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“Tesla’s cat [Nikola Tesla’s favorite childhood companion| was the family’s black cat, Ma-
cak. Macak followed young Nikola everywhere, and they spent many happy hours rolling

on the grass.

It was Macak the cat who introduced Tesla to electricity on a dry winter evening. “As
I stroked Macak’s back,” he recalled, “I saw a miracle that made me speechless with
amazement. Macak’s back was a sheet of light and my hand produced a shower of sparks
loud enough to be heard all over the house.” Curious, he asked his father what caused the
sparks. Puzzled at first, [his father] finally answered, “Well, this is nothing but electricity,
the same thing you see through the trees in a storm.” His father’s answer, equating the
sparks with lightning, fascinated the young boy. As Tesla continued to stroke Macak, he
began to wonder, “Is nature a gigantic cat? If so, who strokes its back? It can only be

God,” he concluded.”

— W. Bernard Carlson, Tesla: Inventor of the Electrical Age
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Abstract

Silicon Controlled Rectifiers (SCRs) are popular devices for electrostatic discharge (ESD)
protection due to their low capacitance and high failure current. For high ESD robustness,
in addition, simultaneous or sufficiently fast triggering of device fingers are required and
for latch-up safe operation, high holding voltage, Vyorp, and high holding current, Igorp,
are often requested. SCRs we studied are of discrete technology for system level ESD
protection.

This thesis consists of two parts. In the first part, the triggering behavior of multi-
finger SCRs with substrate coupling were investigated under a HBM-like TLP stress and a
Surge-like half sinusoidal pulse by using Transmission Line Pulser (TLP) system, Transi-
ent Interferometric Mapping (TIM) technique and simulations from Synopsys Sentaurus
TCAD. Under the HBM-like TLP stress, RT dependent simultaneous (RT = 300 ps)
and sequential (RT = 10 ns) finger triggering mechanisms were explained, and the effect
of applied current and different layout variations were analyzed. Under the Surge-like
half sinusoidal pulse, on the other hand, geometry dependent direction of finger activity
spreading was studied and the effect of different layout variations were explained.

In the second part, the current filament (CF) related double-hysteresis IV behavior and
InorLp were analyzed by using emission microscopy (EMMI) and 3D TCAD simulations
in SCRs. A 3D TCAD methodology that uses up and down quasi-DC current sweeps was
suggested to reveal the double-hysteresis IV behavior in long width devices. In addition
to that, the non-trivial dependence of Igorp on device width was investigated and the
numerical aspects to induce inhomogeneity in the current flow along the device width
were discussed. The effect of different layout parameters on the value of Iyorp were also
studied.

The results acquired in this thesis are important for designing latch-up safe and robust
ESD protection devices.
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Kurzfassung

Siliziumgesteuerte Gleichrichter (SCRs) sind aufgrund ihrer geringen Kapazitéit und ihres
hohen Ausfallstroms beliebte Bauelemente fiir den Schutz vor elektrostatischer Entladung
(ESD). Fiir eine hohe ESD-Robustheit sind aulerdem eine gleichzeitige oder ausreichend
schnelle Auslosung der Bauteil-Finger erforderlich und fiir einen Latch-up-sicheren Betrieb
werden oft eine hohe Haltespannung, Vyorp, und ein hoher Haltestrom, Igorp, gefordert.
Die von uns untersuchten SCRs sind von diskreter Technologie fiir den ESD-Schutz auf
Systemebene.

Diese Arbeit besteht aus zwei Teilen. Im ersten Teil wurde das Ausléseverhalten von
Multi-Finger-SCRs mit Substratkopplung unter einem HBM-&dhnlichen TLP-Stress und
einem Surge-édhnlichen Halbsinuspuls mit Hilfe eines Transmission Line Pulser (TLP)-
Systems, Transient Interferometric Mapping (TIM)-Technik und Simulationen in Syn-
opsys Sentaurus TCAD untersucht. Unter der HBM-&hnlichen TLP-Belastung wurden
RT-abhéngige simultane (RT = 300 ps) und sequentielle (RT = 10 ns) Finger-Trigger-
Mechanismen erklart und die Auswirkung des angelegten Stroms und verschiedener Layout-
Variationen analysiert. Unter dem Surge-ahnlichen Halbsinuspuls wurde dagegen die geo-
metrieabhingige Richtung der Ausbreitung der Fingeraktivitéit untersucht und der Effekt
verschiedener Layoutvariationen erklért.

Im zweiten Teil wurden das mit dem Current Filament (CF) zusammenhédngende
Doppelhysterese-IV-Verhalten und Iyopp mit Hilfe von Emissionsmikroskopie (EMMI)
und 3D TCAD-Simulationen in SCRs analysiert. Eine 3D-TCAD-Methode, die Auf- und
Abwirts-Quasi-DC-Stromsweeps verwendet, wurde vorgeschlagen, um das Doppelhysterese-
IV-Verhalten in Bauteilen mit grofler Breite zu zeigen. Dariiber hinaus wurde die nicht-
triviale Abhéangigkeit von Igorp von der Bauteilbreite untersucht und die numerischen
Aspekte zur Induzierung von Inhomogenitéit im Stromfluss entlang der Bauteilbreite wur-
den diskutiert. Der Einfluss verschiedener Layout-Parameter auf den Wert von Igorp
wurde ebenfalls untersucht.

Die in dieser Arbeit gewonnenen Ergebnisse sind wichtig fiir den Entwurf von Latch-
up-sicheren und robusten ESD-Schutzgeréten.
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Chapter 1

Introduction

1.1 Motivation

Since the invention of MOSFET by Mohamed M. Atalla and Dawon Kahng at Bell Labs
in 1959 [1], scaling down and miniaturization became the driving force for the rapid
growth of electronic semiconductor technology. The motivation behind this desire was
both reducing fabrication costs, power consumption and increasing switching frequencies,
device performance and market growth. This trend was even observed by Gordon Moore
and formulated as Moore’s Law in 1965 stating that the number of devices on a chip
doubles every couple of years [2]. Miniaturization, on the other hand, owes its progress to
the development in lithographic processes. Improvements in lithography provided mass
production and smaller feature sizes.

Down-scaling of device dimensions, however, brought reliability issues into the field.
As device sizes get smaller, power density in the active regions was increasing and this
was resulting in various gradual device degradation such as electromigration in metal
lines, time dependent dielectric breakdown, hot carrier degradation and abrupt failures
like melting o metal lines, latch-up and thermal runaway. Further researches revealed
that these failures and degradation are mostly due to electrostatic discharge (ESD) and
electrical overstress (EOS) [3]. Hence, it turned out that special ESD protection ele-
ments which can prevent microelectronics from such damages during discharging events
by clamping the transient voltages to safe levels are required.

The miniaturization process and faced challenges in microelectronics also lead to new
developments in the ESD protection structures and so they showed a huge improvement
since the first thyristor shown by Ebers in 1952 [4, 5]. Development of ESD protection
units, however, are not based on fixed design rules. Therefore, they are needed to be
adapted for each new device technology. For instance, high speed data interfaces like
USB3 and Thunderbolt with data rates of 10 Gbps and 40 Gbps, respectively require
ESD protection solutions with parasitic capacitance lower than 0.25pF [6, 7] so that the
data signals can be transferred. Also, since integrated circuits (ICs) in such applications
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1.1. MOTIVATION 2

are very sensitive to the transient over-voltage, ESD protection solutions are wanted to
have clamping voltages lower than 2.5 V [7, 8]. Furthermore, for system level protection,
USB systems are often required to achieve robustness of the order of 15kV (IEC 61000-
4-2 19, 10]). On-chip protection solutions in that case become cost inefficient because of
the large area consumption of the protection device itself to handle high current flow.
Low capacitance demand, on the other hand, requires extremely low doped substrate [7,
8|. Discrete component technology based off-chip ESD protection structures in that case
looks like a proper solution [6]. In this respect, in addition to fulfilling above mentioned
requirements [11, 12], due to their low on-resistance (0.3 §2) [7] and high failure current I,
[6, 11, 13-15] properties, Silicon Controlled Rectifiers (SCR) becomes an effective remedy
[11, 16-18].

While designing multi-finger SCR structures to reach robustness of the order of 30kV
[14, 15], achieving simultaneous finger triggering became a long-standing goal of ESD
engineers [19-23]. Generally, as it is observed in Human Body Model (HBM) pulses [24],
in the case of long pulse rise times (RT>10ns), however, only a few fingers trigger at
the beginning and when the voltage on the device reaches the trigger voltage Vg again,
next fingers trigger by resulting in an IV curve in zigzag shape [21]. Simultaneous finger
triggering, on the other hand, is achieved in the case of short rise times due to e.g. dV/dt
effect [19]. In this respect, it is worth to investigate and understand the mechanism
of sequential finger triggering (SF'T) under long pulse rise times so as to trigger fingers
simultaneously or at least sufficiently fast [25] to meet high robustness requirements. Some
other alternative methods like substrate or gate coupling were also proposed to trigger
fingers simultaneously or subsequently [21-23].

Another important phenomenon that we may observe while designing SCR. structures
is the current filamentation [26] under quasi-static conditions. Depending on the device
width, current may flow inhomogeneously [26] through the device width due to negative
differential resistance (NDR)-induced instability [27-30] and so a current filament (CF)
may emerge [26, 28-37]. The existence of CF, on the other hand, affects the determination
of holding current (Igyorp) value, which is the smallest current in the SCR on-state [26,
38]. Since for latch-up safe operations, high holding voltage (Vuorp) and high holding
current are often requested [39, 40], understanding the parameters that determines the
CF formation and Igorp becomes a significant research topic. Due to its dependence on
device width, CF is a 3D phenomenon and since 2D TCAD simulation always considers
a homogeneous current flow along the device width, its observation cannot be done with
2D or relatively short width 3D TCAD simulation structures. 3D TCAD simulation of
structures with relatively long widths, on the other hand, is a very delicate, time and
resource consuming task. To our knowledge, in addition, 3D TCAD has not been applied
to IgorLp analysis yet.
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1.2 Scope and Outline

In the first chapter, a brief introduction to electrostatic discharge (ESD) (section 1.3),
some important ESD qualification standards (section 1.4), state-of-the-art ESD investig-
ation methods (section 1.5) as well as silicon controlled rectifier (SCR) (section 1.6) is
given.

In the second chapter, triggering behavior of multi-finger SCRs with substrate coupling
are investigated under a HBM-like TLP stress (section 2.1) and a Surge-like half sinusoidal
pulse (section 2.2) both experimentally and by TCAD simulations. In section 2.1, the rise
time dependent simultaneous and sequential finger triggering mechanisms are explained
and in section 2.2, the reason behind the preferred direction for sequential finger triggering
is revealed. Besides that, in both studies, effect of different pulse variations and layout
changes are studied to deepen the understanding.

In the third chapter, filamentary states in SCRs observed under quasi-static conditions
are investigated both experimentally (section 3.1, 3.2 and 3.3) and by TCAD simulations
(section 3.4 and 3.5). The 3D TCAD simulation methodology to create double hysteresis
filamentary IV behaviour observed in experiments is explained (section 3.4) and applied
to determination of Iyorp (section 3.5.1). The effect of different layout parameters on the
value of Iyorp is also studied (section 3.5.2) and the differences between the 2D and 3D
TCAD results are emphasized.

Finally in the conclusion and prospects part, the main findings of this PhD thesis are

summarized.

1.3 ESD

When two objects at different potentials get very close to or touch each other, the one
which has higher potential, discharges into the other one due to dielectric breakdown or
electrical short, respectively by causing a flow of electrons for a short time. This sudden
current flow event is called as electrostatic discharge (ESD). The buildup of charges on
the objects can be due to electrostatic induction or triboelectricity. Although the energy
of discharging is low and it happens in a very short duration (in the range of ns), since
microelectronic circuits are small, fatal device degradation and failures in the ICs can
still occur due to high enough dissipated power density. Different parameters such as the
relative humidity of the surrounding atmosphere, capacitance between the objects and
resistivity of the objects affects duration and density of the electron flow.

ESD can be observed in our daily lives from large scales like lightening in air, to small
scales such as electric sparks while touching a contact pin after walking along carpets or
while taking out a woollen sweater. In spite of the advancement in packaging technology

and developments in the integrated circuit production techniques, around 30% and 40%
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1.4. ESD MODELS 4

of total microelectronic circuit failures still stems from ESD events [41, 42].

Figure 1.1 shows an example of device failure due to ESD on a multi-finger SCR
structure. At a very high ESD current pulse, metal wires overheats and so evaporates
leading an open connection. Figure 1.1 (a) is the infrared image from backside of the
device whereas Figure 1.1 (b) is the top image under visible light. Both pictures belongs
to the same device; however, in Figure 1.1 (b) since the left part of the device stays under
the contact pad, all fingers are not visible.

(a) (b)

Figure 1.1: (a) Backside infrared and (b) top side visible light image of a device failure

1.4 ESD Models

Since ESD protection components should handle various type of electrostatic discharging
events that microelectronics circuits can encounter during their production and usage,
ESD Association (ESDA), and industry agreed to define standardized models that can
reproduce similar ESD stress conditions on the device under test (DUT) by a lumped
equivalent circuit. Three common standard ESD models are Human Body Model (HBM)
[43, 44], Charged Device Model (CDM) [45] and Machine Model (MM) [46]. These three
standards will be investigated in the next sections but since we have also investigated
sequential finger triggering (SFT) under a half-sinusoidal current waveform which mimics
asurge, IEC 61000-4-5 standard [47] defined by International Electrotechnical Commission
(IEC) will also be analyzed.
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1.4. ESD MODELS 5

1.4.1 Human Body Model (HBM)
1.4.1.1 Component Level HBM

The Human Body Model (HBM) is implemented to mimic the discharge of a stand-
ing electrostatically charged human being into a grounded integrated circuit compound
through his/her pointing finger tip. This model is beneficial in terms of providing a rating
about failures which can be encountered in manufacturing environment during component
assembly, packaging, and shipping.

Figure 1.2 (a) shows the equivalent lumped circuit model of HBM [43, 44, 48-50]. With
the touch of a human being, 100 pF capacitor which is approximately the capacitance
of the human body, first charged up by the high voltage supply. Then, it discharges to
device under test (DUT) through 1.5 k{2 resistor which is modeling the resistance of the
finger.

The discharge process is approximated by the circuit design shown on Figure 1.2 (c).
The circuit is designed with LTspice [51]. In order to simulate the transient current on a
50 2 load (Rdut) under 2kV high voltage source, the charged up capacitor is emulated by
defining a 2kV initial condition voltage on the 100pF capacitor. The resulting transient
current is presented in Figure 1.2 (b). The simulation gives a normal pulse duration from
150ns to 160ns and a typical risetime of 10ns. Thus, HBM shows a slow transient response
compared other common standard ESD models. In addition to all of these, currently 1-2
kV HBM requirements are expected to meet.

1.4.1.2 IEC 61000-4-2 based Human Metal Model (HMM)

As component handling started to be performed under controlled ESD environment by
using ESD protective gears, ESD stress on the components decreased drastically. There-
fore, component level HBM turned out to be a soft test. In this respect, so as to get
failure ratings under uncontrolled environments where ESD levels can go up to 40 kV, a
new model named Human Metal Model (HMM) was needed to be established [9]. HMM
imitates the discharging of a charged person through a metal object, like a screw driver,
to a grounded system. A human being can be charged up to 40 kV while plugging and
unplugging cables.

IEC 61000-4-2 based HMM is a system level method and hence instead of a single
component, a combination of pins are stressed. HMM, from this point of view, defines
ESD standards much stronger than the component level HBM and CDM. Figure 1.3 (a),
(b) and (c) show the equivalent lumped circuit model, the transient current from the
LTspice model and LTspice schematic, respectively. The inductor L1 with 2.4 pH value
in Figure 1.3 (c) represents the compulsory ground strap with 2 m length. The first
peak in Figure 1.3 (b), on the other hand, originates from parasitic or lumped parasitic

elements [52].
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1.4. ESD MODELS 6

(a) (b)

(c)

Figure 1.2: (a) HBM equivalent lumped circuit model (b) HBM transient current for 2kV high
voltage source (c¢) LTspice simulation schematic for HBM [43, 44, 48-50]

Apart from ESD generator models (compare Figures 1.2 (a) and 1.3 (a)), the main
distinctions between HBM and HMM are the pulse rise times, amount of peak currents
and the number of ESD strikes. Rise time in HBM is around 10 ns whereas in [EC 61000-
4-2 based HMM, it is less than 1 ns. Thus, a device passed from HBM test may fail in
HMM test. Similarly, due to different peak currents, a test device survive under 4 kV
HBM may be degraded with 2 kV IEC-ESD. Lastly, as for the number of ESD strikes,
in HBM one positive and one negative stresses are needed to apply; however, in HMM
a minimum of 10 positive and 10 negative strikes are required. So again, it is a high
probability that a device may survive in HBM test but fail in HMM during one of the
subsequent stresses.

Since HBM and HMM has non-flat waveform characteristic, in this work, we used
Transmission Line Pulse (TLP) instead of HBM and HMM. However, since with all meth-

ods equivalent energies can be provided on DUT [53, 54|, their results are related.
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1.4. ESD MODELS 7

(a) (b)

(c)

Figure 1.3: (a) HMM equivalent lumped circuit model (b) HMM transient current for 4kV
high voltage source (¢) LTspice simulation schematic for HMM 9, 50, 52]

1.4.2 Charged Device Model (CDM)

During manufacturing, while integrated circuits are sliding over insulators in automated
assemblers they may charge up. Then, when these charged devices contact with a con-
ductive surface with a lower potential, they rapidly discharge to ground through this
conductive object. This discharging event is called as Charged Device Model (CDM).
Current waveforms of CDM show a very fast rise time due to very low inductance values
(L1<100 nH and R1<25 ), see Figure 1.4 (a)) and so they can cause a gate oxide failure.
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1.4. ESD MODELS 8

Figure 1.4 (a), (b) and (c¢) show the equivalent lumped circuit model, the transient
current from the LTspice model and LTspice schematic, respectively. In Figure 1,4 (c)
a bpF C1 capacitance discharges into ground through L1 (10 nH inductor), R1 (10 2
resistor) and C2 (5 pF stray capacitance).

(a) (b)

(c)

Figure 1.4: (a) CDM equivalent lumped circuit model (b) CDM transient current for 500V
high voltage source (c) LTspice simulation schematic for CDM [48, 49]

1.4.3 Machine Model (MM)

During the production of ICs, some equipment like metallic handling tools, charged cables
and metal contacts on a charged board may discharge into ground through ICs. This event
is described by Machine Model (MM). The equivalent lumped circuit model of MM, as
shown in Figure 1.5 (a), is very similar to that of HBM but since MM does not include a
resistor between the discharging 200pF capacitor (C1) and DUT, it is also called as the
0 © model [55]. Due to this zero resistance, however, the energy is dissipated mainly on
the IC.

MM was discovered while trying to find the worst case HBM event [56]. Failure types
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1.4. ESD MODELS 9

in MM testing; therefore, are similar to ones observed in HBM testing. However, in general
the applied stress levels in HBM is 10 times higher than that of MM. For example, the
typical protection voltage level for HBM is around 2 kV whereas for MM it is around
200V. Thus, it can be stated that MM ESD robustness can be guaranteed by the HBM
ESD test. Because of these facts actually, MM ESD has begun to be used less frequently
compared to HBM ESD test. Even recently, some ESD people have started to complain
about the redundancy of MM to HBM [57].

In Figure 1.5 (c¢) we observe the LTspice schematic for MM and Figure 1.5 (b) shows
the transient voltage waveform on DUT (50€2 resistance) from LTspice simulation.

(a) (b)

(c)

Figure 1.5: (a) MM equivalent lumped circuit model (b) MM transient current for 200V high
voltage source (¢) LTspice simulation schematic for MM [48, 49]

1.4.4 Surge Model

Surge immunity standard also known as IEC 61000-4-5 is a system level ESD protec-
tion and it addresses the immunity requirements of unidirectional surges generated by

overvoltages from switching and lightning strikes. Switching transients can be caused by
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1.4. ESD MODELS 10

power system switching, resonating circuits related to switching devices, load changes in
power distribution systems and short circuit faults. Lightning transients, on the other
hand, may stem from a direct strike or induced currents and voltages after an indirect
strike [47].

Two surge waveforms are specified with IEC 61000-4-5: the 1.2 x 50 ps voltage wave-
form for an open-circuit DUT and the 8 x 20 ps current waveform for a short-circuit DUT.
There, 1.2 ps and 8 ps indicates the front times whereas 50 ps and 20 ps specifies time to
half values [47].

Since SCR devices we are using in this work have around 1 () resistance, we used
the 8 x 20 ps short-circuit current waveform model. Figure 1.6 (a), (b) and (c) show
the equivalent lumped circuit model for Surge model, the transient current on the 1€2
resistance (Rdut) from the LTspice simulation for a 2kV high voltage source and LTspice
schematic [58], respectively.

In Figure 1.6 (a) R1, L1, R2 and C1 are named as impedance matching resistor, rise
time shaping inductor, charging resistor and energy storage capacitor, respectively. R3

and R4, on the other hand, are called as pulse duration shaping resistors.

