can work are summarized
in Fig 3.13, depending on the applied voltage.

In case of an NPN Bipolar transistor the electrons diffusion at the collector side
is as following :

Jn = Js[e
qVBC

kT − e
qVBE

kT ] (3.14)

where Js depends on the intrinsic carrier concentration and number of impurities of
the junction. The other current densities contributions at base and emitter regions
can be derived accordingly to 3.14. In order to turn on the BJT, VBE must be positive
such that the first exponential becomes negligible and the collector current becomes
Ic = IS e

qVBE
kT .

For the purpose of ESD conditions, it is important to highlight the current gain defi-
nition of bipolar transistor:

β =
δIc

δIb
≈

Ic

Ib
(3.15)

A bipolar transistor under ESD conditions can drain high currents but it requires
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Figure 3.13: Symbols and nomenclatures of an n-p-n transistor. [4]

a high collector-emitter voltage Vce since it needs to start the bipolar turn on at con-
trolled voltage clamps. The BJT is triggered at the collector-base junction break-
down voltage; thanks to some external resistance, usually created by the fact that the
base contact is not so close to the active region, the breakdown will start to conduct
current across the base. This mechanism will turn on the forward junction (base-

Figure 3.14: Self-triggering configuration of a BJT in CBR operating
mode [4]

emitter junction), driving away the exceeding current. Different configurations can
be considered (CES collector-emitter shortcut, CER resistance between collector and
emitter, ECS emitter-collector shortcut, CBR collector-base resistance); an example
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is shown Fig 3.14, where the configuration of the bipolar transistor with the CBR,
i.e., collector-base resistance, is reported. Typically, the current at which such de-
vices fail is around 3 to 30 mA

µm . The overall characteristic is shown in Figure 3.15
for the OFF-state case with Ib=0, the behavior previously described of a self-biased
npn transistor under high current conditions can be recognized. Eventually, even in

Figure 3.15: I-V output of a parasitic BJT behavior turned on by ESD
conditions. [4]

normal operating conditions, with increased Vb, the BJT will be in its ON-state con-
dition, and will reach avalanche generation of the same junction at a lower voltage
(see Figure 3.13), causing the possible anticipated failure of the device depending on
the initial current pulse.

3.4.4 N-channel Metal Oxide Semiconductors (NMOS) Transis-
tor

As it is well known, the usual structure of an NMOS transistor consists of two n-
type wells in a p-type substrate. During normal operation, it works in linear region
or saturation region, upon application of positive drain voltage Vd . When the other
contacts, gate, source and substrate, are connected to ground, no current flows until
avalanche breakdown of the drain-channel depletion region takes place. By applying
a positive voltage to the gate contact, Vg > Vth , with Vth the threshold voltage, the
electric field would create a depleted region in the p-well under the gate, which will
eventually become inverted, i.e., with a relevant electron concentration, creating a
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Figure 3.16: Cross section of an nMOS transistor showing the para-
sitic lateral npn bipolar transistor and associated currents [4]
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channel between the drain and the source regions. The Vg giving rise to the inversion
condition is the threshold voltage Vth.

Figure 3.17: NMOS normal operating conditions with highlight of all
its operating regions. [4]

The flow of the drain current with respect to the increase of drain voltage is shown
in Fig 3.17. The first two regions are common operating conditions for NMOSs,
where the current is turned on by Vg. For ESD applications, the current that must be
sustained is much higher, so the device goes into avalanche regime and subsequently
shows a snap-back behavior. In other words, it will not go through linear and satu-
ration region, but it will operate under snap-back and avalanche. The latter behavior
is given by the fact that inside a NMOS under ESD operating mode, the intrinsic
junctions create a parasitic bipolar transistor which drives the MOS to behave as a
bipolar under ESD conditions, while the gate voltage will not be able to control the
device conductance.
In particular, the drain becomes the collector, the substrate the base and the source
the emitter of the parasitic BJT. The latter configuration of the parasitic bipolar em-
bedded in the NMOS is shown in Figure 3.16. For high current operation, the device
has gate, source and substrate connected to 0 V since the device under this condition
is not powered (OFF state). The drain junction is initially biased in high-impedance
condition, the only current that can be considered is the current of the reverse-biased
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collector-base junction. Increasing Vd, the avalanche- breakdown onset of the junc-
tion will be reached, inducing a current into the base: electron-hole pairs are gener-
ated, and the electric field drains electrons towards the drain region and holes towards
the substrate. The resistive path in the substrate gives rise to Rsub and to a conse-
quent potential drop across it which keeps increasing as the current Isub continues to
increase. By further increasing the current, the potential across the source-substrate
junction increases and forward biases the base-emitter junction, pushing electrons
into the substrate. The parasitic BJT in this condition is turned on: the potential
at the source-substrate junction increases and forward biases this junction, emitting
electrons into the substrate.

As it can observed in Fig 3.15, when the parasitic bipolar is turned on, the avail-
ability of additional carriers from avalanche multiplication decreases the drain volt-
age creating a negative resistance region. By further increasing the current, a con-
ductivity modulation of the substrate will take place which reduces on resistance.
If we now consider the case of a gate voltage Vg > Vth, the channel between the
drain and the source will be created injecting electrons and increasing the number of
multiplication events. As Isub increases, the potential at the source-substrate junction
increases and forward biases this junction. The drain current has now an additional
contribution from the electron current density coming from the source. The parasitic
bipolar transistor can be considered in on state. At the onset of thermal runaway, the
base region of the bipolar, which is the key region for the full turn on of the bipolar
transistor, is highly conductivity modulated, and that the point at which the carrier
concentration in the drain junction is equal to the background doping concentration
(the intrinsic condition) is not where the voltage collapse begins.

3.4.5 Silicon Controlled rectifiers (SCR)

The schematic view of the Silicon Controlled Rectifier (SCR) device is reported in
Figure 3.18 along with the indication of the main bipolar transistors integrated in the
structure. Due to its configuration, it can be considered as two bipolar transistors
where the anode is the emitter of one transistor and the cathode the emitter of the
other one. The schematic of the circuital behavior is shown in Figure 5.3 below.
SCRs, due to their capability to switch from a very high impedance state to a very
low one, are extensively used in power device application [22]. Thus, they are an
obliged solution to match automotive application requirements and area occupation.
In other words, this clamp topology is efficient since there is no latch-up risk, i.e., no
possibility to trigger the IC into a parasitic path but only to enable the parasitic bipo-
lar transistor to be triggered on and protect the IC. An SCR device with low trigger
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voltage, low leakage current, low parasitic capacitance, and which requires no addi-
tional process steps for ESD protection is very useful in many interesting cases, as it
will be discussed more in details in the next chapters. During an ESD strike, the ad-
ditional integrated SCR can produce a regenerative feedback mechanism to shunt the
ESD, with low electric fields, presenting a high degree of ESD robustness.However,
its relatively low holding voltage may result in serious latch up failure [23]. Thus,
the latter aspect needs further study.
The device operating conditions when turned on as a ESD clamp are as follows.
When a forward current pulse is applied to the anode, a forward bias forms across
the SCR: the voltage difference between anode and cathode increases with current,
reaching the triggering voltage (Vt). From [24], the trigger voltage for an SCR device
can be expressed as:

Vt = BV ≈ BV + Vrep + Vren (3.16)

where
BV is the breakdown voltage
Vrep and Vrep are the voltage drop of parasitic resistance at the emitter after avalanche
breakdown.
During this process, the current flowing through the PNP is injected into the p-well,
forward biasing the emitter-base junction of the NPN. When the NPN is on, it injects
electrons in the nwell providing the threshold bias for the PNP. Thus, the voltage at
the anode begins to decrease resulting in a negative resistance region. The voltage
drop at such condition is Vh. Thus Vh can be derived from [24] as follows:

Vh = VEB,pnp + VCE,npnsatorVBE,npn + VEC,pnpsat (3.17)

The SCR-LDMOS device is a modification of the well known lateral LDMOS-
FET [25] and shows a high degree of ESD robustness. The device behaves like a
normal LDMOS in its on state with a high blocking voltage (BVdss) in the off state.
Under clamped inductive switching, compared to a standard LDMOS device and in
addition goes into the SCR mode under extreme high voltage/high current condition
encountered during an ESD strike. These features make this device an ideal self pro-
tecting output driver structure for smart power ICs. For the SCR-LDMOS device to
be used as an output driver, the SCR trigger current should be more than the maxi-
mum current seen under inductive switching. Once the ESD strike is removed, the
device remains latched and the SCR can be unlatched by switching on the gate of the
device [25]. Further details of this specific configuration of SCR will be presented in
next chapters.
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Figure 3.18: Cross section of a general SCR structure [4]
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3.5 The 0.15µm BCD technology

Figure 3.19: BCD technology image: STMicroelectronics’ super-
integrated silicon-gate process used to combine bipolar, CMOS, and

DMOS technologies [26].

After ICs were introduced in the 1950s, technology variations have emerged
rapidly. Some examples are bipolar transistors in 1950, CMOS in the 1960s, double-
diffused metal oxide semiconductors (DMOS) in the 1970s.

In the 1980s the demand required all three kinds of chips possibly acquiring high
voltage and fast switching. In 1985 Bipolar-CMOS-DMOS (BCD) was invented
by SGS, now STMicroelectronics, by using the super-integrated silicon-gate process
[26]. This combination of technologies brings many advantages: improved reliabil-
ity, reduced electromagnetic interference and smaller chip area. The technology en-
ables to combine power, analog and digital signal processing and makes it appealing
for automotive, computer and industrial manufacturers. After STMicroelectronics,
several other semiconductor industries have adopted this technology to develop new
chip solutions highly powerful and efficient.

The 0.15µm BCD is a Texas Instruments high-voltage technology used for a large
set of different integrated power application as, e.g, the switching power supplies. It
contains 1.5 V to 5 V transistors which are used for power switching purposes. Since
it is a high voltage technology, it is necessary that leakage currents are reduced to
as minimum as possible values. The main power device of the BCD technology is
the so-called Drain Extended MOS transistor (DENMOS), shown in Fig 3.20, with
a drain region realized by two wells in order to extend it with a lightly-doped drift
region. Due to low cost process and high drain breakdown voltage of DENMOS de-
vices, they are used in a number of mixed-signal circuits like, e.g, high voltage I/O
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Figure 3.20: Standard DeNMOS structure considered as the main
power device used in the BiCMOS technology development that is

taken as test [27]

drivers and RF power amplifiers in low-power System-on-Chip applications. As a
matter of fact, devices with higher doping underneath the drain diffusion region ex-
hibit stronger bipolar triggering and higher snap-back in their breakdown characteris-
tics, thereby sustaining higher drain current levels before device failure. This feature
of the device is important for the structure. As far as the source side, it is a normal
nMOS with a lower doping and, consequently, increasing the breakdown voltage. In
addition, this kind of devices has a very low process cost, thus it is suitable for large
scale market. Together with the DENMOS, the Lateral Double Diffused MOS (LD-
MOS) is another key MOSFET used in 0.15µm BCD. The LDMOS structure (see
Fig 3.21 combines a short channel length with high breakdown voltage as desired
for high power RF amplifiers in numerous applications. One of its main features is
to optimize lateral electric field distribution using the RESURF (REduced SURface
Field) effect improving significantly the breakdown voltage, as expected for an high-
voltage device [27]. The RESURF principle is based on reducing the field in the
current flow direction which is formed by a field plate (Gate). The field plate termi-
nates the drift extension, killing electric field peaks caused by junction breakdown.
Due to the RESURF effect, a flat and uniform electric field is observed along the
drift region, preventing the vertical n-well/p-epi junction to go into avalanche [28],
[29]. Moreover, the drift region is preserved as the an actual parameter to tweak the
trigger voltage without the interference of the turn on of other parasitic paths. In-
creasing further the drift length induces an unbalance in the RESURF effect, leading
the vertical field to dominate on the lateral one. It is important to notice that both
devices are asymmetric in order to have different operating functions depending on
the voltage applied to the electrodes: they are 5V MOS as far as the maximum gate
bias is concerned; if larger voltage is applied between the oxide and the source, it
will break the oxide causing failure. Thus, nominal voltages as large as 20V up to
150V can be applied at the drain contacts of such devices.