() (b)

(c)

Figure 1.6: (a) Surge model equivalent lumped circuit model (b) Surge model transient current
for 2kV high voltage source (c) LTspice simulation schematic for Surge model [47, 58]
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1.5. INVESTIGATION METHODS 11

1.5 Investigation Methods

In the following there subsections I will introduce the investigation methods we carried
out in this work. Within these methods, Transmission Line Pulser (TLP) is an elec-
trical method whereas Transient Interferometric Mapping (TIM) and Emission Micro-

scopy (EMMI) are optical techniques.

1.56.1 Transmission Line Pulser (TLP) System

The motivation behind for the development of TLP is to give a useful approximation for
HBM ESD pulse. TLP allows us to have current and voltage waveforms in HBM time
domain. Since TLP pulse is in the rectangular and HBM is in a non-flat shape, This
approximation is valid in terms of the applied energies on DUT, not current and voltage
transients [53, 54|. The best approximation for HBM in TLP setup is obtained with 100
ns Pulse Width (PW) and 10 ns Rise-Time (RT) configuration [27].

TLP system allows us to vary the load line, rise-time and pulse width values. That
is why, since its invention by Maloney and Khurana in 1985, it gained a huge popularity
[59] and widespread usage. However, its biggest disadvantage is pulse width (duration)
inflexibility. Separate transmission lines (TL) are necessary for each pulse width.

In this work, we employed a 4-point-probe TLP system from HPPI [60] as shown
schematically in Figure 1.7. A 2-point-probe TLP setup is also possible. The biggest
distinction between these two configurations is the contact resistance. In 4-point-probe
TLP configuration, contact resistance is cancelled whereas in 2-point-probe TLP system

it is not and so voltage is needed to be corrected according to the contact resistance.

Figure 1.7: Schematic of a 4-point-probe TLP setup

In Figure 1.7, the transmission line (coaxial cable) with 50 € characteristic impedance
and length [ is charged up through the 20 M(2 resistor by the high voltage source Vgy.
The length of transmission line is determined according to desired pulse duration (PW).
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1.5. INVESTIGATION METHODS 12

Since the rectangular pulse waveform travels the transmission line twice [60], the desired

length becomes
-PW
? 5 (1.1)

where v is the propagation speed of the pulse in TL and its value is 20 cm/ns (generally

l:

polytetrafluoroethylene (PTFE or Teflon) is employed as the inner insulator of TL [60]).
The high voltage source can provide voltages between -1.5 kV and +1.5 kV. However, in
order to protect the TLP generator from the effect of reflected waves, we put a 13.6 dB
attenuator in front of its output. Therefore, the maximum voltage we can have on DUT
is £300 V (= £6 A in the case of 50 2 TL impedance). Rise time (RT) filters apply
a low-pass filter on the generated pulse and smooths its edges. The available rise time
values in our TLP setup is 300 ps, 1 ns, 10 ns and 50 ns.

As a current sensor we have two options: Tektronix CS-CT1-3003A and CS-CT2-
3003A. Due to their different frequency responses, we used CT1 for pulses shorter than
200 ns and CT2 for the rest. In addition, CT1 and CT2 provide 5 V/A and 1 V/A
sensitivity, values respectively. We also employ a 20 dB attenuator in front of the Ipyr
channel of the oscilloscope to protect it from high voltages. Therefore, in the case of CT1
and CT2 we set the current scaling factor as 2 and 10 in the HPPI TLP Tester software,
respectively. Similarly, since we probe the voltage on the device with 5 k() probe needle
and since the channel resistances in the oscilloscope is 50 €2, we set the voltage scaling
factor in the HPPI TLP Tester software as 100. As probe tips we use GGB Picoprobe
Model 10 needles.

TLP measurement is conducted by applying step by step increasing TLP voltage pulses
on DUT to acquire TLP-IV curve with current and voltage waveforms, and measuring DC
leakage current at a certain DC voltage after each step. Switching between these two cases
is controlled by the Switch shown in Figure 1.7. Typical current and voltage waveforms
on a SCR device under the conditions of RT = 10 ns and PW = 100 ns are shown in
Figure 1.8 (a) and (b), respectively. For every applied TLP pulse, measured TLP voltage
and TLP current waveforms on DUT are averaged over a selected time window, which
is in practice between 70% and 90% of PW, to reduce the impact of current and voltage
undulations within a single stress. Then, with all these averaged values, quasi-static
TLP-IV characteristic is acquired as shown in Figure 1.8 (c).

In order to carry out DC leakage current measurement after each TLP voltage pulse,
we employed Keithley 2410 as our a Source Measurement Unit (SMU). A typical leakage
current plot can be observed in Figure 1.8 (d). Lastly, the digital oscilloscope we used is
LeCroy WaveRunner 104MXi.
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1.5. INVESTIGATION METHODS 13

Figure 1.8: An example of (a) transient current and (b) transient voltage on a SCR device
measured by a TLP setup for RT = 10ns and PW = 100 ns. (c) TLP-IV curve obtained by
averaging related current and voltage waveforms over the selected averaging time window. (d)

An example of leakage current plot

1.5.2 Transient Interferometric Mapping (TIM) Technique

Transient Interferometric Mapping (TIM) technique is a non-destructive method and it is
based on the measurements of the local transient variations in the semiconductor refractive
index An due to free carrier concentration (plasma-optical [61] effect) and temperature
(thermo-optical [62] effect) changes under the TLP stress [63-67]. The principle of method
can be observed in Figure 1.9 (a). In this technique, first of all, a certain TLP stress
and scanning path are defined. An example of the scanning path across the fingers
of a multifinger device is shown in Figure 1.9 (b). Then, while the laser probe beam
is scanning every scanning path position of DUT from its polished backside, the TLP
pulse is applied to DUT repetitively in two-point configuration with a repetition rate
of about 1 Hz. It is important to have a polished backside so as to reduce scatterings

due to surface roughness. Moreover, the low repetition rate allows the device to cool
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1.5. INVESTIGATION METHODS 14

down between subsequent pulses. The number of TLP pulses at each position, on the
other hand, determines the signal-to-noise ratio of the extracted phase shift from the
heterodyne signal. Since DUT may show pulse-to-pulse instabilities, in order to improve
signal-to-noise ratio, the average of several extracted phase shift is taken.

(a) (b)

Figure 1.9: (a) The principle of TIM technique (b) An example of the scanning path across

the fingers of a multifinger device

TIM technique we use has 3ns time and 1.5um space resolution [68]. The schematic
of the setup can be observed in Figure 1.10. The wavelength of the used laser beam is
1.3 pm; therefore, semiconductors with bandgap energies greater than 0.95 eV (including
low doped silicon) becomes transparent. The word heterodyne indicates a mixing to an
intermediate frequency. Mixing is achieved by the Acousto-Optic Modulator (AOM) with
a 80 MHz frequency signal and so the frequency of the laser probe beam is shifted by 160
MHz compared to the reference beam. This frequency range is suitable for short pulses
in the order of 100 ns. Both shifted frequency and reference beam signals interfere at
the detector by creating a 160 MHz beating signal with a phase equal to the phase of
the probe beam. The resulting current and voltage waveforms in addition to heterodyne
signal from detector is collected with a digital oscilloscope. In the case of long pulses like
surge pulse, sampling the 160 MHz heterodyne signal in oscillator may take up a lot of
space in the computer memory. In this case 160 MHz heterodyne signal can be modulated
with a 159 MHz external signal and the output of this modulation can be filtered by a
low-pass filter with cutoff frequency of 5 MHz. Then, the resulting 1 MHz signal can be
feed up to digital oscilloscope for sampling. By doing like that we will gain memory space
in the expense of loosing time resolution.

In order to position the device on the setup, a stage with 100 nm minimum step size is
used. For this purpose, a broadband light enlightens DUT from its backside and the real-
time infrared view captured by InGaAs Focal Plane Array (FPA) Infrared camera is shown
on a monitor. By playing with the stage and looking at the monitor, device is positioned.
This stage is also controlled automatically by a computer program during measurements
and so the device is brought to each new scanning probe position automatically after
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1.5. INVESTIGATION METHODS 15

Figure 1.10: The schematic of TIM setup

the measurements on the previous position is done. Broadband light and FPA infraraed
camera, on the other hand, are turned off during measurement. To check whether DUT
suffers from a cumulative damage or not, a DC-IV measurement with Keithley 2410 is
performed after completing the scan at each scanning position. For this purpose a switch
as shown in TLP setup is used to provide the connection between the device and SMU.
As for detection of the local transient variations in the semiconductor refractive index
An, phase shift variation A¢ in heterodyne signal is used. By including contributions from
both plasma-optical and thermo-optical effects, the refractive index change in a medium

can be written as
An(z,y,z,t) = Ang(z,y, 2, t) + Ane(z,y, 2, t) + Ang(z, y, 2, t) (1.2)

where Any, is the component due to temperature change (AT); and An, and An, are
parameters due to electron and hole concentration variations, respectively. Then, since

wave number is

k=2m/\ (1.3)
refractive index change results in a phase shift in the probing laser beam, stated as
z=top 2,]]_ z=top
Ap(z,y,t) =2- k/ An(z,y,z,t)dz =2 — An(z,y,z,t)dz  (1.4)
z=bottom A z=bottom

there the factor 2 is due to two times (forward and backward) traveling of the laser beam.
So the total measured phase shift is proportional to integral of change in the refractive

index along the beam path.
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1.5. INVESTIGATION METHODS 16

The resulting optical phase shift is a superposition of temperature and free carrier
induced contributions. Temperature increase causes a positive phase shift whereas free
carrier concentration results in a negative phase shift. Since the negative phase shift due
to the carrier injection is dominant in our investigated SCR devices at short times, it is
used to probe the onset of the SCR activity in fingers. In a long pulse duration, however,
termally induced phase shift term Any, dominates and so the phase shift equation above

reduces to
' z=top
Ap(z,y,t) =2 — Any(z,y, 2z, 1) dz
A z=bottom (1 5)
2 z=top d :
0.1 —nAT(x,y,z,t)dz

A z=bottom dT

At our laser beam wavelength (A=1.3 pm), it was found that the thermo-optical coeffecient
4 of silicon around 320 K is approximately 1.9-107* K~ [62].

Figure 1.11 shows an example of phase shift (in rad.) for an SCR under [=3A TLP
pulse with the condition of 100 ns pulse width (PW) and 300 ps rise time (RT). The
TLP pulse starts at t=0 and and ends at t=100 ns. As it can be seen, a negative phase
shift occurs at the beginning of the pulse due to free carrier injection. However, later due
to heating of the device, temperature increases and phase shift moves towards positive
values. When the applied stress ends, the device starts to cool down and so the phase

shift value decreases.

Figure 1.11: Phase shift for an SCR under I=3A TLP pulse with the condition of PW = 100
and RT = 300 ps

The biggest drawback of TIM technique arises when dealing with devices which have
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1.5. INVESTIGATION METHODS 17

multiple layers. In that case, phase shift calculation becomes quite complicated due to

constructive and destructive interference.

1.5.3 Emission Microscopy (EMMI)

Silicon under DC stress emits light in infrared spectrum [69, 70]. Therefore, Emission
Microscopy (EMMI) depends on the idea of capturing infrared images of a silicon based
device while it is conducting current. Figure 1.12 shows the schematic of EMMI setup.
The camera we use is InGaAs Focal Plane Array (FPA) infrared camera. EMMI setup is
a modified version of TIM setup and the device is again imaged from its backside. As the
stress source, however, DC (either Keithley 2410 Source Measurement Unit or HP4155A
Semiconductor Parameter Analyzer) and repetitive pulses (HP8114A Pulse Generator)
are used.

The property that makes EMMI a very effective and beneficial tool is its facility for
real-time observation. In EMMI setup, the infrared pictures are shown on a monitor
while measurement is going on. Therefore, one can quickly understand device behavior
and observe possible failure locations and homogeneous/inhomogeneous current flow.

Figure 1.12: The schematic of EMMI setup
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1.6. SILICON CONTROLLED RECTIFIER (SCR) 18

1.6 Silicon Controlled Rectifier (SCR)

An SCR basically consists of a pnp transistor, an npn transistor and their corresponding
base resistances. The collectors of pnp and npn transistors also serve as the base of npn
and pnp transitors, respectively. Therefore, all together forms a pnpn structure. Figure
1.13 (a), (b) and (c) show the 2D cross-section view, equivalent circuit and IV curve of

an SCR, respectively.

Figure 1.13: (a) 2D cross-section view (b) equivalent circuit and (c) IV characteristic of an

SCR

An SCR is connected in parallel to a circuit that is desired to be protected so that they
share the same voltage. Ideally an SCR stays in the idle state as an open circuit while the
protected circuit is working within its operating voltage range. In a real SCR, of course,
there exist some leakage current. Then, if an ESD stress emerges on the protected device,
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the voltage on both SCR and the protected circuit start to rise. So that means npn and
pnp transistor currents I.,pn and L., start to increase. At this stage p+/n-well and
p-well/n+ junctions stay in forward bias whereas n-well/p-sub(p-well) junction stays in
reverse bias. Then, if the voltage on the SCR and the protected circuit increases more and
becomes higher than breakdown voltage Vgp, an avalanche process (impact ionization)
starts at the reverse biased n-well /p-sub(p-well) junction. The resulted avalanche current
(Laval) simply is

vt = (M = 1) (T g + Le ) (1.6)

where M is the multiplication factor:

(1.7)

where n is the fitting factor (between 3 to 6 for silicon [71]). Actual calculation of avalanche
curent and multiplication factor for an SCR are quite complex [71], however, these above
formulas give the simplified picture. At this stage, generally one of the transistors becomes
dominant and determines the multiplication factor and so avalanche current depending
on its current gain [ and well resistance Ry .wen or Rp.wen. In addition, an increase in
one of the transistor current causes an enhancement at other transistor current with a
self-feeding system. Therefore, at one stage we reach a voltage condition on R, _yen or
Ry wen which is enough to bias base/emitter junction of pnp or npn, respectively. Then,
once one of the transistors trigger, its collector current increases even more and we reach
the enough voltage condition for triggering on the base/emitter junction of the other
transistor rapidly and so this transistor also triggers. This is the point that we reach
triggering voltage Vg and triggering current Itg on the SCR. At this stage both npn and
pnp transistors trigger and previously reverse biased n-well /p-sub(p-well) junction breaks
down and becomes forward biased. Therefore, the voltage on SCR catastrophically drops
to a smaller value. This sudden decrease on the voltage is also called as snap-back. Silicon
Controlled Rectifier (SCR); therefore, is used as an ESD protection element due to its
this s-shaped characteristic. It drops the voltage on the protected device before reaching
some unsafe voltage range by providing a discharge path.

After snap-back, since the voltage on the protected device is needed to be in the safe
voltage range independently of the current value on the SCR, the slope of the IV curve
has to be as vertical as possible. In other words, on-resistance value of SCR, R, should
be as small as possible. A large value of R, causes also power dissipation and so heating
which can be the reason of the failure of SCR itself at high currents such as thermal
runaway. In a case like that the current and voltage levels that SCR is destroyed are
called as I;5 and Vi, respectively. In this respect, in order to decrease on-resistance and
to spread current to a larger width, multi-finger SCR structures where several SCRs are

connected in parallel are designed.
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Once the ESD stress on the protected circuit is over, SCR is expected to turn back
to its idle state. However, as mentioned above, with the start of avalanche process,
transistors go into a self-feeding (self-sustaining) system i.e. npn keeps pnp active and
pnp keeps npn active. This self-sustaining current flow continues even after the avalanche
process and the activating event are stopped. Thus, this results in reaching a holding
current value Igorp smaller than Itg during turn off. In other words, total current gain
of transistors (5., - Bpnp) stays still larger than one until reaching Iyorp during turn off.
Holding current Igorp and its corresponding voltage value Vyorp is the last active point
that we have SCR action. During design of an SCR, holding voltage Vyorp should be
designed to be higher than the supply voltage [25, 72-77]. Otherwise, supply pins become
short circuited due to low on-resistance of SCR and so an excessive amount of current
flows through SCR even after ESD stress on the protected circuit is over. Eventually this
leads to the burning of SCR and failure of the protected circuit.

During the design of an SCR according to needs of the protected circuit, several
approaches are realized in the expense of some trade-offs in order to achieve the desired
parameters for Vrr, Ignorp, Ron, capacitance and leakage current. For instance, to decrease
triggering voltage Vg an external triggering circuit such as diode [18, 78] and grounded-
gate NMOS (ggNMOS) [79, 80] is connected to p-substrate (p-sub) region. Therefore,
current from this external triggering circuit initiates triggering instead of avalanche current
Lva. However, this external triggering circuit enhances the overall capacitance. Another
method to reduce Vg is adding trigger taps (TT) between p-well and n-well regions [7,
25]. A trigger tap is a narrow region of p-implant that expedites current injection. Adding
trigger tap at several places also eliminates on-state spreading and helps SCR to trigger
at several places simultaneously. However, adding T'T contributes to the leakage current
and overall capacitance. Hence, their numbers are needed to be minimized. Another
alternative method to decrease Vg can be a floating-base SCR structure [14, 15] like in
Figure 1.9 (a). With this approach p-well is left floating due to removal of p+ doping
at the ground side. R yep is set as an open-circuit and so npn directly triggers at very
low currents. For the triggering of SCR; therefore, we just need to wait for triggering of
pnp. To lower capacitance and leakage current on the other hand, p-sub region can be
less doped. Low doped p-sub spreads the depletion width. On-resistance R.,; however,
increases in that case. Another method for decreasing capacitance can be SOI technology
where SCR stays on a buried oxide (BOX) [25, 81-84].
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Chapter 2

Multi-finger SCRs with Substrate
Coupling

Simultaneous finger triggering has always become a long-standing goal of ESD engineers
[19-23] while designing multi-finger SCR structures especially to reach robustness of the
order of 30 kV [14, 15]. However, during measurements, it has been observed that the
number of triggered fingers were changing depending on the applied current [25], rise
time (RT) [25] and width (PW) [25] of the pulse while the position of first triggered finger
and the preferred direction for sequential triggering were dependent on the structural
parameters of the device [14, 15]. In this respect, we decided to understand and explain
the mechanisms behind of these triggering observed in multi-finger SCR, structures used
for ESD protection. For this purpose, we implemented different the pulse and device
parameters, and checked their effect on the triggering behavior. By understanding the
triggering mechanisms, one can achieve simultaneous or sufficiently fast finger triggering
in order to meet requirements for high robustness.

For our investigation, two different multi-finger SCR test structures with substrate
coupling provided by Nexperia Hamburg are studied under a HBM-like TLP stress and
a Surge-like half sinusoidal pulse both experimentally and by TCAD simulation. Exper-
imental investigations are achieved with TLP and TIM techniques. TCAD simulations,
on the other hand, are conducted with Sentaurus from Synopsys. The work in section
2.1 is a continuation of studies of Clément Fleury [25]. For instance, some TIM results in
section 2.1 can be also found in [25].

2.1 Analysis with TLP stress

2.1.1 Device under study

In this section, we investigate the triggering behavior of a 16-finger floating-base SCR
of discrete technology [6] by applying a transmission line pulse (TLP) stress. Figure

21
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2.1. ANALYSIS WITH TLP STRESS 22

2.1 (a) and (b) show the studied SCR structure and its enlarged image for four fingers,
respectively. All fingers stay on a lightly p-doped silicon-on-insulator (SOI) substrate [13]
and there is no shallow trench isolation (STI) in between them; therefore, they all are

coupled through the same p-substrate.

Figure 2.1: (a) Studied 16-finger floating-base SCR structure. (b) Zoomed image for four

fingers.

The p+-emitter and n-well regions share the same contact metallization and the posit-
ive TLP stress is applied on them. The n+-emitter (GND) contacts of the npn transistors,
on the other hand, are connected to ground. The n-well serves both as a base and a base
resistor of the pnp transistor while the deep p-well serves both as a base of npn and a
collector of pnp. The deep p-well and p-substrate are also left floating.

SCRs are labeled from ‘1’ to ‘167, in other words from SCR1 to SCR16. The outer
fingers on the left and right sides, which are denoted as ‘0’ and ‘17’, respectively, are
inactive in the on-state. However, they determine the initial triggering position to be at
fingers 1 and 16 at long RT values [14] as will be described later.

2.1.2 Experimental results

We start our analysis by investigating the triggering behavior under short (RT = 300 ps)
and long (RT = 10 ns) rise-time values.

2.1.2.1 Simultaneous finger trigering for rise time of 300 ps

Figure 2.2 (a) represents the typical TLP IV curve for RT = 300 ps and PW = 100 ns.
As it can be observed, for current values I < 0.5 A, a jump is observed in the IV curve.
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2.1. ANALYSIS WITH TLP STRESS 23

That means there exists a higher differential resistance for I < 0.5 A. For currents I > 0.5
A, however, there is no jump. In other words, it exhibits a single differential resistance
for currents I > 0.5 A. So if we look at the voltage waveform for a current value I > 0.5 A
such as 1.75 A, we observe a flat waveform as shown in Figure 2.3 (a). The small ripple
at t = 30 ns is a setup artefact due to reflections. At that point, based on these two
analysis, it can be concluded that:

a) whether all fingers trigger for I > 0.5 A at the beginning of the pulse and so no
non-triggered finger left. The resulted differential resistance, therefore, is the parallel
resistance of all triggered 16-fingers or

b) some fingers are triggered at very pulse beginning but somehow no new fingers
trigger during the 100ns pulse duration. The resulted differential resistance, thus, is the
parallel resistance of the just triggered fingers.

Figure 2.2: 100ns TLP IV curve for (a) RT=300ps and (b) RT=10ns. The averaging window
is 75-90ns.

In order to understand what is really going on there in terms of finger triggering,
a TIM analysis is needed. Figure 2.4 shows the TIM scan for I = 1.5 A at the pulse
beginning. From the scan it is observed that there is a negative phase shift in the p-sub
below the n+-GND contacts of each finger. Since the negative phase shift is caused by
free carrier injection, this indicates the simultaneous triggering at least for I > 0.5 A.
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2.1. ANALYSIS WITH TLP STRESS 24

Figure 2.3: Typical voltage waveforms for: (a) RT = 300 ps and I = 1.75 A, (b) RT = 10 ns
and I = 1.75 A and (c) RT = 10 ns and I = 2 A. The number of triggered fingers N, extracted
from TIM measurements, is indicated. The small ripple at t = 30 ns in (a) is a setup artefact

due to reflections.

Figure 2.4: TIM scan for RT = 300 ps and I = 1.5 A. The time instant is 20 ns [25].

2.1.2.2 Sequential finger trigering (SFT) for rise time of 10 ns

Figure 2.2 (b) shows the TLP IV curve for RT = 10 ns and PW = 100 ns. As it can be
observed, it has several regions with different differential resistances. Also, if we compare
Figure 2.2 (a) and (b), it is seen that for I > 0.5 A, the holding voltage for the IV with



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU
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RT = 10 ns is higher than that for the IV with RT = 300 ps. Then, if compare the
voltage waveforms for RT = 300 ps (Figure 2.3 (a)) and RT = 10 ns (Figure 2.3 (b)) at
the same current level (I = 1.75 A), we again see this holding voltage increase. For RT
= 10 ns, after triggering at Vygr = 8.4 V (see Table 2.1), voltage on the SCR exhibits
downward steps instead of a flat waveform like in the case of RT = 300 ps. Based on these
results it can be concluded that for RT = 10 ns, fingers trigger subsequently, not together.
Therefore, in order to understand the triggering behavior, a TIM scan is needed.

In addition to that Figure 2.3 (c) shows the voltage waveform for current I = 2 A under
the condition of RT = 10 ns. As indicated by the red arrows, the time instants of the
voltage drops in Figure 2.3 (b) shift to shorter time values. Hence, based on this analysis
it can be stated that finger triggering is accelerated by increasing the applied current.
However, still a TIM scan is needed to check whether triggering sequence changes or
stays the same after applying a higher current.

H Vrr (V) H Jrr (mA/pm) ‘
Exp. 8.4 0.25
Simul. 12.3 0.068

Table 2.1: V1 and Jpgr values in experiment and simulation

Figure 2.5 (a) and (b) show the TIM scans across the fingers at some selected time
instants (indicated on right sides of the figures) under the condition of RT = 10 ns for
currents 2 A and 4 A, respectively . As it can be observed, in both scans fingers trigger
successively. Thus, this reveal that the voltage drops observed for RT = 10ns are related
to sequential triggering of next fingers. If we investigate the triggering sequence for both
applied currents, we observe that the outer fingers 1 and 16 triggers first and it is almost
instantaneously followed by the triggering of neighboring (inner) fingers 2 and 15 (see
panels at t = 11 ns in Figure 2.5 (a) and at t = 15 ns in Figure 2.5 (b)). Since these four
fingers trigger during the rising edge of the pulse, there is a very small time difference
between their triggering. Then, the inner fingers 3 and 14 trigger subsequently (see panels
at t = 57 ns in Figure 2.5 (a) and at t = 35 ns in Figure 2.5 (b)), followed by fingers
4, 13 and so on. As it is indicated at panel t = 213 ns of Figure 2.5 (a), only 12 fingers
trigger out of 16 fingers for I = 2 A during the applied pulse of PW = 250 ns. Triggering
sequence ends at fingers 6 and 11. If we look at Figure 2.5 (b), on the other hand, we
observe that all of the 16 fingers trigger already at t = 151 ns, which is quite earlier than
the end of the pulse. In addition, with the increase of current to I = 4 A, fingers 3, 5 and
14, 12 trigger earlier compared to the case for I = 2 A. This is also consisted with the
time-shift of the voltage jumps observed in voltage waveforms in Figure 2.3 (b) and (c).

At that point,to make the triggering mechanism easier to understand and find some
relation between finger triggering, we made some definitions and defined a so-called trigger
delay ;41 between the triggering of i-th and (i+1)th fingers where i = 1 - 8. This trigger
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2.1. ANALYSIS WITH TLP STRESS 26

Figure 2.5: TIM scan for RT=10ns and (a) I=2A and (b) I=4A for selected time instants
during a 250ns long TLP pulse. The positive value of phase shift at longer times is due to
temperature increase caused by the self-heating effect [25].
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delays; therefore, are for the propagation of triggering activity from the left to right. For
the propagation of the triggering activity from the right to left, on the other hand, we
defined an analogous notation 74 ; where j = 16 - 9. Based on these notation, we made
some observations:
1)  There exists a short trigger delay 7ot in the 3-5 ns range between the fingers
sharing the same GND contact, S0 Tshort = Tijip1 for i =1, 3,5, 7 and Tghore =
Tit1; for j =15, 13, 11, 9.
2)  There exists a long trigger delay Tiong > 15 ns between the triggering of fingers
sharing the same n-well contact, i.e. Tigng = Tijp1 for i = 2, 4, 6 and Tigng =
Tiz1; for j = 14, 12, 10. In figure 2.5 (a) and (b) some of these time delays are
schematically indicated in between the time panels or on the device schematics.
3) The total number of triggered fingers N increases during the applied pulse. This
number is indicated in black in Figure 2.5 (a) and (b) for each time panel. For
both currents of = 2 A and I = 4 A in Figure 2.5, the smallest N is 4 because
it was not possible to differentiate the trigger delay between the fingers 1 and 2,
and 16 and 15 at the pulse beginning. These four fingers trigger during 10 ns
pulse rising edge.
4)  Triggering of each new finger pair which shares the same GND contact corres-
ponds a drop in voltage waveform V(t). Since the TIM experiment in Figure 2.5
(a) and the voltage waveform in Figure 2.3 (c) are for the same current of I = 2 A,
the number of triggered fingers N for each voltage plateau between the steps can
be established as shown in Figure 2.3 (b) and (c¢). The reason of voltage drops
on V(t) is the finite differential resistance of the SCR in the on-state. With the
triggering of more fingers, the less amount of current flows through each single
finger. Hence, voltage drop on the device gets smaller.
Based on these above notation, the extracted values of Tion, and Tgny from TIM
measurements for I =2 A and I = 4 A are plotted in Figure 2.6 (a) and (d). The horizontal
axis represents the average one-dimensional current density, J, before the finger triggering

and it is defined as I

TNW
where N is the number of triggered fingers and W is the device width. If we look at

J (2.1)

Figure 2.6 (a), it is observed that instead of showing a symmetric behavior, some values
of current densities are slightly shifted from certain defined positions on the bottom axis.
This is because the trigger delays for the triggering from left to the middle and from
right to the middle may slightly differ. In other words, triggering from left to middle and
right to middle may not happen symmetrically. For instance, in between the triggering of
two neighboring fingers SCR; and SCR; 1, another finger at the right part of the device
may also trigger. In this case, the current density gets two separate values during one

triggering: a higher value Jy and a lower value Ji. Therefore, in a case like that J is
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defined
cmed Ju- Aty 4 Jp- Aty

Aty + Aty

where Aty and Aty are time intervals spent during high and low current densities, re-

J

(2.2)

spectively.

Figure 2.6: Experimental (a,d) and simulated (b,c,e) long (a-c) and short (d,e) time delays
between the triggering of fingers as a function of average current density J. R is 0 2 in (b) and
() and R =1 Qin (c). Tij41 labels in (d) and (e) are omitted due to interwoven values.

As it can be seen in Figure 2.6 (a), data for I = 2 A and I = 4 A overlap and Tiong
values decreases with average current density J. Thus, it can be concluded that 74y, is
mainly determined by average current density J. On the other hand, if we look at Figure
2.6 (d), a trend like that is not seen for 7y values and this may be due to influence
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of noise. Extracted Tgort values are at the 3 ns limit of experimental accuracy (see TIM
technique section in chapter 1).

Since we understood how fingers trigger sequentially under different applied currents
by using TIM and since we know how these triggering are related to successive voltage
drops on voltage waveform V(t), we can extract the voltage values for different number
of triggered fingers, N, as a function of current and create IV plots. With this plotting IV
branch for particular N can be created. Figure 2.7 (a) shows this IV curve for experimental
data. For each IV data point, the voltage values represents the average voltage value of
each flat region in between the steps of voltage transient which can be observed in Figure
2.3 (b) and (c). As it can be seen, the duration of these flat regions are different. Hence,
each IV point is obtained for a different averaging time window. In this respect, to be
able to follow these averaging time windows, the average extraction time of each averaging
time window is color-coded and inserted in the figure.

The IV branches in Figure 2.7 (a) starts from N=4 as explained above and ends at
N=16. Figure 2.7 (c) shows the device model used for obtaining dashed line fittings for
IV branches in Figure 2.7 (a). At high currents, some of SFT occurs during the pulse
rising edge (0 < t < 10 ns). Therefore, the voltage extraction within this part does not
show the precise average voltage value after triggering. For this reason, the voltage data
for this part was disregarded in Figure 2.7 (a). Only data for t > 10 ns was given. That
is why, there are reduced number of IV points at high currents for branches with low
N. Besides that, as we know, for lower currents evaluation time is longer for a fixed N.
So in Figure 2.7 (a) in each IV branch, the average extraction time shifts to longer time
values as current decreases. Also, as the time progresses, due to the sequential triggering
of more fingers the voltage jumps from the IV branches with lower N to higher N for a
nearly fixed current. The round arrows at I = 1 A in Figure 2.7 (a) indicate example of
such jumps. Compared to standard TLP IV curve like in Figure 2.2 (b), IV curve like in
Figure 2.7 (a) provides far more detailed data for SE'T phenomenon. This is because in
standard TLP IV due to averaging over the same time window, the time-dependent data

structure is lost.

2.1.3 TCAD simulation approach

For simulation purposes, an 8-finger 2D device structure was created by using Synopsys
Sentaurus TCAD as shown in Figure 2.8. The half of the experimental structure is
taken because, as discussed in Figure 2.5 (a) and (b), in the measurements fingers trigger
from left and right sides towards the middle. Therefore, simulating half of the structure is
enough to represent the device behaviour by reducing the simulation time without loosing
the accuracy. At that point it is better to remark that due to this size difference between
measured and simulated device structures, the experimental and simulation results are

needed to be compared at the same current density J and not at the same total current I.
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(a) (b)

(c) (d)

Figure 2.7: IV data representation for current/voltage values extracted from each flat part of
the voltage transient in between the triggering of finger pairs with common GND, where RT =
10 ns: (a) experiments, (b) simulation. (c¢) and (d) shows the used device model for obtaining
dashed line fitings for IV branches in (a) and (b), respectively. The times of extraction is color-
coded and the number of triggered fingers N are indicated. The voltage jumps for I = 1 A are

indicated by round arrows.

Since the simualted structure is half of the experimental structure, for the same applied
current I and the same number of triggered fingers N, the current density in the simulation
is two times higher than that in experiments.

The typical half-pitch distance between the fingers is 5.5 nm. Therefore, according to
the thermal diffusion length, defined as [85]

t
100ns

Ly = 3pm - (2.3)
where t is the time difference between the triggering of fingers, we suppose that the self-
heating effect has negligible impact on Tione, at least for 715, < 300 ns as in our case.
In other words, the lateral distance between the neighboring fingers is larger than the
thermal diffusion length determined by the trigger delay. In this respect, we conduct an
isothermal drift-diffusion simulation model instead of a thermodynamic model and get
rid of time consumption due to solving of complex thermal equations. Besides that at the

edges of simulation region Neumann boundary conditions are applied.
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Figure 2.8: Simulation setup with separate contacts for each SCR current component. Time

delays are indicated.

In order to make individual analysis of current components on each SCR finger, on
top of p+-emitters, n+ region of n-wells and n+-GND regions separate contacts are
implemented. The currents through these contacts are called p-emitter, n-well and GND
currents. Moreover, to see the effect of contact resistances, simulations are conducted
with and without a contact resistance of R = 1 € connected to each finger. We did
not calibrate the simulation in detail in terms of doping concentration and this lead to
differences in experimental and simulated Vg and Jrg values (see Table 2.1). However,

it allowed us to draw qualitative conclusions.

2.1.4 Simulation results

Before explaining the triggering mechanism under different rise time conditions, it is
better here to explain the general condition for triggering in order to help the reader to
understand the further subjects easier. In general, an impact ionization occurs at the
reverse biased n-well/deep p-well junctions of all fingers prior to triggering of the SCR
(what we mean by SCR is the all SCR fingers in the case of simultaneous finger triggering
and first triggered SCR finger in the case of sequential finger triggering). Then, with the
increase of device voltage, the p-sub to n+-GND junction becomes forward biased and
leads to the open base breakdown [86] of the npn transistor. Since now npn becomes
active, The collector current, I; ., of the npn flows through the n-well with a resistance
of Rywen- The situation can depicted in a lumped element representation of SCR as
shown inside of the dashed box in Figure 2.9. When the potential drop on R,_yen becomes
sufficiently high to bias the emitter/base junction of pnp (p+/n-well junction of SCR
finger), the p-emitter current of the pnp starts to inject and so the device is driven into
self-sustaining SCR action. This indicates the moment of triggering of the SCR, [87].
Now, we will investigate the effect of short (RT = 300 ps) and long (RT = 10 ns) rise
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Figure 2.9: Lumped element representation of two SCRs with common n-well contact. The
hole base current Iy, ,p, from SCRi to SCRi+1 is indicated (i=2,4,6).

time values on triggering behaviour of simulation structure.

2.1.4.1 Simultaneous finger triggering for rise time of 300 ps

2.1.4.1.1 I(t) and V(t) waveforms The simulated device voltage, p-emitter and n-
well currents of each finger during the first nanosecond of a TLP pulse with I =1 A and
RT = 300 ps is shown in Figure 2.10 (a). In terms of current density it represents 2 times
higher current density compared to the measured 16-finger device under the same current
condition. As it can be observed, n-well currents are negligible and the p-emitter currents
are the dominant components of the total current. In addition, the p-emitter currents
start to rise at a voltage near Vg, well before the time where the voltage overshoot peak
Vpeak = 16 V happens. Since the rise of p-emitter current represents the moment of finger
triggering, it can be stated that all of the 8-fingers trigger before Ve, occurs. Figure 2.10
(b), on the other hand, shows the very beginning of the pulse where p-emitter currents
rise almost simultaneously at about t = 100 ps.

Besides that under RT = 300 ps condition, if we make simulations above 0.5 A,
all fingers trigger simultaneously whereas below 0.5 A, only a few fingers. Therefore,
although there is a factor of 2 difference in terms of current densities for the onset of
homogeneous triggering between simulations [0.5A/(8W)] and experiments [0.5A /(16W)],
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(a)

(b)

Figure 2.10: (a) The simulated voltage, p-emitter and n-well current waveforms for I = 1 A,
RT = 300 ps and R = 0 . (b) The zoomed region during the pulse rising edge to show the
very beginning of the pulse.

this is consistent with the experiments (see Figure 2.2 (a)) and it can attributed to
differences in triggering parameters (see Table 2.1).

2.1.4.1.2 Simultaneous finger triggering mechanism  Since the voltage overshoot
Vpeak = 16 V is well above the Vg, we think that the reason of simultaneous finger
triggering in the multi-finger device for RT = 300 ps is the voltage overshoot. After the
activation of p-emitter currents at a voltage near Vg, holes from p-emitters injects into
the p-sub and the conductivity in p-sub starts to rise. However, during the short rise time
(RT = 300 ps), the conductivity of p-sub does not become enough to cause triggering and
so a voltage drop and the voltage on the device; therefore, still rises to accommodate the
imposed current. The voltage overshoot beyond Vg during a short pulse rising edge is
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known to be due to the delayed conductivity modulation of the low-doped p-sub [13, 88].
With the increase of the voltage, impact ionization happening in the n-well/deep p-well
junctions of each finger also increases and provides more base currents for the npn and
pnp transistors. Finally, at some voltage value (Vpeax), the conductivity in p-sub becomes
enough for triggering and so the voltage on the device starts to drop. In other words,
due to delayed conductivity, voltage on the all fingers increases. Hence, this amplifies
the impact ionization at all fingers and so all fingers trigger together at nearly the same
moment.

Figure 2.11 (a) shows the Conduction Band Energy (eV) value around finger 2 through
A-A’ line at V = Vo and V = V. moments of Figure 2.11. As it can be observed,
starting from the moment of rise of p-emitter current, the potential drop related to the
voltage overshoot over Vrgr (i.e. Vpeax-Vrr) appears in the p-sub along the n+-GND
to deep p-well direction. This is also consistent with the analytical modeling of the pin
diodes [8, 89].

Figure 2.11: Conduction Band Energy (eV) value around finger 2 through A-A’ line at V =
Vrr and V = Ve moments of Figure 2.10 (a)

With this result it can be said that in our case the reason of simultaneous finger
triggering is not the usually-considered displacement current C- %—Y (C being the base
collector capacitance) [19] but the voltage overshoot. The C- % effect reduces the trigger
voltage. However, in our case the trigger voltage increases due to delayed conductivity

modulation.
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2.1.4.2 Sequential finger trigering for rise time of 10 ns

2.1.4.2.1 I(t) and V(t) waveforms and trigger delay extraction The simulated
voltage and current components of each SCR for I = 1 A and RT = 10 ns is shown
in Figure 2.12 (a) and (b), respectively. R (see Figure 2.8) is set to zero in order to
eliminate the influence of an extra voltage drop on it and so to see the net effect of the
SCR behavior on the triggering. Figure 2.12 (a) contains the full and the enlarged scale
data of voltage waveform V(t). The enlarged voltage data is obtained by zooming inside
of the dashed rectangle in Figure 2.12 (a). Figure 2.12 (c), on the other hand, shows
the enlarged current waveforms from Figure 2.12 (b) by zooming inside of the dashed
rectangle. The dotted lines in Figure 2.12 (b) and (c¢) show which particular current
component corresponds to which contact.

As discussed previously, the rapid rise of the p-emitter currents, which dominate the
n-well currents in the on-state, in Figure 2.12 (b) and (c) indicates the onset of SCR
action. In this respect, it can be observed that SCR1 triggers first at Vg ~ 12.3 V and
then the inner fingers trigger consecutively. The reason for SCR1 to trigger first is the
assistance of impact ionization happening in the neighbor SCRO in the trigger process
but it will be discussed in detail later in the sequential finger triggering mechanism part.
Compared to the case of RT = 300 ps, the inner fingers are activated near the holding
voltage, as observed also in measurements with RT = 10 ns (see Figure 2.3 (b) and (c)),
without impact ionization. By following the triggering of SCR1, SCR2 triggers after a
short trigger delay Tgwort = 712 and then SCR3 after a long trigger delay Tipng = T23.
Likewise, all fingers trigger alternately until SCRS8 triggers. Time delay between the
triggering of fingers are indicated in Figure 2.12 (c) (see also Figure 2.8). Each time when
a new finger triggers, the following happens:

1)  The current density in the triggered fingers tends to be equalized. In addition, it

decreases in already triggered fingers and increases in the newly triggered finger
(see Figure 2.12 (b)).

2) A voltage drop is observed in the voltage waveform V(t) as can be seen in the
enlarged waveform in Figure 2.12 (a). This voltage drop occurs small and high depending
on whether there is a short (Tgwort) and long (Tiong) delay period, respectively. In experi-
ments (see Figure 2.3 (b) and (c)), due to resolution of TIM setup the small voltage drop
related to triggering of a finger pair with common GND cannot be distinguished; however,
the high voltage drop related to triggering of a finger pair which shares the same n-well
contact can be resolved.

Like we did in the analysis of experimental data, Tions and Tenere values from simu-
lations are extracted for R = 0 Q (see Figure 2.8) and plotted as a function of current
density J at three different currents in Figure 2.6 (b) and (e), respectively. As it can be
observed in Figure 2.6 (b), Tjone decreases strongly with increasing J and 71,y data for the

three different currents overlap perfectly. This shows us that our simulation results are
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Figure 2.12: Simulated voltage (a) and current (b) components under the conditions of I = 1
A, RT =10 ns and R = 0 . (c) Zoomed current waveforms. Blue, green and red lines indicate
the p-emitter, n-well and GND currents, respectively. The dotted arrows relate these currents
to corresponding contacts. The red curve in (a) is the zoom of the dashed rectangle. Figure (c)
is the zoom of the dashed rectangle in (b).
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in a qualitative agreement with the measurements in Figure 2.6 (a). This is also the con-
firmation for our argument that 7, is mostly determined by the average current density
J. At that point it is also worth to point out that one can observe higher values of Tiopg
in the measurements compared to simulations at the same J by comparing Figure 2.6 (a)
and (b). This discrepancy can be attributed to the higher triggering current density in
experiments compared to simulations (see Table 2.1). To reach a higher current density
on the next triggering finger, a longer time is needed to wait in experiments. We also
want to remark that there is a slight decrease in Tg,o¢ values with J in simulations (see
Figure 2.6 (e)). This was not distinguished in the experiments (Figure 2.6 (d)) due to
resolution of the TIM setup.