The focus of this work will be on the characterization of the 0.15µm BCD tech-
nology as far as ESD protection is concerned. More specifically, the CDM stress is
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Figure 3.21: LDMOS schematic structure. All the pn junctions in-
volved in the device can be seen from the squared regions. The struc-
ture uses an STI technology [30], even though other companies choose

the LOCOS (Local Oxidation of Silicon) one [31].

addressed as it is the most critical one, together with the HBM one: the technology
under test shows poor IV characteristic with respect to theoretical estimations for
these kinds of stresses. According to TLP characterizations, which have been carried
out by injecting current into the device through a coaxial wire, the snap-back region
is most critical one: the high doping concentration of the drain region is a tipping
point after the snap-back overcoming. Moreover, the junctions of the parasitic bipo-
lar transistors located in the structure cannot be considered completely empty from
mobile carriers at any time. As a matter of fact, the electric field peak cannot be
considered static in the junction, but it moves creating hot spots subsequently melt-
ing the material (Silicon). This event is the so-called Kirk effect where high carrier
density can cause dramatic increase in the transit time of the carriers [32]. In order to
prevent this kind of events from happening inside the IC, some additional structures
have been used and studied to solve the problem of this technology; their studies are
shown in the following sections.

3.5.1 From cutline to TCAD tool

Sentaurus Workbench [5] helps to investigate this kind of issues through thermody-
namic simulations. The latter are mostly important for self-heating structures like
ESD protections. Moreover, carrying out transient simulations which show the full
behavior of the structure allows to check the distribution of relevant physical quan-
tities that cannot be measured otherwise. Then simulation results will be used to
investigate more parameters than real experiments can get at different steps, in or-
der to improve the design of the future devices. The main difficulty in the above
approach is the fact that it is necessary to define and calibrate the TCAD structure
following the flow of the fabrication processes in order to realize a deck which is as



42 Chapter 3. ESD models and structure peculiarities

close as possible to the real one. As a matter of fact, the focus of the first part of this
work is to reproduce the main features of the device by defining a 2D domain of the
cross-section into the TCAD tool. Once the structure has been defined, specific sim-
ulations can be run in order to reproduce the I-V characterizations up to the thermal
failure condition, following its actual behavior. The results of the TCAD analysis are
reported in Chapters 4 and 5.

The main purpose of this work is to run numerical simulations of the electro-
thermal behavior for the most promising ESD cell. These kinds of simulations are
useful to visualize the dependency between electric field and electrostatic potential.
The numerical results are compared against measurements and the role of some spe-
cific parameters has been investigated, like, e.g., the impact-ionization generation
and the maximum temperature reached in the device. For this reason, the simulation
input has to be tuned and designed in order to investigate either the DC behavior and
the TLP and VF-TLP ones. In order to run numerical simulations consistent with the
characterization of the ESD cell, it is necessary to set the simulator command file by
properly accounting for specific physical models available in the simulator and the set
of equations. The adopted tool is Sentaurus Device (sdevice) [5]. Sentaurus Device
is a device and circuit simulator for one-dimensional, two-dimensional, and three-
dimensional semiconductor devices in multidimensional and mixed-mode domains.
It incorporates advanced physical models and robust numeric methods for the simu-
lation of most types of semiconductor devices ranging from very deep-subµ silicon
MOSFETs to large bipolar power structures. This tool can interact with other Sen-
taurus tools, for example the Structure Editor, in order to use the structure obtained
to perform simulations on it. Each part of the command file needs to be customized
depending on the structure that needs to be simulated and on the kind of characteri-
zation that might be reproduced.

The File part defines the input-output files that have to be considered as source
or output of the simulation.
In the Electrode section the contacts that have been defined in the .tdr file are listed:
they are the boundary conditions as far as the electrical domain is concerned, and the
corresponding voltage or current supplies has to be defined.
The Physics part is very important to tune and customize the stimulation with the
most appropriate physical models for the device that is under investigation. More
specifically it is necessary to define:

• the model of the carrier mobility, which can be tuned with different kinds of
mobility models,
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• a band-gap model, which describes the effective intrinsic density as a function
of temperature, relevant to define the width of the space charge region,

• The SRH recombination model which defines the exchange of carriers between
the conduction band and the valence band (see 3.4 ).

• The impact-ionization model which describes the key avalanche effect

The Plot section defines which kind of physical quantities are stored in the output
.plt file in order to study the I-V characteristics.
The System section is the section that identifies the Mixed-mode part which is a tool
extent to add to the structure additional standard circuitry according to the schematic
of the component. The Mixed-Mode is used for multi-device simulations (Figure
3.22), specifying a circuit net list to connect the devices. In order to identify the
devices to be connected, a new definition of the Electrodes as nodes must be specified
for each device connectivity list. Moreover, it is possible to add passive components
depending on the type of simulation and schematic construction of the system, for
example resistances or capacitances or even voltage source stimuli as in the SPICE
tool [33].

The Math section describes which kind of math solvers will be used to solve the
equations expressed in the Solve section; usually, for large problem size, ParDiso
solver is used since it solves large sparse symmetric or structurally symmetric sys-
tems, parallelizing the solution. In this part of the command file it is possible also
to tune some tolerance on the error that might be produced while the equations are
solved.

Figure 3.22: Mixed-mode simulation flow schematic. [7]

The last part is the Solve part where the equations used to perform the simulations
are expressed and where the stimulus is given. The starting point is usually given by
the Coupled solver which activates a Newton like solver (linear system solved at each
step of simulation) over a set of equations usually defined by the Poisson equation
and the continuity equations, resulting in the electrostatic potential and electron and
hole densities.
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In order to run a DC simulation, the input contact is ramped to a voltage or cur-

Figure 3.23: Quasi-stationary schematic iteratevely used in the
TCAD

rent goal and, at each step of the simulation, the quasi-stationary solution is given.
In the sdevice tool, a Quasi-Stationary command can be used to this purpose. The
Quasi-stationary command ramps a device from one solution to another through the
modification of its boundary conditions (such as contact voltages) or parameter val-
ues. In case of a voltage ramp (see Fig 3.23, the device ramps the selected electrode
by increasing the voltage of an offset given by t * V1 - V0 until it reaches the volt-
age goal given by V1. The ramping simulation used to emulate ESD stress is the
Transient one since it has more probability of convergence for such complex devices
under ESD pulse. The Transient syntax replaces a quasi stationary simulation with a
slower transient ramping. The command that activates the transient ramp is a quasi-
stationary like command with two optional parameter added: Initial Time and Final
Time, useful to control the ramp rate.
As far as boundary conditions are concerned, electrical boundary conditions are de-
fined in the Electrode section. The name given to the electrodes must match the
same names specified in the structure editor file. With the Thermode section, the
thermal boundary conditions at the contacts of the device are specified. The default
configuration is considered in this work, only by specifying the initial temperature of
each contact as room temperature (300K).

3.6 Concluding remarks

In this chapter an overview of several aspects of the ESD world is presented, starting
from the industrial standardized stress tests to the physical behavior and operating
conditions of some general devices under ESD operating conditions. A special focus
is given to bipolar transistors and Silicon Controlled Rectifiers, as both devices will
be deeply studied in next chapters. Moreover, the BCD technology is introduced as
devices under test belong to this category.
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Chapter 4

Study of stacked BJT transistors used
as ESD protection cells for Ultrafast
Events (CDM)

4.1 Chapter overview

The operating conditions of a new ESD clamp based on BJT transistors is presented
in this chapter. The analysis is constituted by TCAD simulations in ESD operating
conditions compared with available experiments. The device performances are fur-
ther investigated through geometrical modifications. A study of the Power-to-failure
performances is also presented as a conclusion.

4.2 Stacked NPN based clamp

4.2.1 Component characterization: the NPN 30V cell

The structure presented in this chapter is a bipolar transistor used as ESD clamp.
The final purpose of the clamp is to enable the device to be protected from receiving
voltage that is higher than the baseline by clamping the trigger voltage before the
failure of the IC. Ideally the snap-back voltage should build a voltage discharge that
can be controlled by a resistance in series. For this purpose, a series of two bipolar
transistors internally stacked, as shown in Figure 4.5, is employed as the device to be
investigated. In particular, the stacking of two 15V NPNs enables the entire clamp
to protected from a trigger of 30V, creating a resistive path through the series of the
two BJTs.
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Figure 4.1: Different clamps behavior SOA under ESD conditions.
The one under investigation in this chapter is here generalized as

NPN/NMOS snap-back

Figure 4.2: Layout of the BCD NPN 30V cell. A zoom of the single
device is highlighted by the magnifier to shown the different BJT re-

gions: collector, base and emitter
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4.2.2 Component characterization: the NPN 30V cell

The entire ESD protection used for the final application constitutes of several dif-
ferent devices connected together to match the requirements. Thus, the NPN 30V
component that is here investigated is only a part of a more complicated technology.

In Figure 4.2, the layout of the characterized component is shown. The character-
ization has been carried out in order to have a good starting point for all other kinds
of simulations. In the layout scheme, the n-doped regions are drawn as pink zones,
while the p-doped regions are drawn as green windows.

Figure 4.3: Equivalent circuit with two low-voltage coupled biased
transistors internally stacked to efficiently build a high-voltage device
for 30V ESD protection. BJTs are in self-triggering configuration (i.e.

with biasing resistor between base and emitter).

The structure consists of two NPN BJTs in series as shown in Figure 4.3. Each
one can carry over 15 Volts so the series of the two can reach the desired voltage of 30
Volts and beyond. As it can be clearly deduced, the structure is symmetric: it consists
of two symmetric NPN BJTs (with BN1, CN1, EN1 indicated in Figure 4.2) in series
to a central NPN BJT indicated in Figure 4.2 with BN2, CN2, EN2. For this reason,
the analysis is carried out on half structure. One of the most important characteristics
of the 0.15µm BCD technology is the presence of specific features which are usually
available in such kind of smart-power technologies [34]:

• The N-type buried layer (NBL), mainly used to isolate different components
but also to connect the substrate [35].