Using the same procedure in measurements that we used to create Figure 2.7 (a), IV
data is extracted for currents from 0.5 A to 4 A and plotted as in Figure 2.7 (b). As it can
be seen, there exists a similar pattern to measurements when we consider the evaluation
of finger pairs with common GND together. A significant difference between Figure 2.7
(a) and (b) is that the smallest N in simulations is 2 because the half of the structure
is simulated. The on-resistance values of SCRs in experiments and simulations are also
different as shown in Figure 2.7 (¢) and (d).

2.1.4.2.2 Sequential finger triggering mechanism We will start our discussion with
the investigation of why SCR1 triggers first. In the simulations it is observed that the
impact ionization occurs also in the inactive finger SCRO at V = Vg along its high-doped
deep p-well/n-well junction. Figure 2.13 (a) and (b) shows the hole current density just
before (t = 2 ns) and at the triggering of SCR1 (t = 2.34 ns), respectively. As it can
be seen, the generated holes due to this impact ionization moves through the deep p-well
below SCRO and SCR1 (see the dashed arrow in Figure 2.13 (a)) towards the active GND
contact of SCR1. This hole current; therefore, serves as the base current, Iy, ,,,, for the
npn of SCR1 and biases its base emitter junction (see Figure 2.13 (b)). Since this extra
hole current from SCRO helps the triggering of SCR1, SCR1 triggers first. The Iy, ,pn
moving through the deep p-well resistance Ry, p.wen can be indicated in a lumped element
scheme as in Figure 2.9. According to the lumped element representation in Figure 2.9,
the left and right SCRs indicate SCRO and SCR1, respectively. The resistance Ry, p-wen,
on the other hand, couples these two SCRs.

Since we understood how SCR1 trigger first, we will now investigate how the inner
fingers trigger. As we discussed previously, pnp of an SCR is activated once we have
enough voltage difference on the R, e resistance (see Figure 2.9). In this respect, at the
fast rise moment of the p-emitter current, the electron current in the n-well can considered
as the representative of the local trigger current for an SCR finger. In our multi-finger
simulation structure, since the inner fingers trigger sequentially, the n-well currents at the
n-well contacts of the even fingers (i = 2, 4, 6, 8) contain contribution from only that
SCR and so it can be directly extracted (see Figure 2.8 and Figure 2.12 (b) and (c)).
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Figure 2.13: Simulated hole current density (a) just before and (b) at the triggering of SCR1.
I=1A RT=10nsand R =0 €.

These extracted n-well currents at the triggering of even fingers are denoted by arrows
A in Figure 2.12 (¢). In the case of odd fingers (j = 1, 3, 5, 7); however, we cannot rely
on the n-well currents on the n-well contact of these fingers as the local trigger current
because the n-well currents of the odd SCRs contain contributions from two SCRs. The
previously triggered even finger which shares the same n-well contact with the odd finger
also contributes to the current at the n-well contact of the odd SCR. But we know that
the n-well currents of odd SCRs goes to their GND contacts and constitutes their GND
currents. So we can benefit from these GND currents to find the local triggering n-well
currents of the odd fingers. The GND currents contain the n-well current of the j-th
SCR (odd finger) in addition to n-well current of non-triggered j+1-th SCR (even finger).
Hence, the n-well current of odd fingers can be extracted by subtracting the n-well current
of the j+1-th SCR from the GND current of the j-th SCR. These currents are denoted
with arrows B in Figure 2.12 (c). It is remarkable that the current differences indicated
by arrows A and B are the same. Thus, this indicates that each inner finger triggers at
the same local triggering current of about 1.8 mA.

Now we will go into detail and investigate the physical origin of the inter-finger coup-
ling between inner fingers, which appears at voltages well below Vrgr, where there is no
impact ionization. We will also discuss processes which determines the long and short
trigger delays. For that purpose, we will consider the triggering of SCR5 and SCR6 after
triggering of SCR4 because they are far from the right reflecting boundary in addition
to SCR1. Hence, with this selection we eliminate their possible influence. Figure 2.14
shows the simplified schematics for our consideration. With the triggering of SCR4, holes
are injected from the p-emitter and forms the dominant lateral SCR path which is shown
with the blue arrow Figure 2.14 (a). The supporting flow of electrons via n-well, on the
other hand, is indicated with the red arrow. With these electrons, the region below the
n-well of SCRA4 is filled with an electron-hole plasma as shown with the dashed region
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Figure 2.14: Schematics showing the different movement direction of electrons (red) and holes
(blue) between the triggering of SCR4 and SCR6: (a) moment of triggering of SCR4, (b-c) are
moments before triggering of SCR5, (d) GND region of SCR5 is filled by holes, (e) triggering of
SCRS5, (f) triggering of SCR6. The indicated time moments are consistent with Figure 2.12 (i.e.
I=1A,R=0Q). The orientation of the arrows indicate the electron or hole flow vectors, not

the corresponding electrical currents.

in Figure 2.14 (b). While this is happening, the vertical pnp, which is shown with the
vertical /right blue arrow in Figure 2.14 (¢) becomes activate and causes further hole in-
jection and their drift towards the common GND contact of SCR5 and SCR6 along the
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deep p-well. This hole current then forms the base current, Iy, ,,,, for the triggering of the
npn transistor of SCR5. The situation can be schematically depicted with Figure 2.9. In
that case, Ry, pwen denotes the p-well resistance and the left and right SCRs correspond to
SCR4 and SCR5, respectively. With the drift of holes, as shown with the dashed region
in Figure 2.14 (d), part of the holes fill the region around the GND region of SCR5 and
SCRG6. Thus, according to the charge-controlled concept of SCR introduced in [90], these
holes help to forward bias the p-sub/n+-GND junction (base/emitter junction of the npn
of SCR5). The current inside the n-well of SCR5; therefore, increases as shown with the
right-side red arrow in Figure 2.14 (e). When the n-well current reaches a critical value,
a certain voltage difference on the R, _yen is satisfied as discussed previously, and so the
pnp of SCRS5 is triggered (see the right-side blue arrow in Figure 2.14 (e)). The processes
in both dashed regions are slow, diffusion-limited processes and they control 7j,,e. For a
typical distances of 5 - 10 pm, the time for hole diffusion is in the range of 20 - 80 ns. In
this respect, our simulated 7).,y values in Figure 2.6 (b) are proper and also consistent
with measured Ty, values, shown in Figure 2.6 (a). Finally with the triggering of SCR5,
n+-GND contact of it strongly injects electrons and due to short diffusion distance, it
takes only a few ns to reach the condition for triggering of SCR6 (see Figure 2.14 (f)).
The short diffusion distance brings also a much shorter 7g,or¢ values compared to Tion,.

Our discussions showed us that the hole current I, ,,,, is an important parameter to
explain the SFT mechanism. Therefore, in Figure 2.15 (a) we showed the evolution of
I, npn around the triggering of SCR4 and SCRS for three different currents. The calculation
of Iy, npn Was achieved by integrating the x-component of the hole current density over the
deep p-well and p-sub regions through the line A-A’ shown in Figure 2.14 (c). The
upward and downward arrows, in Figure 2.15 (a) indicate the triggering instants of SCR4
and SCR5, respectively. As it can also be observed, Iy, ,,, first rises rapidly just after the
triggering of SCR4. But then this rise levels off and shows a slower increase. The reason
of the fast rising edge is the rising of the SCR4 current. The reason for the rise with
slower slope, on the other hand, is the above mentioned slow diffusion processes. SCR5
triggers when Iy, ., reaches the critical condition necessary for triggering. So if we look
at the magnitude of I ,pn at the moment of triggering of SCR5 (i.e. at the positions of
downwards arrows in Figure 2.15 (a)), we observe a rise with 1. These I}, ,pn values are
extracted and plotted separately as a function of I in Figure 2.15 (b). Since a higher Iy, ,pn
current fulfills the condition for triggering of SCR5 earlier, at higher applied currents I,
smaller 7o, values are expected. Thus, this explains the measured and simulated Tiong(J)
dependence in Figure 2.6 (a) and (b), respectively.

At that point we also want to note that the total current flowing via the SCR is lowered
due to the base current I, ,,,,. However, compared to the I, ,,, values, the current flowing
via the individual SCRs is much higher. In this respect, this “missing” Ij, ,pn current is not
harmful for the self-sustaining operation of already triggered SCR fingers. This is because
in these devices the sum of common base current gains of the npn, ayp,, and of the pnp,
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(a) (b)

Figure 2.15: (a) Simulated Ij, ,p, evolution covering the moments of triggering of SCR4 (the
upward arrows) and SCR5 (downward arrows) for I = 1 A, 2 A and 4 A. (b) Iynpn at the
triggering of SCR5; R = 0 €.

Qipnp, s much higher than 1, so appn +apnp > 1. On the other hand, the missing holes in
the triggered SCR will weaken the reverse hole injection in the inverse pnp transistor [91].
Nevertheless, for very low applied currents, one can expect that the sequential triggering
will stop when there is not enough base current Iy, ,,, for the triggering of the neighboring

SCR finger.

2.1.4.2.3 Simultaneous triggering at high current for RT = 10 ns During our
analysis, we observed that for RT = 10 ns the 8-finger simulation device triggers homo-
geneously for I > 11 A. Figure 2.16, for instance, shows the simulated device voltage,
p-emitter and n-well currents of each finger during the first 2 ns of a TLP pulse with [ =
11 A. As it can be observed, the simulation shows a pronounced voltage overshoot around
13.3 V and so it causes the simultaneous triggering of all fingers as in the case of RT =
300 ps.

2.1.4.2.4 Effect of contact resistance on trigger delay In order to investigate the
effect of contact resistance on trigger delay, we set R = 1 Q (see Figure 2.8) and applied
the same conditions of I = 1 A and RT = 10 ns as in Figure 2.12. Curvel in Figure
2.17 (a) shows the resulting voltage waveform V(t). As it can be seen, for R = 1 Q case,
the voltage steps are larger than that in the case of R = 0 Q (see Figure 2.12 (a)) and
so they show a better match to the experimental values. The Curve2 in Figure 2.17 (a)
represents the simulated waveform for RT = 300 ps and it is given to show that device
voltage reaches the same asymptotic voltage value after the triggering of all fingers (t>50
ns) under diffrent RT conditions.
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Figure 2.16: The simulated voltage, p-emitter and n-well current waveforms for I = 11 A, RT
=10nsand R =0 Q.

Figure 2.6 (c¢) shows the effect of finite finger resistance (R = 1 ) on long trigger
delays Tjong for different applied currents I. By comparing Figure 2.6 (b) and (c) one can
say that with the rising R value, Tjone gets shorter and levels off with J faster. The reason
for this behaviour is the increase of the device voltage for R > 0. Higher device voltage
helps to meet the triggering condition in the next neighbor fingers faster. In this respect,
if the slightly higher series resistance of the protection device would not be of primary
concern, increasing R can be a design tool for shortening 7i,n, and thus improving the
ESD robustness in HBM time domain.

Figure 2.17 (b) shows the voltage waveform for the condition of I = 2 A, RT = 10ns
and R = 1 Q. Similar to what we observed in measurements (see Figure 2.3 (b) and (c)),
the voltage drops shifts to shorter times compared to Curvel in Figure 2.17 (a). This
shift is demonstrated with the arrows.

At that point it may also worth to discuss the the origin of voltage peaks in the
simulated voltage waveforms for t < 10 ns observed in Figure 2.12 (a), Curvel of Figure
2.17 (a) and Figure 2.17 (b). A similar voltage peak also occurs in the experiments (see
Figure 2.3 (b) and (c)). Although in the first place one may think that it is because of
the self-heating effect, its origin is purely electrical. Our RT value is 10 ns. Hence, since
some of the fingers trigger before the end of the rising edge of the pulse, the voltage on
the device rises to accommodate the imposed current.

2.1.4.2.5 Effect of ambient temperature on trigger delay Figure 2.18 compares the
simulated voltage waveforms V(t) for three ambient temperatures. As it can be observed,
Tlong Shortens with the increasing ambient temperature. The reason for this is the increase
in the n-well resistance R,_yen with temperature. As R,_wen increases, a smaller n-well
current becomes enough to satisfy the triggering condition of the pnp of an SCR under
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Figure 2.17: Simulated voltage waveforms for (a) RT = 10 ns (Curvel) and RT = 300 ps
(Curve2) under I=1A (b) RT =10 ns and I =2 A. R = 1 Q. The number of triggered fingers

N are indicated.

the same applied current (see Figure 2.9) and so the SCR triggers earlier. Figure 2.19
shows the evolution of n-well current at the triggering of fingers for each temperature
case. Rising of temperature by 100°C shortens the longest trigger delay by about 15 ns.

2.1.4.2.6 Effect of active silicon layer thickness on trigger delay When we increase
the thickness of active silicon layer in our simulation structure (see Figure 2.8), a similar
dependence on the average one-dimensional current density, J, as in Figure 2.6 (b) is
observed in long trigger delay Tione values. In all simulations SCR1 triggers first and
other inner fingers SCR2, SCR3 and alternately up to SCRS8 trigger sequentially. SCRO,
on the other hand, stays inactive as discussed before. Therefore, 747 always become the
the longest trigger delay. In this respect, in order to understand the effect of active silicon
layer thickness on trigger delay, we compare 747 values for different thicknesses in an
arbitrary unit. Figure 2.20 shows this comparison.

As we discussed previously, holes from triggered fingers move through the deep p-
well/p-sub and bias the npn of the non-triggered neighbor finger which will trigger next.
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Figure 2.18: Comparison of simulated voltage waveforms for different ambient temperature
forI=1A, RT =10nsand R =0 Q.

\
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Temperature (K)

n-well current at triggering (mA)

Figure 2.19: n-well currents at the triggering of fingers for different temperatures. I = 1 A,
RT =10 ns and R =0 Q.

During this movement, holes face with the resistance of deep p-well/p-sub region. In
this respect, with the increase of active silicon layer thickness, the effective value of this
resistance decreases and so holes move faster. More charge; therefore, is transported to
the region around the GND due to higher Iy, ,,, and so the base/emitter junction of npn
is forward biased faster. Faster npn triggering then brings shorter 7o, values. In Figure
2.20, we observe this effect clearly until the active silicon layer thickness of 0.6.

Most of the holes which move towards the neighbor finger move within the thickness
of 0.6 from the surface of the active silicon layer. The amount of holes from surface into
deeper region of active silicon layer decreases exponentially. Therefore, the enhancement
of active silicon layer more than 0.6 does not strongly affect the actual resistance of deep
p-well region which holes are experiencing. However, some of the holes still moves into
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Figure 2.20: Comparison of the longest trigger delay (7 7) values for different active silicon
layer thicknesses in an arbitrary unit. =1 A, RT = 10 ns and R = 0 .

deeper regions of the p-sub and do not contribute to the base current Iy, ,,,. In this case,
a slight increase in Tione occurs. The rise in Ty, values between the active silicon layer
thicknesses of 0.6 and 2 in Figure 2.20 can be attributed to this reason. After the active
silicon layer thickness of 2; however, the moving holes into deeper region of p-sub do not

play a significant role anymore and 7ione values nearly do not change.

2.2 Analysis with half sinusoidal pulse

2.2.1 Investigated device structure

In this section we investigate the triggering behavior of a 8-finger SCR by applying a
half sinusoidal pulse. Figure 2.21 (a) shows the cross-section view of the studied SCR
structure at a region where p-doped trigger taps (TTs) exist. Figure 2.21 (b) and (c), in
addition, shows the enlarged image for the regions of a finger where T'T does not exist and
exist, respectively. Figure 2.21 (d), on the other hand, shows the top view of the layout
of a finger. The p-doped TTs help to decrease the trigger voltage Vg and so triggering
starts at n-well/TT junctions. All fingers stay on a lightly p-doped bulk silicon substrate
and there is no shallow trench isolation (STI) in between them; therefore, they all are
coupled through the same p-substrate.

The p+-emitters of pnp transistors and n-well regions share the same contact metal-
lization and the positive half sinusoidal stress is applied on them. The n+-emitter of the
npn transistors and p-well regions, on the other hand, share the same contact metalliza-
tion which is connected to ground. The n-well serves both as a base and a base resistor
of the pnp transistor whereas the p-well serves both as a base and a base resistor of the
npn transistor. The n-well and p-well regions, moreover, serves as a collector of npn and

pnp transistors, respectively.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

2.2. ANALYSIS WITH HALF SINUSOIDAL PULSE 46

Figure 2.21: (a) Simplified cross section of the studied 8-finger SCR structure on which trigger
taps (TTs) are shown. The zoomed image for regions (b) without trigger taps (w/o-TTs) and
(c) with trigger taps (w-TTs) (d) Top view of a finger.

SCRs are labeled from ‘1’ to ‘8, in other words from SCR1 to SCR8. The GND
contact at the left side of SCR1 is put in order to have 8 forward biased pn junctions in
total in the case of opposite bias. We will not investigate the pn junction behaviour here
but the structure is designed so that it becomes SCR or forward biased pn junction in
the case of positive or negative stress applied to the Signal contacts, respectively.

2.2.2 Experimental results
2.2.2.1 First investigation with Surge

Our purpose was to investigate the triggering behaviour of our structure under surge (see
section 1.4.4). For this purpose, first we created a surge pulse by modifying the square
pulse of HP8114A Pulse Generator. We used this pulse generator because it was a device
that we know how to create rectangular pulses in the microsecond range in a controlled
manner. Figure 2.22 shows the used circuit parameters to get surge from a rectangular
pulse [47, 58]. It is plotted by using LTspice. There, the voltage source V1 represents
the HP8114A Pulse Generator. A pulse from HP8114A Pulse Generator is sent with a
rise time value of RT = 7 ns, which is also equal to its fall time value (FT = 7 ns). That
is why, in Figure 2.22, for instance, an 80V pulse with RT = 7 ns and PW = 50 ps is

provided to the circuit. R2 resistor represents the internal resistance at the output of the
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HP8114A Pulse Generator. C1 capacitor, on the other hand, is used for arranging the
falling edge of the surge pulse while L1 is benefited to get a peak around t = 10 pus. R3
represents the SCR structure.

Figure 2.22: The used circuit parameters to get a surge from HP8114A Pulse Generator. The
circuit is plotted with LTspice.

With the circuit configuration shown in Figure 2.22, we obtained the current waveform
I(t) displayed in Figure 2.23 from HP8114A Pulse Generator. As it can be observed, the
shape of the waveform we get is quite close the surge pulse discussed in section 1.4.4. The
problem here; however, the maximum voltage that HP8114A Pulse Generator can provide
is 100 V. That means that maximum current that we can send to the circuit is around
1.25 A. Under this applied current, unfortunately, we just observe the triggering of one
finger instead of a sequential finger triggering. This is because this current is just enough
to trigger one finger. With this setup; therefore, we could not investigate the sequential
finger triggering observed in this SCR structure under the surge pulse.

To deal with this issue, we decided to change our pulser. Another pulse generator
we have that can provide pulses in microsecond range was HP8116A Pulse/Function
Generator. With this device we cannot apply surge but a sinusoidal pulse. Since the
rising edge of a surge pulse is quite similar to the rising edge of a sinusoidal wave, applying
a sinusoidal pulse can provide us the understanding of how sequential finger triggering
occurs under the surge. Although the maximum amplitude of the voltage waveform that
this pulser can provide is 8 V, with the help of an internally designed amplifier in TU
Wien, we were able to amplify the signal by 20 times. The amplifier was directly connected
to the output of the HP8116A Pulse/Function Generator and there was a 10 Q resistor
between the output of the amplifier and our SCR device. With this circuit configuration
and the pulse generator; therefore, we were able to provide high currents to our SCR up
to 16 A and observe sequential finger triggering (SFT). Figure 2.24 shows an example of
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Figure 2.23: The surge pulse obtained from HP8114A Pulse Generator by using the circuit

configuration shown in Figure 2.22

the half sinusoidal pulse that we applied to our SCR devices. The pulse in Figure 2.24 is

simulated but the ones applied to the experimental devices were also the same.

Figure 2.24: An example of the half sinusoidal pulse that we applied to our SCR, devices

2.2.2.2 Sequential finger triggering with half sinusoidal pulse

Figure 2.25 represents the typical TLP IV curve for RT = 10 ns and PW = 100 ns. As it
can be observed, there is no jump for currents I > 0.25 A. Thus, based on our previous
discussion about sequential finger triggering in section 2.1, it can be stated that there is
no SFT for currents I > 0.25 A under this specific TLP pulse condition. Although we
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do not observe a drop on the TLP IV curve due to SFT, it still provides us a knowledge
about holding voltage Vyorp. By knowing Vyorp value in our SCR, we can determine
whether we have SF'T or not in our further analyses once we see successive voltage drop
near Vgorp. The Vigorp in our SCR is around 1.6 V.

Figure 2.25: TLP IV curve for RT=10ns and PW = 100ns. The averaging window is 75-90ns.

2.2.2.2.1 Current and voltage waveforms Once we applied the half sinusoidal pulse
at high currents as shown in Figure 2.24, we observed the sequential finger triggering
(SFT) in our SCR device. During these experiments, we also recognized that finger
triggering was happening in both directions. The position of the first triggered finger
was changing from device to device. However, depending on the position of the first
triggered finger, the next fingers were triggering towards both the right and the left sides.
In addition, compared to SFT from SCR1 to SCR8 direction, the SFT from SCRS to
SCR1 direction was requiring less amount of applied current for the same amount of
finger triggering. In other words, fingers were triggering easier if they trigger towards the
left direction (see Figure 2.21 (a)). For convenience, we called this direction as the easy
direction and the opposite direction; therefore; was called as the difficult direction.
Figure 2.26 (a), for instance, shows the TIM scan across the fingers at some selected
time instants (indicated on right sides of the figures) for an experiment where fingers
trigger in the difficult (towards the right) direction. In this experiment, SCR2 triggers
first. Then, since the left direction is the easy direction, SCR1 triggers next. After the
triggering of SCR1, since there is no finger left in the easy direction, SCR3, SCR4, SCR5
and SCR6 trigger sequentially in the difficult direction. Figure 2.26 (b), on the other
hand, presents the TIM scan for an experiment with the triggering in the easy direction.
There, SCR5 triggers first and then the neighbor fingers in the easy direction (towards
the left, see Figure 2.21 (a)) trigger sequentially until SCR1. In Figure 2.26 (b) again the
TIM scan is conducted across the fingers and the extracted phase shift values at some
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(a) (b)

Figure 2.26: TIM scan across the fingers at some selected time instants under the (a) 42 V
and (b) 30 V half sinusoidal pulse to show sequential finger triggering in difficult (towards the
right) and easy (towards the left) directions, respectively. The positive value of phase shift at
longer times is due to temperature increase caused by the self-heating effect.

selected time instants (indicated on right sides of the figures) are given. At that point, it
is worth to remark that in Figure 2.26, the number of total triggered fingers in difficult
and easy directions are different and it is 6 and 5, respectively. This can be attributed
to that the experiments were conducted with different applied voltages from HP8116A
Pulse/Function Generator. For the experiments in difficult and easy directions, 42 V
and 30 V half sinusoidal pulses were applied from HP8116A Pulse/Function Generator,
respectively. In both TIM scans, the origin of the time instances is not the pulse beginning
but the triggering of the first finger. So in the experiment with the triggering in the
difficult direction (see Figure 2.26 (a)), for instance, the origin of the time instances is
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the triggering of SCR2.

In Figure 2.26, it can be observed that the phase shift values increase with time.
The reason for this is the self-heating effect. As discussed in section 1.5.2, for a long
pulse duration, the thermally induced phase shift term dominates the free carrier induced
contributions and so we observe high positive phase shift values. If we focus on the time
duration around the triggering of a finger, on the other hand, the negative phase shift due
to injection of free carriers can be clearly observed. At time instance t = 0 in Figure 2.27,
for instance, the negative phase shift at the triggering of SCR5, which is also presented
in Figure 2.26 (b), can be seen.

Figure 2.27: Phase shift values around the triggering of SCR5 presented in Figure 2.26 (b)

The red lines in Figure 2.28 (a) and (b) show the experimental current and voltage
waveforms for the sequential finger triggering in difficult direction under 42 V half sinus-
oidal voltage pulse from HP8116A Pulse/Function Generator. Figure 2.28 (c), on the
other hand, is the enlarged image of Figure 2.28 (b) to see voltage drops clearly. The
peak values of current and voltage waveforms are 3.61 A and 8.36 V, respectively. As
indicated by the numbers, there are six successive voltage drops and the last five of them
is happening near the holding voltage Vyorp = 1.6 V of the device. Therefore, as we
discussed before, it is a strong sign of sequential finger triggering (SF'T).

The blue lines in Figure 2.28 (d) and (e), on the other hand, presents the experimental
current and voltage waveforms in the easy direction under 30 V half sinusoidal voltage
pulse from HP8116A Pulse/Function Generator. Figure 2.28 (f), on the other hand, is the
zoomed image of Figure 2.28 (e) to see voltage drops clearly. The peak values of current
and voltage waveforms are 2.64 A and 8.39 V, respectively. As indicated by the numbers,
there are five successive voltage drops and the last four of them is happening near the

holding voltage Vyorp = 1.6 V. It is again a strong sign of SFT.
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Figure 2.28: Experimental and simulated (a) current and (b) voltage waveforms for the se-
quential finger triggering in the difficult direction under 42 V half sinusoidal pulse. (c) The
enlarged image of (b). Experimental and simulated (d) current and (e) voltage waveforms for
the sequential finger triggering in the easy direction under 30 V half sinusoidal pulse. (f) The

zoomed image of (e).

As it can be observed in Figure 2.28 (b) and (e), the voltage on the device increases
a bit during triggering for both triggering directions. The reason for this is the rise of
the current. The voltage on the device is rising in order to accommodate the imposed
current.

In order to understand the difference in these two directions in terms of finger triggering
and to check whether there is a certain trend for required currents at triggering, we plotted
the current per already triggered fingers for the experiments in Figure 2.26 at the moment
of the triggering of the next finger. Figure 2.29 shows these plots. The blue and red lines in
Figure 2.29; therefore, show the experimental current per triggered finger at the moment
of the triggering of a new finger for the easy (towards the left) and difficult (towards the
right) directions, respectively. The experimental data for the difficult and easy directions
in Figure 2.29 are extracted from Figure 2.28 (a, b) and Figure 2.28 (d, e), respectively.

As it can be observed in Figure 2.29, in both directions (easy and difficult), the amount
of current per triggered finger at the moment of the sequential triggering of the neighbor
finger is decreasing with the increasing number of triggered fingers. This decrease, in
addition, show a tendency to level off at high number of triggered fingers. The amount of
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required current in the difficult direction; however, is still considerably higher than that
in the easy direction. Besides that, it may catch one’s eyes that the first value in the
difficult direction is in the range of values in the easy (towards the left) direction. This is
because in this experiment (see Figure 2.26 (a)) SCRI1 triggers in the easy (towards the
left) direction after the triggering of SCR2.

Figure 2.29: Current per triggered finger at the moment of the triggering of a new finger
in the easy (towards the left) and difficult (towards the right) directions for experiments and

simulations

2.2.3 TCAD simulation approach

For simulation purposes, an 8-finger 2D device structure was created by using Synopsys
Sentaurus TCAD as shown in Figure 2.30 (a). Since the experimental device stays on a
lightly p-doped bulk silicon, a 200 pm silicon layer is used in the simulation structure.
Making the silicon layer thicker than 200 pm was not altering the results. Therefore, in
order to decrease the simulation time, we did not make it larger. The surge pulse we are
applying is in the microsecond range and so, as discussed in TIM scans previously (see
Figure 2.26), we observe self-heating effect. Hence, in order to allow heat diffusion towards
the sides of the simulation structure as in the experimental device, it is extended by 100
pm at both sides. Besides that since we have self-heating effect, conducting an isothermal
drift-diffusion simulation is not enough to reveal the device behaviour. A thermodynamic
simulation is needed. In this respect, in order to apply thermodynamic model, a thermode
contact is implemented at the bottom of the structure and its temperature value is set
to ambient temperature of 300 K. Due to solving complex thermal equtions, a simulation
with thermodynamic model takes more time than a simulation with isothermal drift-
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diffusion model. However, in order to match simulation and experimental results, this
is a trade off to overcome. The vertical lines between the fingers is due to properties of
Sentaurus and it does not affect the device behavior. Neumann boundary conditions are
applied at the edges of simulation region.

Figure 2.30: (a) Simulation setup with separate contacts for each SCR current component in
addition to the bottom thermode contact. (b) Enlarged image of the active region where SCR

fingers exist. (¢) The zoomed image for a finger.

Figure 2.30 (b) shows inside of the active region where SCR fingers exist and Figure
2.30 (c) presents the enlarged image for a finger. In order to make individual analysis
of current components on each SCR finger, separate contacts are implemented on top
of p+-SIGNAL, n+ region of n-wells, p+ region of p-wells and n4+-GND regions. The
currents through these contacts are called p-emitter, n-well, p-well and n-emitter currents.
We calibrated the simulation in detail in terms of doping concentration as well as cabling

and contact resistances as will be discussed below.
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2.2.4 Simulation results
2.2.4.1 Calibration of the simulation setup

Since the TIM setup that we used in the experiments has a 2-point-probe configuration, so
as to calibrate the simulations with the experiments in terms of current/voltage waveforms
and phase shift values; in addition to doping concentrations, we also needed to consider
cabling and contact resistances. Figure 2.31 schematically shows the simulation setup we
used.

Figure 2.31: Schematic representation of the simulation setup.

Under the 12 V half sinusoidal pulse, only one finger was triggering in the experimental
device. Therefore, in order to gain time, we started calibration under the condition of
one finger triggering. The idea here was that if we can achieve a successful matching for
the triggering of one finger; by using the same simulation setup, we could achieve also the
matching for higher number of triggering. Current, voltage, power and energy waveforms
in Figure 2.32 (a), (b), (c¢) and (d), respectively show that we have a very successfully
calibrated simulation setup.

In addition to data in Figure 2.32, Figure 2.33 (a)-(d) compares the phase shift values
from experiments and simulations at some selected time instants (indicated on right sides
of the figures) for the triggering of one finger (SCR4) under the 12 V half sinusoidal pulse.
The origin of the time instances again is not the pulse beginning but the triggering of
the first finger (SCR4 in this case). Figure 2.33 (e) compares the maximum phase shift
values. The simulation data in Figure 2.33 (e) is extracted from Figure 2.33 (a)-(d). The
maximum temperatures during the simulation, on the other hand, is shown in Figure 2.33
(f). The maximum temperature values at the selected time instances are also included
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Figure 2.32: Comparison of experimental and simulated (a) current, (b) voltage, (c) power
and (d) energy waveforms under the 12 V half sinusoidal pulse.

in Figure 2.33 (e). As it can be observed, the maximum phase shift and the maximum
temperature are not happening at the same time. This is due to the property of the phase
extraction technique. As it is explained in TIM technique section in chapterl (section
1.5.2), phase shift is extracted through the the silicon layer in z-direction. Therefore,
once the maximum temperature is reached at the top side of the silicon layer, it takes
a bit time for heat to diffuse into the silicon layer and so to cause the maximum phase
shift. All these results confirm that our simulation setup is very well calibrated with the

experiments.

2.2.4.2 Condition for Triggering

Before investigating the current and voltage waveforms for finger triggering in the easy
and difficult directions, it is better here to explain the general condition for triggering to
make further subjects easier to understand for the reader. In general, an impact ionization
occurs at the reverse biased n-well/TT junctions of all fingers prior to triggering of the
SCR. Then, with the increase of the device voltage, the p+-SIGNAL to n-well and the p-
well to n+-GND junctions become forward biased. A voltage difference; therefore, occurs
on the Ry wen and Ry wen resistances, respectively. Since the effective resistance of Ry wen
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Figure 2.33: (a)-(d) Comparison of the phase shift values from experiments and simulations
at some selected time instants for triggering of one finger (SCR4) under the 12 V half sinusoidal
pulse. The origin of the time instances is the triggering of SCR4. (e) Comparison of the

maximum phase shift values. (f) The maximum temperature values during the simulation.

(175.1 ) is bigger than the effective resistance of Ry wen (31.2 §2), a potential drop on
Rp-wen which is sufficient to trigger the npn is reached earlier and so npn triggers. Since
now npn becomes active, the collector current, I n,n, of the npn flows through the n-well.
Then, once the potential drop on Ry,_wen becomes sufficiently high to bias the emitter /base
junction of pnp (p+/n-well junction of the SCR finger), the p-emitter current of the pnp
starts to inject and so the device is driven into self-sustaining SCR action. This indicates
the triggering moment of the SCR. The situation can be depicted in a lumped element
representation of SCR as shown inside of the dashed box in Figure 2.34.

2.2.4.3 Current and voltage waveforms for triggerings in the easy and dificult
directions

Since we have a very well calibrated simulation setup, now we can simulate the triggering
in the difficult and easy directions observed in the experiments by applying the same pulses
that we applied in the experiments. For the triggering in the difficult direction, a 42 V
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Figure 2.34: Lumped element representation of two SCRs. The hole base current I, ;,,, from
SCRi to SCRi+1 is indicated

half sinusoidal pulse; therefore, is applied to the simulation setup as in the experiments.
Figure 2.35 (a) shows the simulated p-emitter and n-well currents while Figure 2.36 (a)
presents the simulated n-emitter and p-well currents. Total current and voltage waveforms
are also given in these figures. Figure 2.35 (b) and Figure 2.36 (b), on the other hand,
show the enlarged current waveforms by zooming inside of the dashed rectangles in Figure
2.35 (a) and Figure 2.36 (a), respectively. The dotted lines relate the particular current
component to its corresponding contact. If we put all the waveforms in one plot, it was
becoming very hard to differentiate the waveforms from each other. Therefore, in order
to help reader to understand the drawings, we put them as separate plots. In addition to
that, the waveforms for the total current on the device and the voltage can also be found
in Figure 2.28 (a) and (b), respectively. As it can be seen in Figure 2.28, the simulated
current and voltage waveforms show quite good matching to the experimental results. If
we extract the current per triggered finger at the moment of the triggering of the next
finger, the simulation data again matches quite well to the experimental result as shown
in Figure 2.29 (compare Simul.(Difficult) and Exp. (Difficult) curves in Figure 2.29).

In Figure 2.35 (a) and (b), the rapid rise of the p-emitter currents, which dominate
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Figure 2.35: (a) Simulated p-emitter and n-well currents for the triggering in the difficult
direction under the 42 V half sinusoidal pulse. (b) Enlarged current waveforms from (a) by

zooming inside of the dashed rectangle. In (a) current and voltage waveforms are also given.

the n-well currents in the on-state, indicate the onset of SCR action. In this respect,
it can be observed that SCRI1 triggers first at Vrr ~ 8.8 V and then the inner fingers
SCR2, SCR3, SCR4 and SCR5 trigger sequentially. There is no special reason for SCR1
to trigger first. Since all fingers are the same, the position of the first triggering finger is
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Figure 2.36: (a) Simulated n-emitter and p-well currents for the triggering in the difficult
direction under the 42 V half sinusoidal pulse. (b) Enlarged current waveforms from (a) by

zooming inside of the dashed rectangle. In (a) current and voltage waveforms are also given.

determined by the small fluctuations in the mesh. In the experimental structure this may
be due to small variations from finger to finger. The inner fingers are activated near the
holding voltage without impact ionization. In addition, with the triggering of each new

finger a voltage drop occurs and the current density in the triggered fingers equalize. This
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equalization occurs by decreasing the current density in already triggered fingers while
increasing in the newly triggered finger.

Since the current and voltage waveforms for the triggering in the easy direction under
the 30 V half sinusoidal pulse are similar to what is shown in Figure 2.35 and Figure 2.36,
we did not put the results for this simulation in order not to repeat the similar things. A
significant difference between these two simulations is the direction of finger triggering.
In simulations with 30 V half sinusoidal pulse, SCRS8 is triggering first and the inner
fingers SCR7, SCR6, ... until SCR3 are triggering. The the total current and the voltage
waveforms for the latter; however, can be found in Figure 2.28 (d) and (e), respectively.
As it can be observed in Figure 2.28, the simulated current and voltage waveforms are
very well matched to the experimental results. If we compare experimental and simulation
data for the current per triggered finger at the moment of the triggering of a new finger,
a quite well matching is observed again as shown in Figure 2.29 (compare Simul.(Easy)
and Exp. (Easy) curves in Figure 2.29).

2.2.4.4 Sequential finger triggering mechanism

Now we will go into detail and investigate the physical origin of the inter-finger coupling
between the fingers, which appears at voltages well below Vg, where there is no impact

ionization. We will start our analysis with the triggering in the difficult direction.

2.2.4.4.1 Mechanism for triggering in the difficult direction For that purpose, we
will consider the triggering of SCR3 after the triggering of SCR2. There is no special
reason for this selection. For any other two neighbor fingers, which trigger sequentially,
the mechanism is also the same. Figure 2.37 shows the simplified schematics for our con-
sideration, which is based on the analysis of the 2D TCAD profiles of the total current
density, hole current density and electron current density distributions. With the trigger-
ing of SCR2, holes are injected from the p-emitter and form the dominant lateral SCR
path which is shown with the blue arrow Figure 2.37 (a). The supporting flow of elec-
trons via n-well, on the other hand, is indicated with the red arrow. With these electrons
and holes, the region below SCR2 is filled with an electron-hole plasma as shown with
the dashed region in Figure 2.37 (b). While this is happening, the vertical pnp, which
is shown with the vertical blue arrow in Figure 2.37 (c¢) becomes activated and causes
further hole injection and their movement along the p-sub towards the n+-GND contact
of SCR3. This hole current then forms the base current, Iy npn, for the triggering of the
npn transistor of SCR3. The situation can be schematically depicted with Figure 2.34.
In that case, Ry, psub denotes the p-sub resistance and the left and right SCRs correspond
to SCR2 and SCR3, respectively. With the movement of holes, as shown with the dashed
region in Figure 2.37 (d), part of the holes fills the region around the GND region of
SCR3. Thus, some holes move through the R, e resistance and help to forward bias the
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p-well/n+-GND junction (base/emitter junction of the npn of SCR3). When a sufficient
voltage on the Ry, wen resistance is reached, the npn of SCR3 triggers. This is also the
time point that ~5 mA difference between the p-well and n-emitter currents is reached as
shown with arrow B in Figure 2.36 (b). The current inside of the n-well of SCR3 (I npn);
therefore, increases as shown with the right-side red arrow in Figure 2.37 (e). When the
n-well current reaches a critical value, a certain voltage drop on the R, _yen is reached and
so the pnp of SCR3 triggers (see the right-side blue arrow in Figure 2.37 (f)). This is also
the time point that ~35 mA difference shown with arrow A in Figure 2.35 (b) is reached
between the n-well and p-emitter currents.

Figure 2.37: Schematics to explain the mechanism for triggering in the difficult direction
(towards the right-side). The movement directions of electrons (red) and holes (blue) between
the triggering of SCR2 and SCR3 are given: (a) the moment of triggering of SCR2, (b-c) are the
moments before triggering of SCR3, (d) GND region of SCR3 is filled by holes, (e) triggering of
the npn of SCR3, (f) triggering of pnp of SCR3 and so the triggering of SCR3. The indicated
time moments are consistent with Figure 2.35 and Figure 2.36. The orientation of the arrows

indicate the electron or hole flow vectors, not the corresponding electrical currents.
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Figure 2.38: Schematics to explain the mechanism for triggering in the easy direction (towards
the left-side). The movement directions of electrons (red) and holes (blue) between the triggering
of SCR7 and SCR6 are given: (a) the moment of triggering of SCR7, (b-c) are the moments
before triggering of SCR6, (d) GND region of SCR6 is filled by holes, (e) triggering of the npn
of SCR6, (f) triggering of pnp of SCR6 and so the triggering of SCR6. The orientation of the
arrows indicate the electron or hole flow vectors, not the corresponding electrical currents.

2.2.4.4.2 Mechanism for triggering in the easy direction After the explanation of
the mechanism for triggering in the difficult direction (towards the right), one can deduce
the mechanism for triggering in the in easy direction (towards the left). However, for
completeness purposes, we will also explain it here. For that purpose, we will consider
the triggering of SCR6 after triggering of SCR7. Again there is no special reason for this
selection. Figure 2.38 shows the simplified schematics for our consideration. With the
triggering of SCR7, holes are injected from the p-emitter and form the dominant lateral
SCR path as shown with the blue arrow Figure 2.38 (a). The supporting flow of electrons
via n-well, on the other hand, is indicated with the red arrow. With these electrons
and holes, the region below SCR7 is filled with an electron-hole plasma as shown with
the dashed region in Figure 2.38 (b). While this is happening, the vertical pnp, which is
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shown with the vertical/left blue arrow in Figure 2.38 (¢) activates and causes further hole
injection and their movement towards the n+-GND contact of SCR6 along the p-sub. This
hole current then forms the base current, Iy, ,pn, for the triggering of the npn transistor of
SCRG6. The situation can be schematically depicted with Figure 2.34. In that case, Ry, psup
denotes the p-sub resistance and the left and right SCRs correspond to SCR7 and SCRS6,
respectively. Part of the holes fill the region around the GND region of SCR6 as shown
with the dashed region in Figure 2.38 (d). Thus, some holes move through the Ry wen
resistance and help to forward bias the p-well/n+-GND junction (base/emitter junction
of the npn of SCR6). When a sufficient voltage on the Ry, wen resistance is reached, the npn
of SCR6 triggers. The current inside of the n-well of SCR6 (I.pn); therefore, increases
as shown with the left-side red arrow in Figure 2.38 (e). When the n-well current reaches
a critical value, a certain voltage drop on the R, _yen is achieved and so the pnp of SCR6
triggers (see the left-side blue arrow in Figure 2.38 (f)).

So at that point we come to the most crucial question of this section: Although their
mechanisms are similar, why is there easy and difficult triggering directions? Why for the
triggering in the easy direction less amount of current is required to apply at the triggering
of a new finger (see Figure 2.29)? The answer to all these questions is the geometry of the
device. As it can be observed, the sequential finger triggering (SFT) in our structure is
determined by the movement of holes. Therefore, once a finger triggers, which neighbor
finger will trigger next depends on how much hole moves to bias their p-well/n+-GND
junctions. In our structure, the p-well/n4+-GND junction of the non-triggered neighbor
finger on the left side is closer to the p+-SIGNAL contact of the triggered finger, compared
to that on the right side (see Figure 2.37 or Figure 2.38). Therefore, once a finger triggers
it takes less amount of time for holes to bias the p-well/n+-GND junction of fingers at
the left side and so fingers trigger towards the left side easier. With the same logic, a
smaller amount of applied current becomes sufficient to trigger fingers towards the left

side compared to triggering of fingers towards right side.