• Deep Trench region, which is used for the lateral isolation of power devices
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and substrate connection. The trench is realized with Deep Reactive Ion Etch-
ing (DRIE) processes and by filling the trench with P+ poly-Si allowing a good
connection to the p-substrate with a limited area. It allows to isolate differ-
ent components/blocks saving significant space compared to junction isolation
technologies [36].

Figure 4.4: 2D cross-section of the NPN ESD cell under investiga-
tion. In yellow the parasitic paths described in the text as ccircuital

indication.

The electro-thermal simulations of the NPN ESD cell have been carried out to
investigate the device behavior under ESD conditions. Several parasitic paths have
been identified, changing the desired flow of the current and deviate the expected I-V
curve from the conventional ESD safe operating area.

The implementation of the structure is shown in Figure 4.4. Due to the complex-
ity of the structure, there are several junctions that are not primarily involved in the
series of the two BJTs paths. These parasitic paths might turn on and deviate the de-
vice from the expected performance. More specifically, the two BJTs in the structure
are lateral but there might be additional vertical current paths creating parasitic ver-
tical NPNs. Moreover, the connection of the surface of the device to NBL driven by
the Deep Trench structure can carry some additional carrier paths through the NBL
itself or, more dangerously, through the substrate. A possibility of this situation is
shown by the yellow dashed NPNs drawn in Figure 4.4. All this kind of problems
are discussed in details in the next Sections.
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4.2.3 Cross section description

The simplified 2D cross-section of the ESD cell is shown in Figure 4.5. The internal
architecture is realized by integrating two different sets of pn-junctions as available
in the BiCMOS technology, sharing a collector-emitter region among them.
It was not possible to access the flow of the process. However, the cross section
can be used to create the device main features using the TCAD tool with analytical
doping profiles. In other words, from the cut line of the layout, the final deck for the
TCAD simulations can be fairly obtained. The impurity concentration profiles have
been inferred from process simulation results, and analytical functions have been
used to easily consider layout variations of the investigated structures (as indicated
in Figure 4.5). The doping profiles are also checked following the indications given
by the ESD Group in Texas Instruments, considering different cut-lines extrapolated
from the technology layout in Figure 4.2.

Figure 4.5: 2D cross-section of the NPN ESD cell under investiga-
tion. The series connection of the two NPNs, N1 and N2, is drawn
in the 2D plot along with the indication of the width of the base well,
Wb, Wb0 is the reference width and x is the variation used to check the

NPN behavior.

In Figure 4.5, the main n-doped and p-doped regions required for the realization
of the BJTs under investigation are schematically shown. The n+-well constitutes the
emitter region of the N1 BJT, running along the longitudinal direction of the cross-
section. Its base region is the right side p-well region. The N2 and N1 share a N-well
region in the middle of the structure that is for N1 the collector region, while for N2
the emitter region. In this way the two bipolar transistor are in series connection. The
N2 base region is the p-well region on the left and the collector region, connected to
ground is a very small n+ doped region on the far left side of the structure. The
two transistors are internally stacked to create a series of bipolar transistors able to
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sustain over 30V of trigger voltage. The stacking configuration described above is
clarified by the schematic circuit in Figure 4.3.

4.2.4 Component schematic and operating conditions

The behavior of the simplified schematic circuit in Figure 4.3 is explained in this
section. In particular it is considered that, under ESD condition, the stress injected
into the DUT is modeled for simulation purposes by a current source. Thus, the
ESD stress that the device is experiencing is a current pulse with certain rise time
and length time characteristics, depending on the stress conditions that we want to
consider (either HBM, CDM or MM). Under normal operating conditions, the bipo-
lar transistors can be designed to carry high current levels despite a high collector-
emitter voltage is applied, with a consequently high-power dissipation. Therefore,
such devices are used as ESD protection circuits in high-voltage and high-power
applications. The stacked configuration uses the internal avalanche regime of both
NPNs to self-bias both devices. Due to the intrinsic differences in the adopted p-
n junctions and in the geometry of the active regions, non-uniform distribution of
current densities is expected in the triggering characteristics of the two NPNs. The
external resistances between each base and emitter, properly tested for the purposes
of the protection behavior, help improving the switching of both devices at a spe-
cific collector current, but the most significant role in the coupling of the stacked
devices is given by their internal integration. Therefore, 2D simulations are needed
to investigate their transient behavior [37].

4.3 Simulation of the relevant operating conditions

4.3.1 Triggering and holding regimes

Thermo-electric simulations have been carried out with default thermal boundary
conditions, assuming room temperature at the metal contacts. 2D simulations are ex-
pected to give the worst-case scenario of the onset of the thermal runaway thus pro-
viding a safe margin for failure predictions. For this purpose, the thermal boundary
conditions at the contact side have been properly tuned such that their contribution
is negligible in high current regimes. All simulations have been carried out using the
drift-diffusion model coupled with the heat-transfer equation. Shockley–Read–Hall
and Auger generation–recombination models have been used along with the UniBo
impact-ionization model [38]. They are turned on with default parameter values [5].
Additional details are reported in section 3.4.
To this purpose, EOS, TLP and very-fast TLP curves have been simulated using a
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single pulse with 200ps rise time at different pulse lengths, applied with increasing
current levels to test the ESD cell up to thermal failure. In order to simulate such
stresses, the simulation depicted in Figure 4.3 is used with a current source con-
nected to the collector of N1. Both voltage and maximum temperature at the end of
each stress pulse are collected from numerical simulations. In this way is possible to
determine the qualitative behavior of the device and its failure level.
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Figure 4.6: Voltage (in blue) and maximum temperature (in red, right
axis) increase as a function of time during the TLP pulse. As an ex-

ample, a 1ns TLP pulse is reported.

As an example, in Figure 4.6 both voltage and maximum temperature are reported
for a 1ns single pulse: the voltage suddenly rises accordingly to the rising of the
current signal with tr=200 ps, then it starts decreasing at the end of the rise time
due to the turning on of the BJTs, as explained in [39], and reaches a plateau at
about 80% of the pulse length. The temperature increases linearly until the end
of the stress where it reaches critical values; data are extracted at the end of each
pulse for both parameters. The peak voltages that can be identified as overshoots
are observed before the end of the TLP voltage rise, for t < tr . In the investigated
cases, the overshoot is not impacted by the change in the slope of the TLP pulse
[19]. Thus, no calibration of the overshoot at the beginning of the stress pulse is
required. The voltage overshoot in the reference device gives an electrical signature
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of the NPN delay, giving rise to a larger voltage with respect to that reached at 100ns.
In the structure under study, the voltage overshoot can be ascribed mostly to N2.
Thus, a layout reduction of Wb is expected to increase the gain of N2 and reduce
the corresponding transit time, leading to a lower voltage overshoot, a consequent
lower heating and a final larger Power-to-Failure condition. These results are shown
in details in the next Section with additional physical explanations.
The data extracted to trace the IV curve is taken at the end of the pulse. The simulated
I-V curves are reported in Figure 4.7 and compared with corresponding TLP and vf-
TLP experiments. The curves show a qualitative good agreement, allowing for the
correct analysis of the corresponding transient regimes. Even though simulations
do not perfectly match key data, such as trigger voltage, holding voltage, snap-back
conditions and thermal runaway, they give the correct insight of the different regimes
experienced by the structure. For this reason, no fine-tuning of the simulator models
has been performed as the results qualitatively match the trend of the real device. The
simulation results should be anyway consistent without the need of a 3D analysis,
leading to reliable estimations of the hold and failure current levels. It is expected
that current filamentation might be experienced in geometries with complex width
layout [40], [41]. In our structure, current filamentation can be not considered and
thus a 2D approach can be adopted for the full analysis.

It is important to point out that the device under test has a peculiar structure and
several parasitic paths can be turned on during a transient regime, leading to prema-
ture failure for different reasons. Its peculiarity is given by the active regions of the
two bipolar transistor which are not symmetric (see Fig. 4.5. N1 bipolar transistor
matches a conventional integrated lateral NPN structure, with an highly doped and
small collector region and a very large emitter region. On the other hand, N2 struc-
ture is closer to a parasitic bipolar device, featuring a highly doped collector region
in the center of the structure. The turning ON of BJTs builds mainly a surface current
density for low current pulses.
Since the analysis of vf-TLP simulations has a lack of information in literature, its
analysis will be focused in this part, showing the device behavior for this kind of
stress configuration. Moreover, the component shows unexpected low TLP and vf-
TLP (very fast TLP) performance: after snap-back, the electric field peak moves out
of the junction and the depletion region for low injection regimes is not valid any-
more. ESD protection should allow the device to bear a voltage that is higher than
the baseline (Vt). This behavior increases the possibility of CDM stress test failure
(see theory in section 3.2) while it should not happen for this kind of high voltage
devices, specifically designed to sustain high and very fast stresses.
In Figure 4.8 and 4.9, the current density distribution is reported at the triggering and
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TLP and Very-Fast TLP (vf-TLP) of the ESD cell. Solid lines: TCAD
results for 500 ns, 100 ns, 1 ns (EOS, TLP and vf-TLP). Yellow dots:

failure condition extracted from TCAD data.
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holding voltage respectively under a VF-TLP conditions (1ns). In the first condition,
the carriers move in a confined region close to the upper part of the devices in both
NPNs. The surface current concentration eventually allows for an independent lay-
out control of the triggering and holding voltages. More specifically, the triggering
voltage is defined by the lateral current diffusion at the surface in combination with
the external resistances. Vice versa, the holding voltage and the failure condition are
correlated with the current density spreading towards the deeper part of the structure
and the corresponding p-well and n-well doping profiles play an important role. In
this condition, the impact-ionization generation and the NPN gain drive the devices
into high-injection regime.

Figure 4.8: Current density at triggering voltage under vf-TLP con-
ditions. The current is concentrated at the surface of the device, thus

the volume of the pn-junctions is not entirely engaged

In 4.9 injected carriers are flooding into the entire N2 base area, deep into the
structure.

4.3.2 Failure condition

When temperatures start to increase inside the device due to self-heating, the high
injection condition reduces the role played by the doped regions due to the large
amount of carriers into the entire volume. The definition of the thermal runaway
reached through simulations has to be defined.

Experimentally the TLP characterization of an ESD device is tested at certain
biasing conditions. Damage to the DUT will occur when the test pulse amplitude
becomes high enough to produce enough heat to melt the structure and cause a per-
manent change in the device. Thus, if the current flowing trough two pins that are
not involved in device protection path starts to increase, it is considered as leakage
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Figure 4.9: Current density at holding voltage under vf-TLP condi-
tions. The current spreads through the entire volume, mostly for the

N2 bipolar transistor
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Figure 4.10: Maximum temperature (Tmax) in the 2D domain at the
EOS,TLP and vf-TLP final times as a function of the current density.

The failure criterion is fixed @Tmax = 1200K.
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current derived from the permanently damaged region. Thus, during TLP measure-
ments this event is considered as a failure criterion. In simulations it is possible to
monitor the internal temperature of the device and detect accordingly when a hot
spot occurs. In figure 4.10, the adopted failure criterion for simulations is shown and
explained as follows: the maximum temperature in the structure is monitored at the
end of the current pulse (depending on the stress under consideration, thus 500 ns,
100 ns or 1 ns for, respectively, EOS, TLP and vf-TLP stresses); when a temperature
over around 1200K is reached inside the structure, the thermal runaway is considered
to be reached. Yellow dots in the TCAD curves of Figure 4.7 and 4.10 correspond to
the extracted thermal failure. The failure conditions indicated on each curve, clearly
show a scaling of the failure current with increasing stress time. The discrepancy
between the measured data and the simulation ones might be ascribed to the slight
differences in the 2D simulation deck with respect to the real structure.