2.2.4.5 The ratio of p-emitter current moving to the right and left sides of a finger
after triggering

During simulations, it took our attention that after the triggering of a finger some part
of its p-emitter current was going to the ground (GND) of the neighbor finger at left
instead of its own ground. To exemplify, for the triggering in difficult direction (towards
the right) under the 42 V half sinusoidal pulse, some part of the p-emitter current of
SCR3 and SCR2 was going to the GND of SCR2 and SCRI1, respectively. Therefore,
to investigate how much of the p-emitter current goes to the left and right sides of the
signal contacts after triggering, we extracted the total current densities around the signal
contacts of SCR2 and SCR3 through the lines A and B at t = 8.5 ps as shown in Figure
2.39 (a) and (b). At t = 8.5 ps, all of the fingers from SCR1 to SCR5 already triggers,
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and no new finger triggering occurs (see Figure 2.28, 2.25 and 2.36) later. The analysis
revealed that for both fingers 78% and 22% of the total p-emitter current is going towards
the right and left sides of the signal contacts of the fingers. The majority of the p-emitter
currents which move towards right, goes to the ground of the finger itself whereas majority
of the holes which moves towards left, goes to the ground of the finger at left. We are
saying majority because some negligible part of holes moves towards the other fingers and
the deeper regions of the silicon layer.

Figure 2.39: The total current densities around the signal contacts of (a) SCR2 and (b) SCR3
through the lines A and B are extracted at t = 8.5 ps

2.2.4.6 Effect of trigger tap on trigger delay

As it is presented in Figure 2.30, all of the fingers in our 8-finger simulation structure
has the trigger tap (TT). Therefore, in order to understand the effect of TT on finger
triggering, we put TT just on the SCR1 and removed it from the other fingers as shown
in Figure 2.40. Since SCR1 has TT, it triggered first and so other fingers triggered
sequentially in the difficult triggering direction (towards the right). During our analysis,
it turned out that compared to the simulations with structure which have TT at all
fingers, the fingers in this new structure was triggering at a smaller applied current value
and so the current per triggered finger at the triggering moment of the new fingers was
becoming smaller. Figure 2.41 shows this comparison. The reason for this behavior is the
attraction effect of TT. We are running here a 2D simulation and so the simulation solver
is assuming a T'T through all over the device width. Therefore, since T'T is p-doped,
the holes moving from a triggered finger to the non-triggered neighbor finger are heavily
attracted by the low resistivity of TT (There is also a higher valence band energy at that
part of the silicon to attract the holes). Due to this attraction, more amount of holes are
needed to move through the R, yen resistance to bias the base-emitter junction of the npn
transistor. More amount of holes; therefore, requires more current to be applied. In this
respect, when we remove TTs, we also eliminate the attraction effect for the holes and so
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they bias the next finger at smaller applied current values.

[~ SIGNAL (+) GND (-) %
[E—————t

Only SCR1
has TT

SIGNAL (+) GND (-) Easy — x

Other fingers
do not have TT

Figure 2.40: The simulation structure which has TT only on SCRI.

2.2.4.7 Effect of a missing finger on triggering behavior

We also wanted to find an answer for the question of what happens if we remove one of the
fingers from the simulation structure. For that purpose, at the simulations which show fin-
ger triggering in the difficult direction, SCR3 and SCR4 are separately removed as shown
in Figure 2.42 (a) and (b). In these new simulations, SCR1 triggered first also. However,
for the structure shown in Figure 2.42 (a), only SCR1 and SCR2 triggered whereas for
the structure in Figure 2.42 (b) only SCR1, SCR2 and SCR3 triggered. In the original
structure which has no missing finger, on the other hand, SCR1, SCR2 and alternately
up to SCR5 was triggering sequentially. If we plot the maximum device temperatures as
shown in Figure 2.43, on the other hand, it turned out that the temperature value was
reaching very high values after the triggering of SCR2 and SCR3 for the simulations of
structures shown in Figure 2.42 (a) and (b), respectively. So this means that when a
finger is missing, before the triggering of the finger at the right side of the missing finger,
the temperature in the triggered fingers was rising too much due to the self-heating effect
and so causing the thermal runaway. The triggering time of fingers, on the other hand,
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Figure 2.41: Comparison of the current per triggered finger values at the moment of the
triggering of a new finger for the simulation structure which have TT at all fingers and the
simulation structure which have TT only on SCRI1.

Figure 2.42: The simulation structure with missing (a) SCR3 and (b) SCR4
nearly do not change between simulations for the triggered fingers.

In conclusion, although a sequential finger triggering mechanism was observed in
chapter 2.1 under HBM-like TLP stresses with RT = 10 ns and in chapter 2.2 under
Surge-like half sinusoidal pulses, the triggering behaviour was slightly different due to
geometry of the devices. While for the device in chapter 2.1, the holes produced by the
impact ionization in the inactive outer fingers were helping the outer fingers to trigger
first, due to nonexistence of a finger like that, the position of first triggered finger was
changing from device to device for devices in chapter 2.2. However, the geometry was
showing its impact on the devices in chapter 2.2 after the first triggering. Although the
triggering of devices in chapter 2.1 was always in one direction, which is from outer fingers
into inner fingers, for devices in chapter 2.2, there were two options: towards left or right
sides. The triggering towards the left side was more preferable. However, triggering
towards the right side was also possible. All fingers, nevertheless, were triggering once a
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Figure 2.43: Comparison of maximum device temperature values for the simulation structures

of has no missing finger, SR3 is missing and SCR4 is missing.

certain current, which is peculiar to the investigated device, on the n-well resistance is
reached.

In addition to that since the duration of pulse width for HBM-like TLP stress is in the
nanosecond range, the lateral distance between the neighboring fingers of the investigated
device in chapter 2.1 was becoming larger than the thermal diffusion length determined
by the trigger delay. In this respect, the self-heating effect was not needed to be included
in the simulations and so an isothermal drift-diffusion simulation model instead of a
thermodynamic model became sufficient to reveal the correct device behaviour. In this
respect, we got rid of the time consumption due to solving of complex thermal equations.
As for Surge-like half sinusoidal pulse in chapter 2.2, on the other hand, since the pulse
width duration is in the microsecond range, the self heating effect was needed to be

included and so simulations with thermodynamic model were conducted.
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Chapter 3

Filamentary States in SCRs

Silicon Controlled Rectifiers (SCRs) are popular devices for electrostatic discharge (ESD)
protection due to their high ESD robustness [6, 11, 13]. Discrete devices on low-doped
or silicon on insulator (SOI) substrate, for instance, are often used for system-level ESD
protection due to their low capacitance and high failure current Iy, [6, 7, 13-16]. The low
capacitance of SCRs makes them suitable for high-frequency or large bit-rate applications
such as USB3 and Thunderbolt [6, 7]. For latch-up safe operations, in addition, high
holding voltage, VyorLp, and high holding current, Iyorp, are often requested [39, 40].
Although Vyorp has been studied extensively [40, 74], there is less literature related to
optimization of Iyorp [79, 92, 93]. Moreover, the previous design measures to increase
Inorp have been conducted by 2D technology computer-aided design (TCAD) simulations
(79, 92].

Inorp is basically the smallest current in the SCR on-state. However, the position of
it on the IV curve exhibits a non-trivial dependence on the device width, depending on
whether a current filament (CF) [26] is created or not. In small width devices, current
flows homogeneously along the device width [38] and a CF (i.e. inhomogeneous current
density distribution over the device width) does not form. Iyopp; therefore, is determined
as the current in the SCR on-state where the lowest voltage value [94, 95] on the IV curve
of the device occurs [26, 38]. In sufficiently wide structures; however, due to negative
differential resistance (NDR)-induced instability [27-30], current flow along the device
width becomes inhomogeneous [26] and so a CF emerges [26, 28-32, 34, 35, 56, 96]. The
resulting filamentary IV curve; thus, becomes quite complex and, as it has also been
observed experimentally in power thyristors [33, 34, 97] and ESD protection devices [7,
18, 26, 70, 94, 98-102], typically exhibits a double-hysteresis behavior. The origin of this
double-hysteresis IV behavior is comprehensively explained in the introductory part of
[26]. TgoLp, in this case, is determined as the current value where the smallest possible
CF occurs while the self-sustaining SCR action takes place. Since the existence of CF is
dependent on the device width and the conventional 2D TCAD simulations always assume
a homogeneous current distribution along the device width, 2D TCAD simulations, in

69
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3.1. EMMI RESULTS FOR MULTIFINGER DEVICES 70

principle, cannot treat this phenomenon [103, 104]. 3D TCAD simulations are needed
instead. The values of Iyor,p and Vyorp; thus, can be different, depending on whether
they are calculated by 2D or 3D TCAD.

Besides that, although there exist some theoretical approaches about how to qualitat-
ively model the filamentary IV curves in simple structures with 1D doping profile extended
in the width direction [33, 34], the ESD protection devices typically have a complex 2D
cross section and so the analytical analysis would be difficult or even impossible to per-
form. A 3D TCAD analysis of grounded-gate MOSFETsS, for instance, has demonstrated
differences between the IV curves calculated by 3D and 2D TCAD simulations [94, 103].

In this respect, we present a 3D TCAD methodology to investigate the CF-related
double-hysteresis filamentary IV behavior and its related Igyopp value in sufficiently wide
structures which cannot be observed in 2D TCAD simulations. For this purpose, we
apply quasi-DC up and down current sweeps to the 3D TCAD simulation structures of
single-finger ESD protection SCRs to reveal their IV characteristics, and determine the
smallest current from the down sweep IV characteristics, where the SCR is still in the on-
state, as Iyor,p. This novel methodology has practical relevance for protection design and
excludes 2D TCAD as a tool for reliable Igyorp estimation. To our knowledge, previously,
the double-hysteresis behavior has not been simulated in ESD protection devices, and 3D
TCAD has not been applied to Igor,p analysis. All of the simulations are conducted with
TCAD from Synopsys Sentaurus [105].

In the experiments, on the other hand, up and down DC current sweeps are applied by
using the Keithley 2410 Source Measurement Unit (SMU) or HP 4155A Semiconductor
Parameter Analyzer in the current controlled-mode and the resulting double-hysteresis
DC IV curve is recorded. To monitor the current distribution over the device width as
a function of total current, in addition, emission microscopy (EMMI) [20, 70, 106] is
conducted simultaneously with IV recording. The EMMI pattern is recorded from the
polished backside of the chip by an InGaAs Focal Plane Array (FPA) Infrared camera [7]
as discussed in section 1.5.3.

3.1 EMMI results for multifinger devices

Although in this chapter we investigate the single-finger SCR structures in detail, what
complicates the matters even more during the application of this methodology is the fact
that ESD protections are usually laid out as multi-finger devices [19, 70]. The IV curves
of multi-finger devices show multiple branches instead of a double-hysteresis behavior [7,
107, 108]. Figure 3.1 (a), for instance, shows the background infrared (IR) reflectivity
image of an 8-finger SCR with three segments per finger separated by trigger taps (TTs).
There are; therefore, 24 segments in total. The IV curve for this device, on the other
hand, is presented in Figure 3.1 (b). It is obtained by sweeping up and down the current
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3.1. EMMI RESULTS FOR MULTIFINGER DEVICES 71

and the red arrows in Figure 3.1 (b) indicate the sweeping direction. During the sweeping,
with the triggering or turn off of each new segment pair, which shares the same ground, a
voltage jump on the IV curve occurs. If a few segment pairs trigger or turn off together,
on the other hand, the voltage jump becomes bigger. In order to help the reader to
understand finger triggering, Figure 3.2 presents the EMMI images, aligned with the
backside reflectivity image of the device in Figure 3.1 (a), at some selected points on
the IV curve. The number of triggered segments, N, is also shown on top of the EMMI

images.

(a) (b)

Figure 3.1: (a) The background infrared (IR) reflectivity image of an 8-finger SCR with three
segments per finger separated by trigger taps (TTs). (b) The IV curve for the device in (a).
The arrows in (b) indicate the sweeping direction of the current.

Figure 3.2: EMMI images at some selected points on the IV curve in Figure 3.1 (b) to help
reader to understand the finger triggering in multi-finger SCR structure shown in Figure 3.1 (a).
The number of triggered segments, N, is shown on top of the EMMI images.
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3.2. SINGLE FINGER DEVICES UNDER STUDY 72

If we compare the IV curves of multi-finger devices with that of single-finger devices
further, it turns out that although the trigger current, Iy, scales with the total device
width, the holding current Igorp is determined by the activity of the last triggered fin-
ger/segment when sweeping down the current [7, 107]. In Figure 3.1 (b), for instance,
although there are 12 segment pairs, which shares the same ground, there are 13 jumps
in total when sweeping the current down. This is because the current flows through only
one segment instead of a segment pair around I = Igorp and so an extra jump in the
voltage emerges. The black thick arrow in Figure 3.1 (b) shows the position of this extra
jump on the IV curve. Therefore, it is the behavior of a single finger/segment that de-
termines Igorp. Figure 3.3 (a) and (b), on the other hand, compares Iyorp if we sweep
the current up and down multiple times on the device in Figure 3.1 (a). The IV curves in
Figure 3.1 (b) and Figure 3.3 (a) are the same. The current in Figure 3.3 (a) is swiped up
and down one time whereas that is two times in Figure 3.3 (b). The red arrows indicate
the sweeping direction. The related EMMI images, aligned with the backside reflectivity
image of the device, are also given for some selected points on the IV curve with total
number of triggered segments, N, together. As it can seen, although different emission
patterns occur at different sweeps, the same Igorp is observed every time. This is because
Inorp is independent from position of the last active finger/segment. In addition to that
in Figure 3.3 (b) there are again 13 jumps in total when sweeping down the current.

Figure 3.4 presents the measured current density per triggered segment (I/N) as cur-
rent rises for the IV curve shown in Figure 3.2 and Figure 3.3 (a). The number of triggered
segments, N, is also shown. N = 24 label at low current density values shows the current
conduction just on npn before the triggering of any finger /segment. As it can be observed,
nearly the same current density exists at the triggering of each neighbor segment. As for
mechanism of triggering, on the other hand, the device triggers due to substrate coup-
ling of fingers/segments. In this respect, the triggering mechanism shows a similarity to
sequential finger triggering (SFT) mechanism discussed in chapter 2.

The analysis of Iyorp in a different type of multi-finger device and its related EMMI im-
ages that support our argument that Igorp is determined by the last active finger /segment
can be found in [7].

3.2 Single finger devices under study

Figure 3.5 (a) and (b) show the simplified cross section view and the top view of the
studied single-finger SCRs, respectively. The structures are fabricated on lightly p-doped
silicon on an insulated substrate (BOX). The shallow p+, n-well and deep p-well under
the Signal terminal serve as emitter (E), base (B) and collector (C) of the pnp transistor,
respectively. The n-well, in addition, serves as a substrate resistance of the pnp. The
highly doped n+-region of the Ground terminal, p-substrate/deep p-well and n-well, on
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Figure 3.3: IV curves to show what happens Igorp if we sweep the current up and down
multiple times on the device in Figure 3.1 (a). In (a) and (b) the current is swiped one and
two times, respectively. The related EMMI images at some selected points on the IV curve are
also given with total number of triggered segments, N. The red arrows indicate the sweeping

direction.

Figure 3.4: Tthe measured current density per triggered segment (I/N) as current rises for the
IV curve shown in Figure 3.2 and Figure 3.3 (a). The number of triggered segments, N, is also

shown.

the other hand, form the E, B and C regions of the npn, respectively. The n+ contact to
the n-well is short-circuited with the p+-emitter by metallization and the DC sweeping
current is applied on them. The contact on n+-emitter, on the other hand, provides the
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3.3. EXPERIMENTAL RESULTS 74

ground connection. Since the p-substrate and the deep p-well are left floating, we call
this device as floating-base SCR. Devices with different widths W (31.3 pm, 62.2 ym, 93.1
pm, 124 pm, 154.9 pm and 185.8 pm) and the layout parameter L were investigated. The
default value of L will be denoted as Lg in the further subjects.

Figure 3.5: (a) The simplified cross section view of the studied single-finger SCRs. (b) The
top view of the layout. Some layout parameters are also indicated.

3.3 Experimental results

3.3.1 DC IV with EMMI measurements

Figure 3.6 (a) and (b) show the experimental DC IV curve, recorded during the up and
down current sweeping on a single-finger device with standard layout parameters and
width of W = 124 pm, in full and zoomed scales, respectively. As it can be observed,
the IV curve exhibits a double hysteresis behavior. Although the lower hysteresis is well
pronounced, the upper one (see encircled region Figure 3.6 (a)) might be overlooked in
the scale of Figure 3.6 (a). The points A-K indicate the device states at which EMMI
images in Figure 3.7 are recorded. All of the EMMI images in Figure 3.7 are aligned with
the backside reflectivity image of the device. In addition to that in Figure 3.6 (a) and
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(b), on-state, off-state and filamentary parts of the IV curve are indicated. One can also
notice in Figure 3.6 (a) that , there exists a small voltage peak around V = 7.5 V (labeled
Vaupn) at low currents below 100 pA. This is due to avalanche and snapping-back of the
open base npn.

Figure 3.6: (a) Overall and (b) zoomed view of the experimental IV curve for a device with
standard layout parameters and W = 124 ym. The points A-K indicate the device state at which
EMMI images in Figure 3.7 are recorded. (c) Full and (d) zoomed scale view of the simulated
3D IV characteristics (curve “3D”) for a simulation structure with standard layout parameters
and W = 124 pm. The labels A-K indicate the working points at which J(z) distribution is
extracted in Figure 3.16. Curve “2D” in (c) and (d), in addition, represents the 2D IV behavior
with the homogeneous current flow. The current sweeping direction is indicated by arrows and
color. The points in (a, b) and (c, d) are labeled identically according to the same qualitative
behavior. However, the exact values of current and voltage can slightly differ. On-state, off-state

and filamentary parts of the IV curve are also indicated.

During the increase of the total current from zero to trigger current Itg, SCR remains
in the off-state and the current flows homogeneously over the entire device width as can
be seen in the EMMI image in Figure 3.7 (A). When the current reaches I = Ity ~ 5
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mA; however, the device is driven into the negative differential resistance (NDR) region
and so a voltage snap-back occurs (see point B in Figure 3.6 (a) and (b)). Then, since
the experimental device is sufficiently wide (W > 62.2 pm, this will be discussed later
in detail), a CF develops and this results in the vertical or filamentary IV curve at the
so-called coexistence voltage, Uco, [26, 33| (see Figure 3.6 (b)). The related emission
pattern is shown in Figure 3.7 (B). The width of this initial current filament, on the
other hand, is Wop = 29 pm and it is consistent with its estimation from Itg/Jco, where
Jeco = lco/W = 21.3 mA /124 pm =~ 0.17 mA /um. Jco is called as the one-dimensional
current density and its value is independent from the applied sweeping current along the
filamentary IV branch [26]. In other words, the value of Joo in this experiment remains
constant as 0.17 mA /pm all over the filamentary IV curve. In addition, on the filamentary
IV branch, since there exists an inhomogeneous current distribution, the on-state region
with the high current density Jco = Ico/W (i.e. inside of the CF) coexists with a low
current density (i.e. off-state) elsewhere [26, 38]. If we move further on the filamentary
IV curve by ramping up the current, on the other hand, we reach point C (see Figure 3.6
(b)). Figure 3.7 (C); therefore, shows us that width of CF, W¢p, increases with increasing

current I, according to:

Wer ~ L (3.1)
Jco

Once we reach point D (see Figure 3.6 (b)); however, the inhomogeneous filamentary
state becomes unstable and so the current conduction reverts back to a homogeneous
state. The voltage; therefore, jumps to point E (see Figure 3.6 (b)). Figure 3.7 (D) and
(E) show the related EMMI images at point D and E, respectively. Above point E the
current flows homogeneously as shown in Figure 3.7 (F). When the current decreases,
moreover, the homogeneous current distribution still stays stable until the point G (see
Figure 3.7 (G)). Below point G; however, the device enters the NDR region again and a
CF is created. Hence, the voltage jumps to point H (see Figure 3.6 (b)) on the filamentary
IV curve. The pronounced filamentary state for point H can be seen in Figure 3.7 (H).
With the further reduction of current, on the other hand, W¢r decreases until point K
(see Figure 3.6 (b)) in accordance with Equation 3.1, as shown in Figure 3.7 (J). At point
K, finally, the lowest current where the SCR still operates in the on-state, i.e. Igorp,
is reached. It is also here better to emphasize that this is the Igorp value that has to
be considered in latch-up considerations. Below point K, the self-sustaining operation of
SCR in the CF is not possible anymore and so the current flows again homogeneously

(see point L in Figure 3.6 (a)).

3.3.2 The way we measure plays a role

During our measurements we recognized that the way we measure plays a role on the IV
curve results we get. Although the IV curves that we obtain with HP 4155A Semicon-
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Figure 3.7: EMMI images at the working points A-K in Figure 3.6 (a) and (b). All images
are aligned with the backside reflectivity image of the device. In B, the current filament width
Wcr is also indicated.

ductor Parameter Analyzer in sufficiently long width devices (W > 62.2 pm, this will be
clear later) exhibits a double hysteresis behavior like in Figure 3.6 (a) and (b), once we
remeasure the same experimental device with Keithley 2410 Source Measurement Unit
(SMU), serious oscillations due to parasitic elements (L,C) in the measurement chain were
observed. Figure 3.8 (a) and (b), for instance, compares the experimental IV curves for
the same device, which has the standard layout parameters and width of W = 93.1 pm,
from Keithley 2410 SMU and HP 4155A Semiconductor Parameter Analyzer, respectively.
When we used TDK ZCAT ferrite beads on the measurement cables, on the other hand,
the oscillations that we observed in Figure 3.8 (a) were damped in devices with W > 62.2
pm while they continued in small width devices like W = 31.3 pm. After damping out
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the oscillations; therefore, the IV curves with Keithley 2410 Source Measurement Unit
(SMU) also showed a double hysteresis behavior for devices with W > 62.2 pm like in
Figure 3.6 (a) and (b).

(a) (b)

Figure 3.8: The experimental IV curves for a device, with W = 93.1 ym and the standard
layout parameters, from (a) Keithley 2410 Source Measurement Unit (SMU) and (b) HP 4155A

Semiconductor Parameter Analyzer.

3.4 TCAD simulation approach

Figure 3.9 (a) and (b) presents the layouts of the 3D simulation structures of the single-
finger SCRs that we used to investigate the current density distribution and IV curves.
Figure 3.9 (c), on the other hand, shows the 2D cross section view with some layout
parameters. The structure in Figure 3.9 (a) is obtained by extending the 2D profiles in
the width (i.e. z-axis) direction. For simplicity, in the rest of the chapter, we will call
this device as the “width-extended” structure. The structure in Figure 3.9 (b), on the
other hand, in addition to structure in Figure 3.9 (a) includes also the edge terminations
as in the experimental device. Therefore, it resembles the real structures better. For
simplicity again from now on we will call this device as the “terminated” structure. For
W = 124 pm, the 3D TCAD simulations with the terminated device was taking three days
whereas it was one day with the width-extended structure. Hence, in order to gain time
we have used the width-extended device to study variations in different layout parameters
such as W, L, L, and L;,,. The default values of L, L, and L, are denoted as Lg, Ly
and Ly, o, respectively, in further subjects. The terminated structure; however, helped
us to understand the effects of edges on the IV curves. One may also notice that there
exists a low p-doping at the surface of the active silicon layer all over the device. This
is for elimination of influence of the oxide charges between silicon and the silicon-oxide

passivation layer, which is at the top of the device. The passivation layer; however, is not



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub
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shown so that the reader can see the doping profile distributions in Figure 3.9 (a) and (b)
clearly.

Figure 3.9: Devices used in 3D TCAD analysis with: (a) width-extended 2D profile and (b)
edge termination. (c) 2D cross section view with some indicated layout parameters.

As the main approach corresponding to our TCAD methodology, up and down current
sweeps with a rate of £50 mA /s are used to produce the quasi-DC IV curve and to reveal
the possible hysteresis behavior. Since the solution at the next iteration step depends
on the previous distribution of internal state parameters like current densities, carrier
concentrations, and electrical potential, the device prehistory is well taken into account.
Besides that Neumann boundary conditions are applied at the edges of simulation region
and since the self-heating effect at the applied low currents is negligible, isothermal sim-
ulations are employed. Separate contacts are implemented on top of p+-SIGNAL, n+
region of n-well and n+-GND regions to make individual analysis of current components.
Total device current, on the other hand, is calculated as the sum of currents from the
contacts at the Signal side.

During our first simulations, we have recognized that although in some simulations,
which have structures with sufficiently long widths (W > 45 pm, this will be clear later),
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we have a current filament and so a double hysteresis behavior, in other simulations we
were not getting it. A double hysteresis behavior was not always emerging. For instance,
in two simulations with different widths (W = 60 ym and W = 124 pm) we were getting
a double hysteresis behaviour but in another simulation which has a width between theirs
(W = 90 pm), we were not. This was understandable because the experimental devices
have fluctuations in temperature, current density, doping concentration, lithography etc
which results in an inhomogeneous current distribution while entering the NDR region.
These parameters in our simulation structures, however, were quite homogeneous in spite
of the natural asymmetry in mesh triangle orientation. In this respect, we made some
attempts to introduce asymmetry in our 3D simulation structures so that we can have
a double hysteresis behavior in all sufficiently wide devices. The purpose here was that
while entering the NDR region, this asymmetry was going to amplify and always result

in an inhomogeneous current flow.

3.4.1 Numerical aspects to induce instability
3.4.1.1 Adding a small doping to create inhomogeneity

The first trial to create inhomogeneity in the current flow was adding a small high n-doping
within the n-well side of the reverse biased n-well /deep p-well junction as shown in Figure
3.10. Since the device part with this extra high n-doping will trigger at lower current
density compared to the other sides, it was going to provide an inhomogeneous current
flow through the device width and so cause a double hysteresis IV behavior. Different
sizes of this extra doping was implemented but although the transition from homogeneous
state (off-state) to filamentary state in the lower hysteresis part and the transition from
filamentary state to homogeneous state (on-state) in the upper hysteresis part were created
properly, the transition from homogeneous state (on-state) to filamentary state in the
upper hysteresis part did not form. In addition, since there was no filamentary state
while sweeping the current down, the transition from filamentary state to homogeneous
state (off-state) in the lower hysteresis part was not also created. Table 3.1 summarizes
the results and Figure 3.11 (a) and (b) shows the simulated IV curve for the case of
0.01pm*0.01pm™*0.01pm extra doping size in full and zoomed scales, respectively. The
device width is W = 124 pm and the blue arrows in Figure 3.11 indicate the current
sweeping direction. The simulation model is not calibrated in details, so there is a small
deviation between the experimental and simulated IVs (compare Figure 3.11 with with
3.6 (a) and (b)). The IV curve in Figure 3.11; however, can still qualitatively explain the
behaviour observed in the experiments.

While the current is rising up, the extra doping was, indeed, causing an inhomogeneity
in the current flow and so a current filament was emerging. This current filament; hence,
was resulting in a vertical IV curve and briefly, the IV curve from point A to G (see Figure
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Figure 3.10: Adding a small extra high n-doping within the n-well side of the reverse biased

n-well/deep p-well junction to induce instability.

Extra Doping Size Transitions during | Transitions during
Up-sweep Down-sweep
0.01pm*0.01pm™*0.01pm v X
0.05pm*0.05pm™*0.05pm v X
0.1pm*0.1pm*0.1pm v X

Table 3.1: The simulated IV curve for the case of 0.01pm™*0.01pum*0.01pm extra doping size

Figure 3.11: Simulated IV curve for the case of 0.01pm*0.01pm*0.01pm extra doping size in
(a) full and (b) zoomed scales. The device width is W = 124 pm and the blue arrows indicate
the current sweeping direction. The labels A-G in (a) and (b) are labeled according to the same

qualitative behavior observed in Figure 3.6 (a) and (b).

3.6) was forming as discussed above in section 3.3. The problem was emerging when there
has to be a jump from point G to point H (see Figure 3.6). This jump was not happening
and so instead of forming a current filament, the current was decaying homogeneously
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through the device width like in 2D TCAD simulations [26, 38]. The reason for that
was the ineffectiveness of the extra doping while there is a lot of free charges around. At
point G, there was a homogeneous current everywhere and the number of carriers through
the width of the device was comparable to the concentration of the extra doping. Thus,
the extra doping was becoming ineffective to create an inhomogeneity in the current flow
while sweeping the current down. During rising up the current, on the other hand, the
number of carriers in the SCR off-state was small compared to the concentration of the
extra doping and so the filametary states was appearing properly. Since this method did
not allow us to observe double hysteresis behaviour in the IV curve as observed in the
experimental devices, which has the same layout parameters, we decided to try another
method.

3.4.1.2 Changing n-well doping concentration at one side of the device

Since adding a small extra doping in the previous attempt was ineffective to cause a jump
from homogeneous state (on-state) to filamentary state in the upper hysteresis part (i.e.
a jump from point G to H, see Figure 3.6), we thought that if we make the change in the
size of the doping concentration bigger, we could achieve this. For this purpose, we have
played with the n-well doping concentration at one side of the device by some percentages
for 0.1 pm long width with respect to the original concentration. Figure 3.12 summarizes
the method and Table 3.2 gives the results.

Figure 3.12: Varying the n-well doping concentration at one side of the device by some per-

centages for a length of 0.1 pm with respect to the original concentration

With these trials also although the current states during up-sweep were created suc-
cessfully, they did not form during down-sweep. While the current is sweeping down;
therefore, a inhomogeneous current distribution as in points H-K (see Figure 3.6 (b) and
Figure 3.7) did not emerge. Instead of that, the current decayed homogeneously through

the device. The resulting IV curves were similar to Figure 3.11.

3.4.1.3 Having missing contacts at one edge

Another attempt that we made to get a double hysteresis behavior was varying the length
of the contacts and leaving some device region without contact. Figure 3.13 shows the
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n-well conc. w.r.t. original | Transitions during | Transitions during
(%) Up-sweep Down-sweep
95 v X
99 v X
101 v X
105 v X

Table 3.2: Summary table for IV behavior after varying the n-well doping concentration at

one side of the device by some percentages for a length of 0.1 pm with respect to the original

concentration

method we follow and Table 3.3 summarizes the results.

Figure 3.13: Varying the length of the contacts by leaving some device region without contact

Length of missing contact

Transitions during

Transitions during

Up-sweep Down-sweep
0.01 pm v X
0.1 pm v X
1 pm v X
10 pm v X

Table 3.3: Summary table for IV behavior after having missing contacts at one edge

As it can be observed, the results were not different than the previous ones. The

resulting IV curves were also similar to Figure 3.11. The current states during up-sweep

were forming but they were not properly appearing during down-sweep. The double

hysteresis behaviour; therefore, was not created. The reader may notice that in some

trials the length of missing contact is quite huge compared to the experimental device

widths. Since our trials with small changes did not work, we also made some big ones.
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3.4.1.4 Adding an asymmetric finer mesh to one of the edges

After a lot of trial, it was later understood that the reason for not always getting a double
hysteresis behavior in our 3D simulation structures which have sufficiently long width
(W > 45 pm, will be clear later) was the mesh. The mesh in our simulation structures
such as in region B of Figure 3.14 was quite symmetric through the device width. Thus,
the natural mesh asymmetry created by the mesh generator was insufficient to induce
a large enough inhomogeneity which causes a filamentary state in a wide device when
entering the NDR region. In this respect, in order to induce the filamentary instability
in devices with W > 45 pm, it was necessary to introduce an inhomogeneity into the
mesh. For this purpose, we have added an extra finer mesh region as shown in region
A of Figure 3.14. Table 3.4 summarizes the IV behavior for a device with W = 50 pm
after applying this finer mesh in various widths. The most important criteria with this
extra fine mesh was that the maximum refinement values of fine mesh (region A in Figure
3.14) and background mesh (region B in Figure 3.14) should mismatch with each other.
They should not be a multiple of each other. For example, if the maximum mesh distance
between the mesh points in z-direction is attained as 2 pm in the background mesh (region
B in Figure 3.14), this variable should not be a value like 1 pm or 0.5 pm in the fine mesh
(region A in Figure 3.14). Instead, it must be a value like 1.7 pm or 1.3 pm. Otherwise,
in some simulations the extra fine mesh region was failing to create an asymmetry in the
mesh distribution and so an inhomogeneous current flow was not happening. The same
statement was also valid in other (x and y) directions. As for the minimum refinement
values, on the other hand, there was not a criteria like that. They could be multiples of
each other. In our simulations the used refinement values in both mesh regions (fine mesh

and background mesh) for different refinement parameters are given in Table 3.5.

Figure 3.14: Adding an extra fine mesh (region A) in different widths in addition to a back-

ground mesh (region B)

As it can be observed, for fine mesh regions with width of 12.5 pym, 20 pm, 30 pm
and 37.5 pm, both lower and upper hysteresis appears and so we get a double hysteresis
behavior on the IV curve. This is because the filamentary instability can develop in wide

devices only if the initial inhomogeneity extends over a large enough region, which is
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TCAD SIMULATION APPROACH

Width of fine mesh (pm)

Transitions during
Up-sweep

Transitions during
Down-sweep

0.5 pm
1 pm
2 pm
5 pm

12.5 pm
20 pm
30 pm

37.5 pm
40 pm
45 pm

NN N N N RS

x X NN NN X X% X% X%

Table 3.4: Summary table for IV behavior for a device with W = 50 pm after adding an extra
fine mesh (region A in Figure 3.14) in different widths in addition to a background mesh (region
B in Figure 3.14)

Refinement parameters in Background mesh Fine mesh (pm)
a mesh (nm)
max. in x-direction 2 0.3
max. in y-direction 2 0.3
max. in z-direction 2 1.7
min. in x-direction 0.1 0.05
min. in y-direction 0.1 0.05
min. in z-direction 2 1.7

Table 3.5: The used refinement values in both mesh regions (fine mesh and background mesh)

for different refinement parameters

typically wider than the filamentary wall thickness Lcp [33, 34]. In our studies Leg is
around 9 pm. Therefore, having an asymmetric mesh of about 12.5 pm width or more
than that fulfills the condition. Since with extra fine mesh, the simulation time increases,
we have taken the minimum width of fine mesh that can create all filamentary states.
Hence, we applied 12.5 pm fine mesh to our structures. Table 3.6 shows some data about
duration of the 3D TCAD simulations depending on the width of fine mesh region, device
width, device type.
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’ Width of fine mesh region ‘ Duration (hours) ‘

Position of CF

0 pm
(device width = 50 pm) 6 CF does not occur without
(width-extended device) a finer mesh region
12.5 pm
(device width = 50 pm) 11 Starts at the edge with
(width-extended device) coarse mesh (B) region
and ends at the edge with
fine mesh (A) region
20 pm
(device width = 50 pm) 15.2 Starts at the edge with
(width-extended device) coarse mesh (B) region
and ends at the edge with
fine mesh (A) region
30 pm
(device width = 50 pm) 21 Starts at the edge with
(width-extended device) coarse mesh (B) region
and ends at the edge with
fine mesh (A) region
0 pm
(device width = 62.2 pm) 7.5 Starts and end at the same
(width-extended device) side
0 pm
(device width = 62.2 pm) 19
(terminated device)
0 pm
(device width = 124 pm) 24 Starts and end at the same
(width-extended device) side
0 pm
(device width = 124 pm) 72

(terminated device)

Table 3.6: Some data about duration of the 3D TCAD simulations and the position of CF

depending on the width of fine mesh region, device width, device type.
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3.5 Simulation results

3.5.1 Double hysteresis behavior in quasi-DC IV with a better calib-
rated structure and its explanation

The curve “3D” in Figure 3.6 (c) and (d) shows the simulated quasi-DC IV curve by
sweeping the current up and down on a 3D TCAD simulation structure with width of
W = 124 pm in full and zoomed voltage scales, respectively. As it can be observed, it
exhibits a double hysteresis IV behavior. The IV curve “2D” in the same figures, on the
other hand, represents a 2D IV behavior with homogeneous current flow over the width.
Due to this homogeneity, the IV curve “2D” does not show any hysteresis behavior. For
the reason of comparison, 2D TCAD IV simulation has been performed with a current
ramp of 50mA /s (rising slope) as in the 3D TCAD IV simulations. Since the on-state
and off-state regions of 73D” and ”2D” IV curves are the same, to get a better calibrated
“3D” curve, instead of running 3D TCAD simulations, we first did 2D TCAD simulations
and calibrated the off-state and on-state regions of the IV curve. Once, the off-state
and on-state regions of the 2D TCAD simulations were calibrated enough and we got
72D” 1V curve, we run the 3D TCAD simulation and obtained the "3D” IV curve. The
reason for this is that 2D TCAD simulations take less time compared to the 3D TCAD
simulations. Nevertheless, the simulation model is not calibrated in details, so there is
a small deviation between the experimental and simulated IVs (compare Figure 3.6 (a,
b) with Figure 3.6 (c, d)). Our purpose here; however, is to concentrate on qualitative
tendencies. For example, although the labels A-K in Figure 3.6 (a, b) and Figure 3.6 (c,
d) are labeled identically according to the same qualitative behavior, the exact values of
current and voltage can slightly differ. As in the experimental IV curve figures (see Figure
3.6 (a) and (b)), however, while the lower hysteresis is well pronounced in Figure 3.6 (c),
the upper one (see encircled region in Figure 3.6 (¢)) may seem to be overlooked.

Figure 3.15 shows the 3D plots of the current density distributions for the selected
working points (the labels A-K) on the simulated IV curve in Figure 3.6 (¢) and (d).
In addition to that, in order to clearly see the current distribution in the z-direction,
current density values across the line -2’ (depicted in Figure 3.15 (A)) are extracted
and plotted in Figure 3.16. The labels A-K in Figure 3.6 (c¢) and (d); therefore, also
indicate the working points at which current density distribution, J(z), is extracted in
Figure 3.16. For Figure 3.15 (C), moreover, the corresponding working point in Figure
3.6 (d) and Figure 3.16 is point C1.

While the total current is swiped up until the trigger current Itg, SCR remains in
the off-state as discussed in the experimental results (see Figure 3.7(A)) and mostly via
the n-well substrate resistance of the pnp (cf. Figure 3.9 (c)), the off-state current flows
homogeneously over the entire width (see Figure 3.15 (A) and curve A in Figure 3.16).

Due to this homogeneous current flow in this regime, moreover, the same 3D and 2D
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Figure 3.15: 3D TCAD simulated total current density distribution in width-extended device
at working points A-K, from Figure 3.6 (c, d). In (C) the working point corresponds to C1 in
Figure 3.6 (d) and Figure 3.16. The J(z) distribution is extracted along lines as Q-{2’ indicated
in (A).
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Figure 3.16: Extracted distribution of simulated total current density along the device width at
different working points (A-K) from Figure 3.6 (¢) and (d). The J(z) distributions are extracted
from data of Figure 3.15, along lines such as -2’ in Figure 3.15 (A). The filament width W¢p
is indicated in curve B. The filamentary wall thickness L¢r is indicated in curve C1.

IV behavior is observed below Itg (see Figure 3.6 (c)). The small voltage peak Vi,
seen in experiments, on the other hand, is qualitatively well reproduced (compare Figure
3.6(a) and (c)). Similar to the experiments, once the current reaches I = Itg = 5 mA, a
sufficiently high lateral potential drop across the p+/n-well junction (i.e. on the n-well
resistance) at Signal occurs and the p-emitter starts to inject. The device; therefore, is
driven into the NDR region and the voltage snaps back (see point B in Figure 3.6 (c¢) and
(d)). The J(z) distribution at point B is shown in Figure 3.15 (B) and curve B in Figure
3.16. Then, since the simulated device is large enough (W > 45 pm, will be clear later),
a CF develops and so at V = Ugo [26, 33| (see Figure 3.6 (d)) a filamentary IV curve
appears. The experimental Ucg, in addition, is accurately reproduced by the 3D TCAD
(compare Figure 3.6 (b) and (d)). Here, we recommend reader to note that Ugo is higher
than the holding voltage in the device with homogeneous current flow, Vyorp (2D) (see
Figure 3.6 (c) and [26]). Besides that the width of the initial CF appers to be Wep = 20
nm (see Figure 3.16) which is consistent with its estimation from Irg/Jco, where Joo &
0.25 mA/pm. The CF is created and pinned at the right boundary (see Figure 3.15 (B)
and curve B in Figure 3.16) but a CF creation at the left one is also possible depending
on the actual mesh inhomogeneities (for details, see Table 3.6).

On the filamentary IV part, the J(z) distribution can be directly related to the dis-
tribution of the B-E voltage of the pnp transistor, which controls the SCR action. The
on and off state regions, in addition, can be separated by a transition region called the
filamentary wall having the thickness of Lop (see Figure 3.16 and [26, 29, 33]). The bal-
ance between the on and off states at the filamentary wall, on the other hand, determines
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the value of Ugp [29, 33, 34]. W¢r increases with current according to Equation 3.1 as
in the experiments (see points C1 and C2 in Figure 3.6 (d), Figure 3.15 (C) and curves
C1 and C2 in Figure 3.16). Once we reach point D (see Figure 3.6 (d)); however, due
to instability of the inhomogeneous filamentary state, a transition to homogeneous on
state occurs (see points E in Figure 3.6 (d), Figure 3.15 (E) and curve E Figure 3.16).
The voltage jump from working points D to E, in this respect, represents an energy gain
related to the disappearance of the CF wall [26, 33]. The current difference dI between
point D and the point at the on-state IV curve at Uco, (see Figure 3.6 (d)), on the other
hand, is related to a missing current flow over the region with thickness of nearly L¢p.
At high currents above point E (see Figure 3.6 (d)), the current flows homogeneously as
in the experiments (see Figure 3.15 (F) and curve F in Figure 3.16) and this homogeneity
also continues while sweeping the current down until the point G (see Figure 3.6 (d)).
Here, it can be also noticed that since the current is homogeneous in the on-state, 3D
IV (curve ”3D”) and 2D IV (curve ”2D”) characteristics in Figure 3.6 (d) are identical.
Below point G; however, a transition from homogeneous on state to filamentary state
occurs due to entrance of device into the NDR region and a CF is created again. The
voltage; therefore, jumps to point H (see Figure 3.6 (d)). Interestingly, in this simulation
the CF at point H is pinned at the left boundary, which is the opposite side of the device
compared to the side that the current rose initially (compare curves H and B-D in Figure
3.16). However, the CF can be pinned also at the right boundary, depending on mesh
details, current step, etc. With further reduction of the current, Wer decreases (see
Figure 3.15 (J) and curve J in Figure 3.16) and at the working point K (see Figure 3.6
(d)) the lowest current where the SCR still operates in the on-state, called 3D Iyorp, or
Inorp(3D), is reached. Figure 3.15 (K) and curve K Figure 3.16; thus, show a small CF
at the structure edge. The width of CF, W¢p, at the working point K is equal to L¢p.
If we calculate the value of Lep from Igorp(3D)/Jco, we find its value as approximately
9 pm. This value, in addition, is consistent with the 20% to 80% variation in J(z) (see
Figure 3.16). In other words, the distance between 20% and 80% of the maximum current
density on a filamentary wall gives us the filamentary wall thickness Lcp. This criteria
is important to note here because in our further analyses, Lcp values will be calculated
according to 20% to 80% variation in J(z). Besides that, due to the filamentary nature
of conduction, IgorLp(3D) of about 2 mA is much lower than Igorp(2D) &~ 20 mA (see
Figure 3.6(d)). The current density, inside of the CF, of nearly Jco = 0.25 mA /pm, on the
other hand, is higher compared to that at IyorLp(2D) of InoLp(2D)/W ~ 0.16 mA /pm.
This shows us that the SCR action in CF at Igorp(3D) is supported by a sufficiently
high current density. Finally, below point K, the self-sustaining operation of SCR is not
possible anymore as in the experiments. Hence, through the open base npn (see Figure 3.9
(c)) the current flows again homogeneously over the device width (see point L in Figure

3.6 (c)).
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3.5.2 Effect of different layout parameters on lyoLp

According to the theory in [29, 109], the filamentary instability occurs in devices wider
than about 5xLcp. Therefore, since in our case L¢p is about 9 pm, IV characteristic in
devices with a width of W > 45 pm show a double hysteresis behavior. In this respect, in
order to cover regimes below and above 5xL¢cp, we have carried out simulations of both
types of devices (width-extended and terminated) with W in the 2 pm 185 pm range.
Within the measured devices, on the other, hand, only the devices with W = 31.3 pm
stays below this criterion.