A complex local distribution of temperature and avalanche generation (shown in
Figure 4.11) can be the cause of the poor performance of the device. In Figure 4.11
(a), it can be observed that the different geometry and overall configurations of the
two NPNs lead to a faster heat up of the collector-base junction of N2 (right side)
than the reversed biased junction of N1. In Figure 4.11 (b), it can be observed that
a significant impact-ionization generation along the vertical junction is experienced.
This behavior can be attributed to the vertical spreading of the current density in the
lateral and bottom side of the pn-junction as observed in Figure 4.9.

Indeed, the full area of the N2 collector-base region is turned on and the failure
of the entire device is reached. In order to compare the current density distributions
that lead the failure for the vf-TLP and TLP cases, the screenshot of the current
density distribution at the holding voltage under TLP condition is shown in Figure
4.12: a limited spreading of the current flow is observed in the deeper part of the
N2 device for the longer stress times. Thus, the contribution of electric fields and
impact-ionization generation in the N1 ad N2 regions is more balanced than for the
1ns case.

On of the most important figure of merit analyzed for the ESD protection schemes
the Power-to-Failure curve. From a theoretical point of view, the power to failure
of ESD clamps is expected to scale as the inverse of stress time during the adiabatic
regime (i.e. vf-TLP stress) while the reported data shows a different trend (see Figure
4.13). According to the theoretical analysis, the simulated device is expected to
reach a current of 1A over 100ns stress time in the Wunsch-Bell region. Therefore,
the current level reached for a stress 100 times faster, thus a stress reduced to 1ns,
should correspond to at least a seven times higher current. According to Dwyer
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Figure 4.11: (a) Lattice temperature and (b) impact ionization gener-
ation under vf-TLP failure conditions

Figure 4.12: Current density at holding voltage under TLP condi-
tions. The current involves the entire volume also of N1.
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et al. [9], the P f scaling dependence with time can be explained though different
theoretical models, i.e., the adiabatic model (P f = A

t f
, below 1ns), or the Wunsch-

bell model (P f =
B√
t f

from 1ns to 100 ns), where A and B are constants derived from

the general heat equation Thus, if A and B can be considered values in continuity
between the two regimes, the relationships of the currents derived from these power-
to-failure conditions shows at vf-TLP conditions (around 1ns) the current should be
almost ten times higher that in TLP conditions (from 1 ns to 100 ns). However,
measurements and simulations do not show the latter trends. This occurrence is
clearly shown in Figure 4.13.

4.3.3 Proposed modification of the structure to improve the P f −

t f

The overall turning-on mechanisms of the cell can be influenced by specific modifi-
cations to the layout and structure as detailed in the following. The 2D TCAD setup
can be easily modified to fully understand the behavior of the coupled NPNs and to
devise improvements. As an example, the current density distribution at the failure
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Figure 4.14: Simulated vf-TLP I-V curves of the reference cell and
for two different Wb (Wb = Wb0 − 0.6µm and Wb = Wb0 + 0.6µm)

may be altered by a layout modification of the deeper part of the base width. More-
over, when addressing very fast stimuli, the NPN turn-on time plays a relevant role,
as demonstrated by the voltage overshoot analysis in sub-ns pulses [19]. The pro-
posed modification is the modulation of the distance Wb, reported in the schematic
view of the ESD cell in Figure 4.5. Wb is changed trough a layout adjustment of the
corresponding central n-well window of doping. The latter consists of a widening or
narrowing of the doping window along the depth, consequently changing the shape
of the junction itself and the corresponding length of the base width, which defines
the N2 gain. Numerical TCAD simulations of EOS, TLP and vf-TLP stresses were
adopted to check the expected changes in the overall resistive path and N2 gain.
Moreover, the influence of this layout modification on current spreading through the
depth of the device is simulated to study its impact on the overall I-V curves and
P f − t f .

For the sake of completeness, simulations have been carried out on devices with
Wb = Wb0 − 0.6µm and Wb = Wb0 + 0.6µm. In Figure 4.14 the vf-TLP curves of
the proposed layout modifications are reported with the failure point, showing a re-
duction of the holding voltage value for shorter Wb. An improvement of the SOA is
observed since also the failure condition is reached at higher current density level.
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Figure 4.16: Current density along vertical cutline at the center of the
ESD cell for Wb0 and Wb = Wb0 + 0.6µm in vf-TLP and TLP cases.
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By extracting a vertical cut line at the center of the ESD cell in the reference de-
vice (with Wb =Wb0) and for the proposed modifications, the corresponding current
density distribution is analyzed more in details in Figure 4.16: in the TLP case, no
difference in the vertical distribution of the current density is observed between the
two structures. On the contrary, when a very-fast pulse is applied at the maximum
current level, a larger amount of current density is observed and the shorter the Wb,
the deeper the distribution, with an increase of vertical spreading of about 10%. A
larger spreading leads to a reduced self-heating and larger power to failure. The max-
imum temperature plots in Figure 4.15 confirm the previous statements. Due to the
Wb modification, the range of current levels densities goes from 0.025 to 0.05 A/µm,
with an improvement of about 16% for the case with the reduced Wb.

4.3.4 Power-to-failure analysis
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The expected trends for different sets of pn junctions [9] have been explained in
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section 3.3.2 in details. TCAD results of the device under test show the expected
trends, shown in Figure 4.17 and 4.18 and studied in literature but fail to give a
continuity between different regions of stress conditions. The adiabatic region is
expected to be extended until 1 ns of pulse length. However, the adiabatic trend is
followed by the TCAD data only down to 0.3 ns stress (see Fig. 4.17). As far as the
Wb modifications are concerned, as expected also from the results shown in Figure
4.14, a significant increase of the P f − t f is obtain for times lower than 1 ns when
decreasing Wb. This improvement is explained by the enhancement of the NPN gain.
The corresponding improvement of the adiabatic curve is of about 40% with respect
to the reference device. For longer stress times the same improvement cannot be
achieved since the current mostly spreads at the surface, coupling N1 with N2. Thus,
there is no junction or region of the device that can be considered as dominant for the
flow of current and for the occurrence of thermal effects. In details, the TCAD data in
the TLP stress region from 1 ns to 100 ns approximately do not match the analytical
trend but the optimized structure with decreased Wb is the one mostly consistent with
the theoretical trends. This result is confirmed by the current path for the TLP case
shown in Figure 4.12, since the deeper part of the BJT volume does not influence the
IV curves: current flows uniformly between the two transistors giving very similar
trends with stimuli larger than 2 ns. For the EOS region, at times larger than 100
ns, very similar trends are observed for all devices following the expected Dwyer
equation. As a matter of facts, this range of stress times has been widely tested also
in previous literature publications and usually matches the model quite accurately
both with simulations and experiments.

4.4 Concluding remarks

A TCAD approach extended to sub-ns time domain is applied to a BiCMOS ESD
clamp build of a series of two internally stacked NPN bipolar transistor. The root
causes of the thermal failure are identified and a simple layout modification is pro-
posed in order to improve of almost 40% the vf-TLP performances of the device.
Results also show that is possible to dive an overall framework of the device, from
triggering-on to thermal failure in the whole Wunsh-Bell characteristic.
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Chapter 5

Study of SCR-LDMOS for HV ESD
Protection

5.1 Chapter overview

The operating conditions of a new ESD clamp based on an SCR-based configuration
is presented in this chapter. The analysis is constituted by TCAD simulations in ESD
operating conditions compared with available experiments. The device performances
are further investigated through geometrical modifications. A study of the holding
voltage modulation presented as core analysis.

Figure 5.1: Cross section of a general SCR-LDMOS [25]

5.2 The SCR-LDMOS device

In this chapter a conventional SCR-LDMOS, a modification of the power LDMOS
device in [42] with the additional p+ diffusion into the drift region as in [25], is used



66 Chapter 5. Study of SCR-LDMOS for HV ESD Protection

as device-under-test. In Figure 5.1 the schematic view of the device cross-section is
reported, with the indication of the main geometrical features. The SCR-LDMOS is
a modification of a standard LDMOS , providing a significant improvement of the
SOA in terms of its ESD robustness [25]. Under high inductive switching, it has
the same performance of a standard LDMOS and it goes into the SCR mode under
extreme high voltage/high current conditions during an ESD event. The robustness
up to failure is simulated since its low holding voltage, dependent on doping concen-
tration and overall geometry, makes it susceptible to ESD-induced latch-up failure
for high voltage CMOS/BCD technologies. One of the main drawbacks of this kind
of protection is that it collapses very easily to an holding voltage of few Volts. In
Figure 5.2 the SCR clamp trend is circled as the expected behavior of the DUT of
this chapter.

Figure 5.2: Different clamps behavior SOA under ESD conditions.
The one under investigation in this chapter is here generalized as SCR

5.2.1 Cross section description

The cross-section of the reference SCR-LDMOS device is reported in 5.3. A schematic
representation of the cross-coupled NPN and PNP transistors within the SCR-LDMOS
domain is also shown along with the most relevant resistive paths. More specifically,
the corresponding circuit reported in Figure 5.4, shows the additional resistive paths
given by the drift region (RDRIFT ) and by the p-type epitaxial layer (REPI), reported
in series to the respective collector regions. More specifically, two coupled bipolar
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Figure 5.3: 2D cross-section of the SCR-LDMOS cell under investi-
gation. The SCR connection of the two BJTs (PNP and NPN) is drawn

in the 2D plot.

transistors are internally stacked to efficiently build the typical SCR, essentially con-
sisting of a PNPN structure, reported in Figure 5.4. The anode of the SCR is formed
by the p+ diffusion in the n-well, featuring the emitter region of the PNP BJT. An ad-
ditional n-type implant well is assumed (NIL), as in [43] with the aim of modulating
the holding voltage without affecting the breakdown. The cathode is formed by the
n+ diffusion in the P-type implantation layer (PIL), with the aim of turning on a par-
asitic NPN for LDMOS standard operating conditions. The reference SCR-LDMOS
device has been designed for a SOA of Vt around 120V, Vh of around 4V and an It2

of about 50 mA/µm. Both NPN and PNP devices are in collector-emitter resistance
(CER) configuration (i.e., with a resistor between emitter and base). In the case of
the NPN BJT, the PIL, usually adopted in the body well of the LDMOS, gives the
most relevant contribution to the base-emitter resistance called RPIL in the scheme.
Vice versa, an additional profile of the NIL is used under the p+ region, which con-
trols the resistive contribution at the emitter-base of the PNP BJT. The NBL under
the SCR structure is tied to the anode and used for isolation. A vertical NPN BJT
might be switched on in parallel to the lateral one during ESD events, thus NBL en-
gineering was discussed in few articles even if it is usually a common platform of the
technology and specific adjustments should be avoided [44].
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Figure 5.4: Schematic representation of the SCR structure integrated
into LDMOS with all the resistive contributions given by the main

doping wells of the structure.

5.2.2 Operating conditions

The schematic representation of the equivalent circuit realized in the SCR-LDMOS
structure is depicted in Figure 5.4. Both BJTs are switched off during the normal
operation of the LDMOS device. The NPN BJT is switched on at high voltage by
the onset of avalanche condition in the drift region (the generated holes are drained
out by the cathode through the PIL resistive path RPIL). During an ESD event, under
extremely high voltage or high current, the structure switches into SCR mode. This
configuration is exploited by the LDMOS device in its off state and an ESD stress
occurs: the parasitic BJT turns on building an SCR path. This is a typical configu-
ration for bipolar devices under ESD conditions, as they are expected to turn-on at
the onset of the impact-ionization regime leading to the snap-back condition. The
SCR-LDMOS device has been realized in BiCMOS technology, as explained in Sec-
tion 3.5. The BiCMOS technology makes use also of a buried n-well doping that
can lead to the additional vertical NPN structure, giving rise to an additional ver-
tical path as discussed in the next Sections. The buried layer has been monitored
through TCAD simulations as part of the bipolar current is drained through it under
high injection conditions. Due to the complexity of the structure, the features of both
bipolar transistors must be taken into account simultaneously. More importantly, due
to the differences in the adopted pn-junctions and in the geometry of the active re-
gions, the whole device has to be tested in its physical behavior for any new device
configuration.
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5.3 Simulation of the relevant operating conditions

5.3.1 Triggering and holding regimes

2D simulations have been carried out by using the Synopsys commercial TCAD tool
[5]. The impurity concentration profiles have been inferred from process simulation
results, but analytical functions have been used to easily consider layout variations
of the investigated structures. All simulations have been carried out using the drift-
diffusion model, as explained in Section 3.4 coupled with the heat-transfer equation
(see Section 2.3. Shockley–Read–Hall and Auger generation–recombination mod-
els have been used along with the Unibo impact-ionization model [45]. They were
turned on with default parameter values. Thermo-electric simulations have been car-
ried out with ideal thermal boundary conditions, assuming room temperature at the
metal contacts and calibrated surface resistance according to critical regions. In Fig-
ure 5.5, the available TLP I-V measurements and the TCAD simulations are reported
showing a nice agreement in any relevant ESD regime. More in detail, a pulse train
with 200ps rise time and standard 100ns pulse length is applied at the anode contact
with increasing current pulses. In LDMOS off state conditions, when a positive volt-
age is applied to the anode, an ESD stress event is induced. The voltage drop into the
device is constituted by several contributions which have different impact depending
on the physical conditions. The ESD cell is simulated over a range of current ratings
that can give valuable information regarding the trigger voltage Vt, holding voltage
Vh and failure current IT2. Avalanche multiplication in the drift region causes the
triggering of the parasitic NPN BJT leading to the snap-back condition (see Fig 5.5
region A). If a positive current is applied to the anode, due to avalanche breakdown,
the generated electrons flow to the cathode terminal, while the holes are injected into
the P-epi bulk terminal across the P-body resistor RPIL (see Figure 3.18). When the
voltage drop across RPIL becomes higher than the threshold voltage, the parasitic
NPN BJT turns on. At this current level, the main potential drop is absorbed by the
RDRIFT path (see Figure 3.18. At even higher current levels, the holding condition
takes place (see Fig 5.5, region B): the large current flowing underneath the anode
region, crosses the NIL region, behaving as the RNIL of the pnp configuration and
forward biases the PIL /n+ junction, turning the PNP BJT on (see Figure 3.18. After
this, the structure is triggered into the double injection conductive state, and the hole
injection from the parasitic PNP BJT becomes the major source of hole current. The
required voltage drop between anode and cathode in such conditions is the Vh. The
latter is the key parameter treated in this work.

As the current injected increase, the feedback mechanism that is established be-
tween the two parasitic bipolars leads the device to an high injection regime (see
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Fig 5.5, region C), where the slight electrostatic potential drop is related to RNIL and
RPIL mainly. The carrier crowding created by the latter condition enables the occur-
rence of temperature increase and brings the device into thermal runaway, hence an
irreversible condition, as found in Figure 5.5, region D.
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Figure 5.5: TLP I-V characteristics: measurements (dots) are com-
pared with TCAD simulations carried out on the reference structure.
Triggering point (A). holding point (B), high-current regime (C) and

thermal runaway (D) are indicated

The approach used for the simulations leads to a slight underestimation of the
device performances in terms of thermal runaway. However, TCAD results show the
worst-case scenario, and the failure condition of the real device is reached at a larger
IT2 current than the simulated one. No process simulation was performed since the
device under test is a tried-and-tested technology. Layout variations of the investi-
gated structures can be easily considered due to the analytical functions used for the
implementation of the structure upon Sentaurus tool. Moreover, the 2D simulation
is not considering additional 3D effects that might influence the overall boundary
conditions. Nevertheless, since the width of the device layout is consistently larger
than the length, the 2D cross section is the most relevant current path. Furthermore,
3D approaches are required for the investigation of current filamentations but in the
proposed device they are not expected to play any role. Thus, in this work, 2D simu-
lation are adopted to predict the higher levels of temperatures. The aim of the study is
to detect and analyze the entire volume of the device and find the junctions involved
through the cross-section in each I-V regime. As a matter of facts, even though the
SCR structure the majority of the current density is concentrated at the surface of the
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device while other parasitic conductive filament path are spread in the deeper part of
the device.
When the voltage drop in the drift region increases due to avalanche multiplication,
Vt is reached. A significant impact ionization generation, indicated in Figure 5.6 with
"ii", along the vertical junction is experienced as well, due to the vertical spreading
of the current density in the bottom side of the pn-junction, leading to the turn on of
an additional parasitic bipolar transistor, as shown in Figure 5.6. Then the avalanche
current flowing underneath the anode side in the p+ region (RDRIFT ) can switch on
the p+/n NIL junction, triggering the parasitic PNP BJT, as it can be observed in
Figure 5.7.

Figure 5.6: 2D plot of impact ionization (i.e. ii) at trigger voltage
(Vt = 150 V, I=0.5mA/µ m). It is clear that two main region are in
breakdown condition: one at the surface in the drift region and one

close to the NBL, creating a vertical path below the NPN device

In Figure 5.8, a 2D plot of the electron and hole current densities at trigger level
(around 0.5 mA/µm) reported. The electron current contribution creates a flow of
electrons at the anode side. The avalanche current flowing underneath the anode side
p+ region (Rnwell) can forward bias the p+/NIL junction. The hole current density
flowing into the n-well triggers the base-emitter junctions of the NPN BJTs, both
laterally between NIL and p-epi and vertically through the NBL triggering the addi-
tional NPN. When the device reaches such condition, it is considered triggered and
the voltage drop between anode and cathode is the trigger voltage Vt. This avalanche
current causes the complete turn on of the NPN transistor while the current flowing
underneath the anode region can eventually turn on the PNP transistor. In the holding
regime, the PNP BJT turns on, the high injection regime is reached and the feedback
loop between the SCR bipolar transistor and the NPN one are created, causing the
voltage drop at holding voltage. In other words, the holding voltage is defined by the
amount of current that the PNP bipolar transistor needs forward-bias the emitter-base
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Figure 5.7: 2D plot of total current density (i.e. ii) at trigger voltage
(Vt = 150 V, I=0.5mA/µm). The superficial and lateral current path

and the vertical one are indicated with a blue arrow.

Figure 5.8: 2D plot of electron (a) and hole (b) current density at
trigger voltage level. The p+ region added to anode in order to build

the SCR is not influencing the current flow.
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junction. The de-localization of the impact ionization peak as well as electric field
peaks superficially might represent the occurrence of the Kirk effect. This effect can
be observed in Figure 5.9. The device is now in high injection regime and the current
starts to increase reaching a significant crowding. This congestion of carriers gives
rise to relevant self-heating.

Figure 5.9: 2D plot of impact ionization at holding voltage level.
After the breakdown the impact coefficient as turned on both bipolar

transistors of the SCR structure.

5.3.2 Failure condition

It2 level is characterized in the TCAD analysis by means of a failure criterion where
a maximum temperature of 1200K is used. The current that is driven into the NPN
emitter region (cathode n+) due to its small n-type doped area is not able to control
the increase of temperature, thus the hot spot is created mostly at the n+ cathode as
it is shown in Figure 5.10.

It is worth mentioning that SOA measurements were not repeated with different
rise-times since it is not expected to play any significant role as reported in [46] did
not observe any difference. Thus, all key parameters such as trigger voltage, holding
voltage and failure current have no significant dependence on the time variation under
100 ps. As current increases, the failure level can only degrade further the device. As
a consequence, at a current density level of around 30mA, identified as It2 in Fig 5.5,
section D, the device goes into thermal failure irreversibly. As previously said, this
level is underestimated by the TCAD simulations with respect to measurements since
3D effects and some process details are not accounted for in the 2D cross-section.

The technology under test is then simulated through the whole ESD spectrum
(from 0.2 ns to 1000ns) to test its reliability. In Figure 5.11, TCAD results of the
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Figure 5.10: 2D plot of lattice temperature at thermal failure level.
After the breakdown the impact coefficient as turned on both bipolar

transistors of the SCR structure.
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Pulse width (ns) Vt(V) Vh(V) IT2(A/µm)

1 156 50 0.06
50 156 7.6 0.04

100 156 7.6 0.03
300 156 7.6 0.02
500 156 7.6 0.015

1000 130 6 0.01

Table 5.1: Compared values of Vt, Vh and IT2 levels of the reference
device based on the data in Figure 5.11.

simulated reference device are shown at different pulse times: trigger and holding
voltage are significantly modulated at pulses shorter than 10ns due to the reactive
behavior of the bipolar transistors in such time ranges. As far as the It2 is concerned,
it is foreseeable that the thermal runaway is reached at lower current densities along
with the increase of the current pulse amplitude. In Figure 5.12 it is possible to ob-
serve the increase of temperature and the failure level using a maximum temperature
of 1200K as failure criterion. The results show that the failure temperature is reached
earlier as time pulse increases. At 1000 ns (EOS condition) It2 is less than 15 mA/µ
m. On the other hand, for stress times shorter than 50 ns the It2 level increases ex-
ponentially according to the Wunsch-Bell trend in the adiabatic regime [9]. Since
the analysis is not focused on the vf-TLP failure condition, the IT2 levels for stress
times less than 50ns is not reported. The values of Vt, Vh, and IT2 for the whole EOS
spectrum are summarized in details in 5.1.

5.4 SCRs characterization: the holding voltage issue

As clearly found with the analysis of the circuit in Figure 5.4, Vh is determined by
the intrinsic feedback of the two BJTs, as the shows:

VH = [RPIL(ICPNP − IBNPN ) + REPI ICPNP + VEC PNP] − (5.1)
RNIL(IRAMP − IE PNP) + RDRIFT (IRAMP − IEPNP + IBPNP)

Thus, a preliminary study on the structure and doping configuration is carried out
to shift Vh to higher values, similarly to active clamps with high holding voltages.
A novel structure with adjustable layout and process parameters that sustains a Vh

larger than 15 V is the goal of the following set of simulations. In addition, Wunsch-
Bell criterion , provides a chance to estimate failure levels of semiconductor devices
concerning different pulse durations [8]. Thus, ESD protection shall be ensured by
a high second-breakdown failure current (It2) as well, which is often mostly limited
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Figure 5.12: Current Density vs. temperature (K) at different pulses
lengths from vfTLP (1ns) until DC level (1000ns).

by the thermal behavior [46] but also correlated to Vh.The study of the whole safe
operating area is the goal of this analysis, correlating Vt, Vh, It2, together with failure
condition at different stress times.

It is well known that BJT-based ESD protection structures are fairly effective as
ESD protection devices because of the large current gain, thus high-voltage SCRs
implemented in LDMOS structures the topology shown in Fig 5.1 have a superior
ESD protection ability derived by the bipolar injection conductivity modulation [25].
As a matter of fact, the SCRs, due to their capability to switch from a very high
impedance state to a very low one, are extensively used in power device applications
which require latch-up immunity and reliability, in addition to high ESD robustness.
As a specific example, they are mandatory solution to match automotive application
requirements and area occupation. However, their holding voltages Vh are still rela-
tively low, as previously mentioned, while Vh is required to be even larger than the
voltage supply of the IC power devices to fulfill the protecting purpose. The latter
issue needs to be addressed and no simple solutions are available so far, as the most
relevant contribution to Vh is given by the parasitic resistors integrated in the LD-
MOS structure itself.

Several different solutions have been recently investigated in the literature: 2D
stacked structures have been proposed in [47], which cause chip area occupied by the
device to increase proportionally with the stacking number. On the other hand, a good
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latch-up immunity is achieved. In [48] [49] paralleled external resistor is proposed
to optimize the conducting resistance, segmenting emitter layout , dealing with a
significant reduction of the It2 and increased clamping voltage. Another possible
solution was presented in [44], embedding a NMOSFET in the p-well of a modified
lateral SCR (MLSCR) was considered another possible solution, but it alters the
simple SCR layout scheme and builds more parasitics to be taken care of.

All recent studies focus on the modification of the 3D layout or on the addition of
junctions. The best modification gave an increase of the Vh of roughly 20% (an in-
crease of 4-5 Volts). The trade-off between all key parameters should be considered,
leading to the definition of a figure of merit as explained in [50]:

FOM = Vh ∗
It2

S
(5.2)

with S the surface area of the cell, considered as normalized for the sake of com-
parison. In the following, the conventional SCR-LDMOS solution is taken as case
of study and it is modified and analyzed to find any possible correlation between the
proposed modifications and the variation of the key parameters Vh and IT2.

5.4.1 Trade-off between lateral and vertical current paths

An important analysis to understand the physical mechanism that triggers the SCR
device, driving to Vh is the modulation of the drift length (LDRIFT ). In [51] the im-
portance of the lateral dimension is associated with the base length. The modulation
of the resistivity of the current path is shown along with the influence on both trigger
and holding voltage. The device under test (DUT) is simulated by modifying the lay-
out so to obtain different LDRIFT values. Originally the device length was of 7µm. A
vertical and lateral component of the current were detected due to avalanche current
flowing through the NBL region, along with the expected surface one. The modu-
lation of the drift region helps to understand the evolution of the vertical or lateral
current path. Moreover, it is useful to study the role played by each pn junction ac-
cording to their relation with LDRIFT . In this way, it is possible to analyze when and
how a certain area of the device is crucial for triggering, holding or thermal runaway.

In Figure 5.13 Vt and Vh are reported as functions of Ldri f t. First, the Ldri f t

modulation was obtained by adjusting the field plate length accordingly. In this way,
it was possible to apply the reduced surface field (RESURF) effect as previously
explained in 3.5. Due to the RESURF effect, a flat and uniform electric field is
observed along the drift region, preventing the vertical n-well/p-epi junction from
the avalanche onset. The drift region would define the trigger voltage without the



78 Chapter 5. Study of SCR-LDMOS for HV ESD Protection

3 4 5 6 7 8 9 10 11
0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

160
V

o
lt
a
g
e
(V

)

RESURF

effect

R
e

fe
re

n
c
e

 D
e

v
ic

e

V
t
 fixed FP

V
h

 fixed FP

V
t
 scaled FP

V
h

 scaled FP

Figure 5.13: Trigger and holding voltage vs. LDRIFT . The simulated
results show the role of the lateral and vertical contributions to the
avalanche onset (Vt). The holding voltage is quite not impacted by

this modification up to very large LDRIFT

interference of any other parasitic path. By increasing further the drift length, an
unbalance in the RESURF effect, is obtained leading the vertical field to dominate
on the lateral one. As a consequence, the p-sub/NBL junction reaches the avalanche
onset at high VDS and limits the Vt. When the length of the gate PolySilicon is not
modified consistently, the lateral drift contribution dominates significantly at short
lengths. On the other hand, the holding voltage modulation is very limited in both
cases (blue curve in Fig. 5.13). An increase is obtained when the vertical current
path prevails. However, the latter case is not able to push the carrier crowding from
the surface to the bottom, and a temperature increase is reached faster. Moreover,
the area of the device is increased consistently leading to a significant degradation
of the FOM. A further study was carried out on the active area region of the NPN
by modifying the overall area of the device. The purpose of this test is to observe
how the base and emitter length of the NPN transistor can influence the holding
voltage level, eventually without modifying all the other key values or vice versa
fixing the holding voltage while increasing the failure level. More in details, the NPN
emitter area and distance from the collector region is increased to find which physical
mechanism dominates when changing the bipolar transistor gain and its active area at
holding and failure level. In figure 5.14 the regions that are modified are highlighted
with arrows. In particular, the length LE n+ region, identified as the emitter region
of the NPN transistor is initially increased. This modification improves the emitter
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Figure 5.14: Device simplified structure with yellow arrow indicating
the n+ alias NPN emitter region LE that has been modified, blue arrow
indicating the base length enlarged LB, and green arrow the height

modified of the NBL position TNBL.

injection efficiency thus bringing down the current gain of the transistor. Simulations
result in Figure 5.15 show how this solution cuts the gain and consequently reduces
the holding voltage slightly (from 7V to 5V). In high injection regime, the critical
point is, in fact, the emitter region due to its small area since it is the region where
the lateral and vertical currents are collected. The area enlargement of the NPN
emitter spreads the same amount of carriers into a larger area thus reaching failure
point at higher current densities.

Simulations with different LB values have been carried out in order to modify the
base extension of the NPN. The structure is then stretched such that the base length
increases (see blue arrow in Figure 5.14. Results in Figure 5.16 show an increase
of holding voltage related to modification of the NPN transistor: the base length
modulates the NPN emitter-base turn on. Through the TCAD tool, it is possible to
investigate the lateral current path as well, and its limit in the increase of holding
voltage. In fact, with LB greater than 9 µm different path is turned on as well as in
the NBL case, as it is explained later on. Thus, it is possible to deduce that the NPN
geometry has a key role in the SCR behavior.

The vertical path observed below the cathode region in Figure 5.8, that provides
a certain amount of current to the NPN bipolar transistor before reaching the holding
voltage, is of some concern. The vertical path is changed in terms of area, shifting
the n- buried layer closer to the surface at distances TNBL in the range of ± 0.5 µm
(see Figure 5.14. NBL engineering has been previously discussed in [50] where it
was optimized not only as a reliable feature to isolate from the substrate but also for
device performance optimization. The purpose of our simulations is to demonstrate
that there is an optimal position of the NBL in order to fulfill its purpose of isolation
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without having a dominant impact on the NPN parasitic bipolar transistor during ESD
events. The latter creates a highly conductive vertical current path due to the heavily
doped PNP/NBL region. Thus, it is important to control the vertical contribution
preventing it from dominating the current flow, as explained in [48]. The limit on
the position of the NBL is given by the following outcome: if it is higher of more
then LNBL +0.7 µm, the vertical path starts to dominate completely, turning on the
additional vertical NPN and preventing the SCR feedback loop. In this condition
the PNP bipolar transistor turns on at higher current densities, around 15 mA/µm;
however, the device is incapable of exploiting the SCR features in terms of failure
conditions. Thus, the failure point is significantly lower and it is not possible to
benefit from the SCR features. The TCAD results for Vt and Vh are reported in
Figure 5.17, along with the values of IT2, showing the degradation of the latter while
increasing the holding and trigger level of the device.

5.4.2 Effect of NBL contact on device performance

The NBL connection to the anode in Figure 5.18 is simulated to test its role at the
holding voltage level. In order to avoid the shortcut between NBL through an addi-
tional contact connected to anode, a n-well implant is introduced to lower the resis-
tance in the upper region. This n-well implant is indicated in Figure 5.18 with the
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label "DEEPN". It can be inferred that the properties of the PNP and the vertical
injection of current would change accordingly with the new adopted doping profile.

Figure 5.18: 2D cross-section of the SCR-LDMOS cell under inves-
tigation. The n-well doping that substitutes the NBL contact is indi-

cated as DEEPN

Simulations allow to understand the role played by the DEEPN path. In the
reference device, we have considered as essential the impact ionization at the NBL
side. The latter increases the amount of carriers provided by the PNP transistor,
giving rise to holding voltage at certain electrostatic conditions. This condition gives
rise to the feedback between the two bipolar transistors at holding voltage. Without
the connection of the anode to the NBL, the behavior of the SCR is localized only at
the surface. The carriers injection is mainly squeezed in the upper part of the device,
thus reducing the holding voltage level. However, the vertical current path can give
a considerable contribution to the amount of carriers fed to the PNP base to turn on
the SCR at the onset of holding conditions at larger voltages. The latter is further
investigated in Figure 5.19 where the current density at the holding voltage is shown.
In Fig. 5.19 (a) the NBL is directly shorted to the anode thus the current is spread
both superficially and vertically through the NBL; in Fig 5.19 b) the same amount
of carriers is mostly concentrated at the surface but no contribution from the vertical
side is assessed.

Moreover, the electrostatic potential distribution at holding voltage change in the
two cases and, in particular, the amount of carriers provided by the NBL current
enables the SCR to reach higher holding voltages. Thus, in case of Figure 5.19 (b)
the holding voltage is lower. This occurrence is further confirmed by the impact
ionization distribution in the two cases as shown in Figure 5.20. The carriers flowing
into the NBL drive into avalanche the NBL p-epi junction, providing more carriers to
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Figure 5.19: 2D cross-section of current density distribution of the
SCR-LDMOS cell under investigation at holding voltage level a) with

NBL contact shortcut to the anode and b) without NBl contact
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Figure 5.20: 2D cross-section of the impact ionization coefficient in
the SCR-LDMOS cell under investigation at holding voltage level a)
with NBL contact shortcut to the anode and b) without NBl contact
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the PNP bipolar transistor (Figure 5.20 (a)). In the hypothetical absence of the DeepN
connection between the anode and the NBL, the impact ionization distribution is
concentrated at the surface and it leads to lower electrostatic potential (lower holding
voltage conditions) as shown in Figure 5.20 (b). Therefore, in order to re-establish
the connection between the drain contact and the NBL, the DEEPN resistivity is
modified: if the overall doping of the DEEPN is increased, the resitivity is lowered
and the carriers are able to reach the NBL without any further shorting. Hence, the
NBL contact is not needed.
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pared with TCAD simulations carried out on the reference structure
comparing results obtained with and without NBL contact short-cut
with the anode of the device: results of TLP simulations (100 ns pulse
length) show the role played by the injection of carriers from the NBL

side

Results are shown in Figure 5.21 where the I-V curves obtained with the default
device with the external NBL shortcut are compared with simulations carried out
without shorting the NBL but adopting the DEEPN doping. The different DEEPN
doping configurations lead to different Vh. The highly doped DEEPN reaches the
same Vh of the shorted NBL, establishing a vertical connection between the surface
and the buried layer of the device.

To further confirm that the change in the DEEPN resistivity is almost equivalent
to the NBL external contact in Figure 5.22 the current density distribution in these
two cases are compared. The vertical path driving part of the carriers down to the
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NBL side is clearly evident in both cases, even if a different vertical distribution is
still visible.

Figure 5.22: 2D cross-section of the current density distribution in
the SCR-LDMOS cell under investigation at holding voltage level a)
with NBL contact shortcut to the anode and b) with DEEPN doping

profile modified

The setup that is used in the next Sections considers as optimal configuration the
one with an NBL contact, since it gives the best stability in terms of holding voltage
and thermal breakdown for the sake of the analysis.

5.5 Studies for the improvement of Vh

5.5.1 Holding-Voltage modulation through Irradiated SCR-LDMOS

In [52] another technique for the SCR-LDMOS improvement is proposed assuming
the electron or ion irradiation as a key tool for off-line optimization of the device
parameters. The proposed solution is as follows: TCAD electro-thermal simulations
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have been carried out on the standard SCR-LDMOS device (see Figure 5.3) by re-
producing artificially through simulations the defects originating from the irradiation
with high-energy electrons as in [53]. This is the so-called carrier lifetime-control
process, with major advantages in high reproducibility of the dose and stability of
the tailored lifetime after annealing, best spatial uniformity and optimal concentra-
tion ratio of the dominant defects. The proposed solution was successfully applied
to discrete high-voltage power devices in previous works [54] [55]. The generated
traps were experimentally characterized for different irradiation conditions and ac-
curately implemented in TCAD simulations [56]. Following [56], the role of the
defect traps induced by the electron irradiation has been investigated on the SCR-
LDMOS device, by running TLP simulations up to the thermal failure for different
trap concentrations.
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Figure 5.23: TLP I-V characteristics: TCAD simulations carried out
on the reference device (black symbols, no traps) and on the proposed
irradiated device with three different bulk trap concentrations (NE1 =

1012, 1013, 1014 cm−3).

Irradiation of silicon with high energy electrons generates a spatially uniform
distribution of point defects acting as generation-recombination centers. The most
prominent levels originate from oxygen-vacancy pairs and divacancies which are lo-
cated at 0.16eV (E1) and 0.42eV (E4) below the conduction band, respectively [57].
The former dominates in the high injection regime and reduces the carrier lifetime
at high carrier concentrations. The latter affects the reverse-bias condition since it
increases the two-step trap-assisted generation probability. Thus, electron irradiation
has been used in the device simulation setup assuming that the bulk traps are two
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acceptor levels (E1 and E4), uniformly distributed with a certain concentration ratio.
Process simulations are not needed for the definition of traps since the spatial and en-
ergetic features are given by experimental characterizations [56]. Simulations have
been carried out considering a range of acceptor concentration from 1012 to 1014

cm−3. In Figure 5.23 current densities obtained with the latter current concentration
are shown. A significant modulation of the Vh has been observed for the case of
acceptor concentration of 1014 cm−3 (see results in Figure 5.23, with no significant
variation of It2 or Vt.

In order to observe the internal behavior of the device in the different key regimes
of the I-V curve, the impact of the trapped charge in the structure has been monitored.
The current level is at the holding condition, corresponding to a holding voltage of
8 versus 12 Volts, respectively. The current densities at the same current pulse for
no traps concentrations, and trap concentration of 1012 cm−3 are shown in Figure
5.24. The current distributions presents relevant surface crowding on the right of the
structure that increases when the trap concentration reaches 1014 cm−3. Thus, we can
deduce that traps are suitable for the modulation of the Vh since it has a substantial
impact on the current path. The trapping occupation in Figure 5.25 enables further
considerations, showing that acceptor traps are filled in a different way with a trap
concentration of 1012 cm−3 with respect to the highest concentration of 1014 cm−3.
More specifically, the trapped charge in the upper right-side n-well region gives rise
to the Vh increase.

In Figure 5.26, a significant increase of the resistive path due to the presence of
traps can be observed in the position 4 to 7 µm. As a matter of facts, the role of traps
is to decrease the recombination lifetime in the high-injection regime reducing the
excess of carriers flowing in the device. In Figure 5.27 is used to extract the carrier
densities. The device is in high injection state since electron and hole concentrations
are equal and much larger than the doping concentration. From 7 to 10 µm the higher
trapping occupation density reduces significantly the electron and hole densities, thus
increasing the resistivity.

The role played by traps can be further investigated by implementing the uniform
distribution at maximum concentration (i.e., 1014 cm−3) only on limited areas cor-
responding to the active regions of the NPN (left side) and PNP (right side) BJTs,
respectively. As shown in Figure 5.28, with lateral extensions given by the p-well
region on the left side and by the p+/n+ extensions on the right as indicated in Figure
5.26. A negligible effect of the irradiation on the left-side of the device is observed.
As a matter of fact, the Vh shift is around 1% when considering only the irradiation
related to the NPN area, while an increase of Vh of almost 16% with respect to the
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Figure 5.24: 2D plot of the total current density at holding level for
the case without traps (a) compared to the case of NE1 = 1014 cm−3

(b).
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Figure 5.25: Electron trap occupation at the holding voltage in the
cases with trap concentration of (a) 1012 cm−3 and (b) 1014 cm−3.
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Figure 5.26: Electrostatic potential at the holding voltage in the cases
with different trap concentration.

original device is detected when irradiating the PNP region. Thus, the trapping ef-
fects are effective at the base region of the PNP BJT, influencing the corresponding
high-injection regime.

Finally, the self-heating effect at irradiated conditions is also tested with addi-
tional simulations performed on the reference device comparing the thermal behavior
with and without traps, assuming ideal boundary conditions. The TLP pulse applied
for this set of simulations is fixed at 5 mA/µm. In Figure 5.29, the results of Vh at dif-
ferent temperatures are compared reporting the cases with and without traps. From
the previous analysis, it is known that traps start to influence the IV curves of the
device after a certain concentration. Thus, a difference on the Vh is expected. The
thermal behavior of the BJTs is considered the cause of the reduction of about 32%
of Vh for the reference case with no traps, as self-heating causes maximum local-
ized temperature of about 500K, mostly on the left part of the n-well region. On the
other hand, the irradiated device with maximum concentration of traps has a weak
de-trapping mechanism leading to a smaller variation of Vh of around 10%. This
behavior is induced by the ambient temperature increase as the self-heating hot spot
is still located in the left part of the n-well region, where the role of traps is less
effective. Therefore, the trapping solution is less sensitive to temperature conditions
with respect to the reference case.

For the sake of completeness, a thermal failure analysis has been performed as
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temperature for the reference device compared to the irradiated case

with the highest trap concentration.

explained in [37]. The failure criterion adopted is the following: the maximum tem-
perature in the structure is monitored at the end of the current pulse (100 ns), and a
temperature of about 1200 K is considered at the onset of thermal runaway. In Figure
5.30, triangles in the TCAD curves correspond to the extracted thermal failure. It is
clear how the trapping solution does not significantly influence the thermal heat-up
of the device, thus failure degradation is preserved. In particular, the power-to-failure
degradation for the irradiated case with respect to the reference one is only -6%.

5.5.2 Holding-Voltage modulation with doping and layout modi-
fications

The first analysis carried out in [43] on the improvement of Vh in SCR-LDMOS
devices, shows how an additional heavily doping N-type implantation layer (NIL),
added underneath the N+ and P+ drain of the standard SCR-LDMOS, can signif-
icantly lower the emitter efficiency of the parasitic PNP BJT and so increase the
holding voltage. With this approach, neither any external circuitry nor a larger lay-
out area is necessary, while obtaining features of a proper Vt, a high enough Vh and
acceptable ESD robustness. Thus, the trigger of both bipolar transistors is exam-
ined here by addressing similar approach in order to understand how it influences
the feedback activation of the whole SCR structure. In particular, the PIL and NIL
doping are modified and engineered. The Safe operating Area (SOA) of the device
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is investigated through the modification of both parasitic bipolar transistors.

Analysis of the NPN mechanism
The NPN parasitic transistor is connected in parallel to the LDMOS device, with
emitter and base intrinsically shorted through the source-body contact. If impact-
ionization generation takes place in the drift region at Vt, generated holes are drained
away through the p-well body region eventually giving rise to a voltage drop between
base and emitter. Thus, the doping level of the p-well region significantly modifies
the triggering condition. More specifically, the lower the resistive path, the larger
the required current to trigger the NPN leading to snap-back. The additional p-type
region placed below the cathode can be refereed to the fact that this device is used
as an LDMOS in normal operating conditions, hence, in that case, the buried body
purpose is to reduce the effective resistance between the NPN base and emitter [58].
To this purpose, the PIL doping region was modified in order to change the gain of
the bipolar transistor and test its impact on the holding voltage and thermal failure.
Moreover, it is possible to reverse-evaluate the impact on the turning on mechanism
at holding level until thermal failure.

Figure 5.31 shows the trends obtained from the simulations when considering an
increase of the PIL doped region. The trigger voltage is quite unaffected by the PIL
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Figure 5.31: Voltage vs current at the variation of the p-type implant
layer (PIL). As the holding voltage increases, the It2 decreases accord-

ingly as shown in the next figure.

modification since it can be related to the PNP and the reverse junction turn-on. Thus,
Vt value varies from 153 V to 167 V. On the contrary the holding level experiences
a significant increase of both current and voltage level. Indeed, the higher doping of
the NPN active base region enables the NPN bipolar transistor to turn on faster than
before and with different potential barriers between junction. Moreover, the increase
of the doping reduces the resistive path built by the NPN base and carriers can flow
to the anode side, laterally and vertically a lot easier than in the reference case. The
difference in terms of current densities is shown in Figure 5.32.

In the high injection regime, which takes place at higher current pulses, the tem-
perature hot spots become relevant. The critical point is identified in the n-type
doped region at the cathode side, heating up faster as the PIL doping increases. A
good trade-off is found by plotting the PIL doping of 2e+ 18cm−3, since the holding
voltage as reached 15 V, while It2 as not dropped dramatically as reported in Figure
5.33.

Analysis of the PNP mechanism
The analysis is carried on by investigating the other BJT that constructs the SCR
structure: the PNP bipolar transistor. An in-depth study was done by P. Hongwei
et al. in [43], adding a n-type implantation layer in the PNP base region. In their
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Figure 5.32: Current density distribution at holding voltage in the
reference case a) and with a PIL doping variation case b)
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Figure 5.33: Holding voltage (left scale) and failure current density
(right scale) vs. PIL doping variations.

work, it is explained how a n-type implantation layer in the PNP base is beneficial
in terms of holding voltage improvement. In the device under study, the reference
device already had this kind of improvement. Nevertheless, simulations of the mod-
ified doping were done in order to get a better understanding of the NPN gain and
its correlation with the PIL modifications explained earlier. Results in Figure 5.34
show how its impact on the holding voltage is less significant with respect to the PIL
case. However, the decrease in the resistive path of the PNP base, enables the cur-
rent flow to reach the full turn on of the NPN transistor at lower current levels and
shift the feedback between the two bipolar transistors path at higher potential drops.
Indeed, the I-V curve show clearly the turning on of the two bipolar transistors after
triggering. In addition, looking at Figure 5.35, the thermal contribution to the overall
SOA can be discussed. The doping modification of the NIL region causes a carrier
crowding close to p+ anode region. Consequently, avalanche multiplication occurs,
causing an localized hot spot in the latter part of the structure. At that point, with an
increase of the doping greater than 4 ∗ 1018cm−3, a degradation of the It2 is detected
as well. Thus, an optimal configuration is the one before the premature occurrence a
thermal effect. After trigger, a significant amount of current is flowing superficially
and, as the NIL doping increases, is kept at the surface due to the low resistive path.
The doping region under study (NIL) initiates a controlled impact-ionization effect
at this point, heating up the device. The occurrence of this event, the current spreads
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Figure 5.34: Voltage vs current at the variation of the n-type implant
layer (NIL). Holding voltage is not influenced by this variation since
the snap-back condition is dominated by the NPN transistor, not mod-

ified in this case.

deeper, thanks to the bipolar transistors turn on and their feedback loop, reaching
the p-epi region. Thus, the electric field peak created by the avalanche generation
of carriers is lowered and temperature contribution is relaxed. This it is identified as
Kirk effect.
Figures 5.36 shows impact ionization and electrostatic potential after trigger, at hold-
ing voltage and after holding voltage, in order to analyze the evolution of the elec-
trostatic potential distribution close to the the snap-back occurrence. In NIL edge,
through the drift region from 9 to 11 µm, the phenomenon previously explained is
evident: the impact ionization collapses as the electrostatic potential peak increases.

A similar analysis is thus carried out on the reference device by changing the
peak value of both NIL and PIL Gaussian profiles. The best configuration for the de-
vice is the one that uses a trade-off between high holding voltage and a high enough
failure current level. Through this investigation, it is possible to have some guide-
lines for future technology development, taking into account all possible physical
mechanisms that occur in these p-n junction configurations. Several combinations of
different PIL-NIL doping have been simulated. In this way, it was possible to ob-
serve first the increase of Vh and secondly if the IT2 level can be kept at a reasonable
value, spreading the electric field superficially without a premature heat up of the
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device. If not, that specific configuration is excluded since the overall performance
of the device are deteriorated. The results of all these simulations are synthesized
in Figure 5.37: the Vh and It2 values extracted for different NIL doping peaks are
reported showing an increase of Vh up to 10 V without significant changes in the
It2 (“Ref NPIL” curves). Vh is mostly modified by the anticipated onset of the Kirk
effect, as previously mentioned in [42]. The same effect leads to the increase of
self-heating in the snap-back condition, which reaches Tmax > 1200K at the largest
NNIL. The reported analyses clearly show that an optimization of both PIL and NIL
doping concentrations can be carried out allowing to eventually gain large Vh with
limited reduction of It2. In particular, Vh= 16 V can be obtained with NPIL= NNIL=

2x1018cm−3 with a corresponding reduction of It2 from 0.03 to 0.025 A/µm (Figure
5.37, “PIL+NIL” curves): a factor 2 in Vh is gained with a 17% reduction in It2.
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Figure 5.37: Holding voltage (left scale) and failure current density
(right scale) vs. NIL doping variation for the reference PIL concentra-
tion (Ref. NPIL and for the case with NPIL = 2 ∗1018cm−3("PIL+NIL)

In Figure 5.38 maximum temperature reached at each current level for the opti-
mal case (“PIL+NIL”) compared to the reference one and to the previous case with
NPIL= 2x1018cm−3 is reported clearly showing the role played by the Kirk effect in
increasing the temperature at lower current levels. The larger NIL doping slightly
increases Vh without changing the high-injection regime.

Failure current optimization and power-to-failure study.
By analyzing the SCR-LDMOS at the failure conditions, all cases show that it is
mostly related to the n+ region, identified as the emitter region of the NPN (Fig.
5.3). Simulations have been carried out by extending the length of the n+ well in
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the “NIL+PIL” case, leading to a significant reduction of the current crowding. This
opens to the recovery of It2 from 0.025 to 0.03 A/µm, as shown in the following.
Moreover, Vh and It2 should be also monitored versus stress time, as modifications
of the gain of both BJTs directly influence the corresponding transit times. To this
purpose, they have been extracted as a function of stress time from very-fast TLP
(1ns) up to long duration EOS regime (see Figure 5.39). Vh shows very large values
in the short-time regime due to the transfer time of the NPN BJT: at 1 ns, the BJT
is only partially turned on, leading to a larger snap-back current given by a limited
current gain. It2 shows a quite linear reduction with time mostly due to self-heating
effects. The optimized “PIL+NIL” case leads to a slightly lower It2 on the full range.
The emitter extension increases the NPN BJT active area, increasing the It2 with
respect to the “PIL+NIL” case. It also enhances the emitter injection efficiency,
leading to a slight reduction of Vh.

The analysis of It2 as a function of stress time gives interesting indications on the
power-to-failure. In Fig. 5.40, the power-to-failure curve of the reference device is
compared with the “PIL+NIL” cases, both with and without the emitter extension.
Quite similar results are obtained for the three different cases, proving that our ap-
proach has not influenced the overall performance of the structure besides the holding
voltage value. The curves obtained with TCAD nicely compare with other experi-
mental curves on different technologies, showing that SCR and PNP configurations
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lead to larger power to failure.
In Table 5.2, the FOM values of the investigated SCR-LDMOS reference device

and of the modified cases are compared with the recently published solutions in [44].
The “PIL+NIL” configuration shows an improvement of about 18% with respect to
the reference one, reaching a FOM similar to the best case under irradiated condi-
tions. Thus, the proposed study gives indications for a cost-effective optimization,
featuring a good solution for the Vh improvement up to 16V without impacting on
the device ESD robustness.

5.6 Concluding remarks

A deep physical understanding of the conventional SCR-LDMOS structure is given,
providing possible correlations between holding voltage and failure current condi-
tions. TCAD simulations of layout and doping modifications were tested with the
aim of increasing the holding voltage level without biasing the thermal runaway con-
dition. Simulations on the reference layout condition show the limitations given by



5.6. Concluding remarks 103

10 -1 10 0 10 1 10 2 10 3

Time (ns)

10 1

10 2

10 3
P

o
w

e
r 

to
 F

a
ilu

re
 (

k
W

/m
m

2
)

TCAD Ref

TCAD PIL+NIL

TCAD PIL+NIL, EE

PN Diode

PNP

LVSCR

Figure 5.40: Power-to-failure time to failure TCAD results in the
three cases of 5.39 compared with experimental results of Low Volt-

age SCR [59] and PNP data from [60] and PN diode [46]

Device Topology Vh(V) IT2(mA) S (µm2) FOM

HHSCR1 11.79 1.6 890 21.19
MLSCR 4.32 2.33 550 18.3
HVSCR 16.9 8084 9313 16.04

Ref Device 7.72 3 140 16.54
Ref Traps 1e14 16 2.5 140 25.14

NIL+PIL 15.69 2.5 140 28.02
NIL+PIL, EE 12.83 3 144 26.73

Table 5.2: Holding voltage, second-breakdown failure current and
area of different structures proposed in [44], compared with the ir-
radiated SCR-LDMOS devices in [52] and this work. The FOM =
VhxIt2/S is calculated consistently with the reported data and com-
pared with the device under investigation for “ref”, “PIL+NIL” and
“PIL+NIL, EE” cases. To this purpose, TCAD simulation data are

reported with a normalized width fixed to 1 µm.



104 Chapter 5. Study of SCR-LDMOS for HV ESD Protection

the lateral and vertical path of the current and their effect on the BJT triggering con-
ditions. The optimization of the snap-back condition has been proposed by means of
simple doping profile modifications. Finally, the figure of merit of the SCR-LDMOS
device has been compared with other technologies, highlighting a significant im-
provement on the overall performances.
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Chapter 6

Conclusions

The analysis submitted in this thesis is focused on TCAD simulations applied to
the study of several physical mechanisms dealing with ESD events. Moreover, a
methodology to study ESD clamps is provided through the TCAD to reduce the
qualification time of such protection devices. Two different sets of devices from the
same BiCMOS technology have been investigated.

The first one under consideration consists of two low voltage bipolar transis-
tor internally stacked, to realize a high voltage ESD clamp. The vf-TLP time do-
main is poorly investigated in literature even though new technology applications re-
quire protection for stresses in the sub-ns regime. Failure conditions in the adiabatic
model are the main concern of this work since the ESD architecture shows a non-
homogeneous behavior, not matching the theoretical predictions. The root cause of
the thermal failure has been identified as a simple layout modification which has been
proposed to improve the understanding the cell behavior. Thus, the ESD clamp under
study has been simulated and deeply investigated to fully understand the anomalous
behavior of the coupled NPNs and to devise improvements for its unexpected limita-
tions in the latter regime.

The second device used as case study in this thesis is a conventional SCR-LDMOS
structure. This ESD protection device embedded in laterally diffused MOSFET is
very attractive due to its high performance in terms of robustness and full compati-
bility with CMOS technology. On the other hand, low holding voltage, given by the
intrinsic feedback of two bipolar transistors, results in an increased latch-up risk. A
deep physical understanding is given, providing possible correlations between hold-
ing voltage and failure current conditions. TCAD simulations of layout and doping
modifications have been proposed with the aim of increasing the holding voltage
without biasing the thermal runaway. Simulations on the reference layout show the
limitations given by the lateral and vertical paths of the current and their effect on
the BJT triggering conditions. Thus, several solutions have been investigated and
understood through the device physical behavior.

A first possible solution is given by assuming the electron or ion irradiation as
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a key tool for off-line optimization of the device parameters. The results lead to in-
creased holding voltage without affecting the thermal conditions. However, as the
proposed solution might not be suitable for all products due the inefficiency in terms
of cost, other studies have been performed in the direction of simpler layout modi-
fications. The optimization of the snap-back condition has been proposed by means
of doping profile splits, instead. A trade-off of both n-type and p-type implant lay-
ers has been studied, showing their impact on the conductance modulation and high
injection regimes. A trade-off of the two implant contribution is studied and im-
plemented through TCAD simulations, leading to future possible paths of research.
The figure of merit of the SCR-LDMOS device has been finally compared with other
technologies, highlighting the significant improvements on the overall performance
of the proposed optimizations.
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