3.5.2.1 Effect of width

Examples of experimental and 3D-simulated IV curves for width-extended devices are
given in Figure 3.17 (a, b) and Figure 3.17 (d, e), respectively, in different scales. For
better visibility, the curves in Fugure 3.15 (a) and (d) are subsequently horizontally fanned
out with 20 mV distance between two curves. So one should not think that the Ugg value
change with device width W. Rather, it does not depend on W. As it can be observed the
experimental devices with W > 62.2 pm and simulated devices with W > 50 pm show a
double hysteresis behavior. The devices with smaller widths, on the other hand, shows an
IV behavior similar to curve ”2D” in Figure 3.6 (¢) and (d). In addition to that, although
Itr values increase with the enhancing width values as shown in Figure 3.17 (¢), Vrgr
stays the same.

The IgoLp values extracted from the IV data of Figure 3.17 (a) and (d) are given in
Figure 3.17 (f). As it can be observed, in the experiments, Igyorp for W = 31.3 pm is
slightly smaller than the values for W > 62.2 pm. As for simulation, on the other hand,
the simulated Igorp first shows a linear increase with W until W = 40 pm and then it
jumps to a constant value for W > 45 pm. This is because for W < 45 pm the device is not
large enough to induce the NDR instability which is consistent with the 5xLcp criterion
and so the values of Iyorp from 2D and 3D TCAD are identical. Thus, IgoLp scales
linearly with W. This can be directly seen in the IV curves where the double hysteresis
and ideal filamentary IV behavior is not formed for the device with W = 31.3 pm in
experiments (Figure 3.17 (a)) and for W = 10 pm and W = 30 pm in simulations (Figure
3.17 (d)). At that point we also notice that the lack of devices with widths in the 30 - 50
pm range prevents us to see the linearly increasing part in the Igorp - W dependence in
the experimental data. For the devices with W > 62.2 pm in experiments (Figure 3.17
(a)) and for W = 50 pm, W = 90 pm and W = 124 pm in simulations (Figure 3.17 (d)),
on the other hand, Iorp values determined from experiments and 3D TCAD are almost
width-independent and substantially lower than those evaluated from 2D TCAD. In this
respect, the conventional 2D TCAD can provide unwanted over-estimation of Igorp.

Since IV curves in ESD community are usually plotted normalized according to device
width (i.e. I/W), Figure 3.18 (a) shows the comparison of the simulated IVs near Uco
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Figure 3.17: Experimental (a, b) and 3D TCAD simulated (d, e) IV curves for the width-
extended device with the device width W as a parameter. For better visibility the curves in
(a) and (d) are fanned out with 20 mV distance between two curves. The Uco value does not
depend on the device width W. (¢) Itr dependence on W, extracted from data of (b) and (e).
(f) Measured and simulated Igorp values extracted from data of (a) and (d). The data points
for the terminated device are also included. In the case of no CF creation for W < 45 pm, the

value of Iyorp (2D) is considered for Igorp.
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for the width-extended devices in the normalized scale. As it can be obviously seen, the
matching for W > 50 pm occurs only in the on-state and off-state (not shown) branches
of the IV curves where the current flows homogeneously. The normalized curves differ
in the transition regions from filamentary state to on-state, in the upper hysteresis. The
normalized IV curves for W = 30 um and 10 um, on the other hand, overlap since they
do not exhibit filamentary behavior. Besides that, Figure 3.18 (b) presents the change
in dI values (see Figure 3.6 (d)) with W in both experiments and width-extended device

simulations.

Figure 3.18: (a) Zoom of IV curves near Uco for the width-extended device where the vertical
scale is normalized by W. The normalized IV curves for W = 30 um and 10 um overlap since
they do not exhibit filamentary behavior. (b) the change in dI values (see Figure 3.6 (d)) with
W is given for both experiments and width-extended device simulations

3.56.2.2 Effect of edge termination

Figure 3.19 (a) and (b) compares the 3D IV curves of the width-extended and terminated
structures for W = 124 pm. Although the trigger parameters (Vg and Itgr) are nearly
identical (see Figure 3.19 (a)), Inorp increases by 30% for the terminated device (see Fig-
ure 3.19 (a)). Furthermore, one can observe a transition from the on-state to filamentary
IV curve at higher currents in the down-sweep than in the terminated device, as indic-
ated by the thick arrow in Figure 3.19 (b). This is because the termination induces an
inhomogeneity and so facilitates an earlier transition to the filamentary state. The small
horizontal arrows, on the other hand, indicate the current sweeping direction. Figure 3.19
(c) and (d), on the other hand, presents the 3D-simulated IV curves for different widths
in full and zoomed scales, respectively. In Figure 3.19 (d), the curves are subsequently
horizontally fanned out with 10 mV distance between two curves for better visibility.
Thus, Ugo does not change with device width W as in the width-extended devices. The
voltage jumps in the upper hysteresis part of the simulation for W = 62.2 pm (see Figure
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3.19 (d)) is also not well-visible due to scale of the figure. In addition to that, as in the
width-extended devices, although Itgr values increase with the enhancing width values as
shown in Figure 3.19 (c), Vg stays the same.

Figure 3.19: 3D TCAD simulated IV curve for the width-extended and terminated devices
in the full (a) and zoomed (b) scale. W = 124 um. The thick arrow in (b) indicates the early
transition from on-state to filamentary state in the terminated device. The small horizontal
arrows indicate the current sweeping direction. the 3D-simulated IV curves for different widths
in (c) full and (d) zoomed scales. For better visibility, the curves in (d) are fanned out with 10
mV distance between two curves. The value of Ugg does not depend on the device width W.

The simulated Iyorp values of the terminated devices as a function of W are included
in Figure 3.17 (f) (see the green squares). Similar to the case with the width-extended
device, also for the terminated device, the critical device width for the CF creation of
about 45 nm fulfils the 5xL¢p criterion. In the same figure, in addition, one can remark
that Igorp in the terminated devices is higher than that in the width-extended structures
and this difference is nearly width-independent for W > 60 pm. This can be attributed
to an additional current flow around the edge. One can also notice in Figure 3.17 (f) that

the Igorp values of the terminated devices match better to the experimental values. This
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increased accuracy, however, is accompanied with an increasing simulation time. In this
respect, since Iyor,p for the width-extended device is lower than for the terminated device,
one can state that even though the width-extended device simplifies the 3D TCAD IV
analysis, it represents the worst-case scenario in Iyorp estimation. This is true, however,
for the computational time saving reasons, Igorp for other layout variations will be eval-
uated only for the width-extended device with W = 50 pm. The width has been chosen

as b0 pm because for this width a CF is certain to be created.

3.5.2.3 Effect of active silicon layer thickness

Figure 3.20 (a), (b), (c¢) and (d) present the simulated current per width (Jco), filamentary
wall thickness (Lcr), InoLp and dI (see Figure 3.6 (d)) values for different active silicon
layer thicknesses (see Figure 3.9 (c)) in an arbitrary unit, respectively. The width of
the simulated structures, on the other hand, is W = 50 pm. With the increase of the
thickness of the active silicon layer, the effective resistance of p-sub in the on-state (see
Figure 3.6 (d)) that the flowing current faces decreases and so Igo shifts to a higher
current value (see Figure 3.6 (d)). Then, since Joo = Ico/W, Jco increases. We observe
this effect clearly until the active silicon layer thickness of 2 in Figure 3.20 (a). Most
of the current flows within the active silicon layer thickness of 1 from the surface. The
amount of current from surface into the deeper region of active silicon layer, in addition,
decreases exponentially as shown in Figure 3.20 (e). That is why, the increase in J¢o is
not linear but close to logarithmic. For thicknesses larger than 2, on the other hand, the
effective value of resistance that current faces does not change so much. However, some
of the free carriers still moves into deeper regions of the p-sub and do not contribute to
the current. Hence, for the same voltage, we observe a smaller current in the on state of
the IV curve. That means Ico and so Joo shifts to a lower value (see Figure 3.6 (d)). The
fall in current per width (Jco) values in Figure 3.20 (a) after the silicon layer thickness
of 2 can be attributed to this reason.

The Lgr values, on the other hand, first increases with the enhancement of the thick-
ness of the active silicon layer due to the reduction in the effective resistance of p-sub.
This is because, due to the lower effective p-sub resistance, the filamentary wall elongates
through the width. After some thickness value; however, since most of the current flows
through the surface, the width of the CF do not change so much any more and so L¢p
values stays nearly the same.

Since at the current value Iyorp, the width of the filamentary wall is equal to Lcp,
this gives us a relation that

Itorp = Jco - Ler (3.2)

In this respect, Iyorp values follow a trend consistent with Equation 3.2 (see the blue
curve in Figure 3.20 (¢)). 2D TCAD simulations, on the other hand, overestimates Igorp.
As for dI values, due to above mentioned process of Joo values, they also show a trend
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Figure 3.20: (a) Current per width (Jco), (b) filamentary wall thickness (Lcr), (¢) Inonp and
(d) dI (see Figure 3.6 (d)) values for different active silicon layer thicknesses in an arbitrary unit.
(e) The amount of current from surface into the deeper region of active silicon layer decreases

exponentially.
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similar to what is shown in Figure 3.20 (a).

3.56.2.4 Effect of silicon extension at the edge

In order to understand the effect of the simulation area on the IV behavior, we have
added a 20 pm silicon at one of the edges (i.e. in the z-direction) of the width-extended
simulation structure as shown in Figure 3.21 (a). The width of the width-extended device,
on the other hand, is W = 50 pm. As it can be observed, although the Vg stays the
same, Ipg increases after the extension. This is because since the doping profiles and
device parameters (see Figure 3.9 (c)) are same in both structures, p-emitter starts to
inject once we reach Vrgr. Due to flow of the current in the off-state also towards the
extended silicon region; however, some portion of the current in the device with extra
silicon extension cannot directly contribute to the triggering and so cause an increase in

Itgr.

Figure 3.21: (a) Comparison of IV behavior between, the width-extended simulation device
with W = 50 pm, and the simulation structure which has an extra 20 pm silicon region at one
of the edges of the width-extended device. Comparison of (b) Lor and (¢) Inorp values.

When we compare the Ler and Igorp values as shown in Figure 3.21 (b) and (c), on
the other hand, we observe not so much difference. Both simulations show the same trend
with nearly the same values. This result; therefore, simplifies the analysis and tell us that
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we do not need to add an extra silicon region at one of the edges when evaluating Igorp.

A smaller simulation area also provides us a shorter simulation time.

3.5.2.5 Effect of lateral silicon extensions

Another method that we applied to investigate the effect of the simulation area on the IV
behavior is extending the device in lateral dimensions as shown in Figure 3.22 (a). The
width-extended device is laterally extended by 5 ym and 10 pm. Figure 3.22 (b), on the
other hand, evaluates the effect of these extensions on Igorp values. As it can be seen,
lateral extension has a weak influence on Igorp. It shows that the SCR action occurs in a
certain limited volume and that it is not necessary to enlarge the simulation area beyond
this volume. This result; hence, simplifies the analysis again and help us to conduct our

simulations in shorter time by reducing the simulation area.

Figure 3.22: (a) The width-extended device is laterally extended by 5 pm and 10 pm. (b)

Effect of lateral extension on Igorp.

3.5.2.6 Effect of the distance between n4+-GND and deep p-well (L)

Figure 3.23 (a, b) and Figure 3.23 (c, d) show the experimental and simulated IV curves
as a function of L which is the distance between n+-GND and deep p-well (see Figure
3.9(c)). Figure 3.2 (a) and (c) show the IV curve near the Vg whereas Figure 3.23 (b)
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and (d) presents IV curve near Ugp. As it can be observed, in both experiment and
simulation, open base breakdown voltage of the npn and Vg shifts slightly to higher
values with increasing L. values. This is because with the increase of L, the base width
of npn enhances and so its gain decreases. The extracted values of Igorp from 2D and
3D simulations are given in Figure 3.23 (e). While Igorp (2D) increases with L, Igorp
(3D) is L-independent and much lower than Igorp (2D). That means 2D TCAD, in these

simulations, provide unwanted over-estimation of Igorp.

3.5.2.7 Effect of the distance between n+-SIGNAL and Signal p+-SIGNAL (L,,)

Figure 3.24 (a) and (b) show the simulated IV curves with L, (see Figure 3.9 (c)) as a
parameter near Vrr and near Ugg, respectively. As it can be observed, the value of Itg
for the studied layout range does not depend much on L, (see Figure 3.24 (a)). This can
be explained as following: Itg depends on the total n-well resistance over the length dgy,
below p+ and in the region of length L, (see Figure 3.9 (c)). However, since through the
length dg,, below p+ the net n-well doping is lower than that in the region of the length
Lpn, n-well resistance part of length dg,, mainly determines the total n-well resistance
and controls the forward biasing of the p+/n-well junction necessary for pnp triggering.
Then, since dgp, is Lpn-independent, changing Ly, does not so much effect Ity values. For
the same reason, in addition, the differential resistance below Itr also does not depend
much on L;,. The extracted values of Igorp from 2D and 3D simulations, on the other
hand, are shown in Figure 3.24 (c¢). There, while Iyorp(2D) decreases with Ly, Inowp
(3D) is lower and layout independent. 2D TCAD simulations; therefore, overestimates

the Igorp values also for these simulations.

3.5.2.8 Effect of length of p+-SIGNAL (L,)

Figure 3.25 (a) and (b) present the simulated 3D IV curves as a function of p+ length
(Lp) (see Figure 3.9 (c)) around Vg and near Uco, respectively. As discussed previously,
since the value of n-well resistance is mostly determined by the region below p+, the
increase of L, enhances the value of n-well resistance and thus this results in a decrease
in Itr (see Figure 3.25 (a)). In addition, one can notice in Figure 3.25 (b) that for higher
values of L, the simulation structure does not show a double hysteresis behavior. The
Iorp values from 2D and 3D TCAD simulations; therefore, coincides with each other at
high L, values as shown in Figure 3.25 (c¢). This is an important result because it shows
us a condition that can directly affect the existence of the double hysteresis [V behaviour.
This can be explained as following. With the increase of the n-well resistance, smaller
currents on the n-well resistance become enough to trigger the pnp of the SCR. Thus,
more device region along the device width starts to become active under the same applied
current. The filamentary wall of CF; therefore, elongates through the device width. That
is, Lop increases with L,. Figure 3.25 (d) shows the change in Leop for L, = L, and
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Figure 3.23: Experimental (a,b) and 3D TCAD simulated (c,d) IV curves for the width-
extended device as a function of L near Vg (a,c) and near Uco (b,d) voltages. (e) Extracted
measured Igorp and simulated values of Iyorp (3D) and Igorp (2D) as a function of L.

L, = Lyo + 1.2 ym. Since for L, = L, + 3.6 pm and L, = L, o + 8.4 pm there is no
CF, Lcr data for them are not included. After a value between L, = L, o + 1.2 pm and
L, = Lo + 3.6 pm, however, the filamentary instability is lost and we start to observe
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Figure 3.24: Simulated 3D IV curves for the width-extended device in full (a) and zoomed (b)
scales with Ly, as a parameter. (c) Extracted simulated values of Igor,p (3D) and Igorp (2D)

as a function of Ly,.

a homogeneous current distribution through the device width. Due to this homogeneous

current flow; therefore, IV curves become similar to that from 2D TCAD simulations.

To conclude, experiments with multi-finger devices showed us that Iyorp is determ-
ined by the last active finger/segment in multi-finger devices, independent of the position
of it. Thus, the behavior of Igor,p was investigated by studying single finger devices.

We have seen that the way we measure had an influence on the IV curve. For example,
although the IV curves obtained by HP 4155A Semiconductor Parameter Analyzer was
exhibiting a double hysteresis IV behaviour for devices with W > 62.2 pm, the IV curves
from Keithley 2410 SMU was producing serious oscillations due to parasitic elements in
the measurement chain. To deal with this issue, TDK ZCAT ferrite beads were used on
the measurement cables and so oscillations were mostly damped.

A current filament (CF) and so a double hysteresis IV behaviour was observed only
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Figure 3.25: Simulated 3D IV curves for the width-extended device in full (a) and zoomed (b)
scales with L, as a parameter. (c) Extracted simulated values of Igorp (3D) and Igorp (2D)
as a function of L. (d) Extracted simulated Lcp values for L, = L, o and L, = Ly o + 1.2 pm.

for devices with W > 62.2 pm in experiments and W > 45 pm in simulations. For
devices with smaller width, a homogeneous current distribution was occurring through
the device width while entering the NDR region. In this respect, [gorp in simulations was
increasing with the device width for W < 45 pm since no current filaments were formed.
For larger W, on the other hand, current filaments were forming and Iyorp was becoming
We-independent.

During simulations, since the natural mesh asymmetry created by the mesh generator
was not always sufficient to induce a large enough inhomogeneity, which causes a filament-
ary state in a device with W > 45 pm when entering the NDR region, a fine mesh region
with width of 12.5 pm (wider than the filamentary wall thickness Lor) was applied at one
of the device edges and so an inhomogeneity in the current distribution along the device
width was created. By doing like that it was ensured that a double hysteresis behaviour
will always be obtained for all simulations with W > 45 pm.

Igorp determined from 3D TCAD was almost layout independent. The value of Igyorp



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

m You

3.5. SIMULATION RESULTS 103

determined from 2D TCAD, on the other hand, was strongly depending on them and it
was also typically several times higher. This has practical relevance for protection design
because it told us to exclude 2D TCAD as a tool for latch-up safe ESD protection design

OfIHOLD-
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Chapter 4

Conclusion

In chapter 2.1, depending on the rise time (RT) of the pulse, the multi-finger devices
exhibited different behaviors: simultaneous finger triggering for RT = 300 ps and sequen-
tial finger triggering (SFT) for RT = 10 ns. It was found that for RT = 300 ps, the
fingers were triggering simultaneously due to the positive influence of a voltage overshoot
related to delayed conductivity modulation in the p-sub. For RT = 10 ns, however, due to
lateral carrier diffusion-limited processes and the coupling via substrate currents, fingers
were triggering sequentially, which is accompanied by the voltage drops near the holding
voltage. For RT = 10 ns, in addition, slow and fast triggering processes, with long (7iong
= 15-150 ns) and short (Tgert = 3-5 ns) trigger delay, respectively, have been found.

The triggering of each new finger pair was corresponding a drop in the voltage wave-
form. The more fingers were triggered, the longer 7., Was occurring due to lower one-
dimensional current density, J, in the active fingers. TCAD simulations also confirmed
that the average one-dimensional current density (J) is the main parameter controlling
Tlong, Where two slow diffusion-related processes limit subsequent trigger speed. Besides
that, as soon as a minimum electron current density J, which is identical for all fingers,
was established in the n-well of an individual finger, it was triggered. Analyses with dif-
ferent applied current, contact resistance, ambient temperature and active silicon layer
thickness also showed that it was possible to influence trigger delay values in addition to
RT. This study showed us that sequential finger triggering (SFT) is an important phe-
nomenon because it helps SCR fingers to share the ESD current and so enhances the ESD
robustness in case of pulses with long rise time.

In chapter 2.2, the multi-finger devices also exhibited SF'T but with slightly different
SFT mechanism. Although the position of the first triggered finger was changing from
device to device, the finger triggering towards the left side was more preferable due to
geometry of the device. Once a finger triggers, since the ground contact of the non-
triggered neighbor finger on the left side is closer to the signal contact of the triggered
finger, compared to that on the right side, it was taking less amount of time for holes from

104
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triggered finger to move and bias the non-triggered fingers on the left side. Thus, fingers
were triggering towards the left side easier. In both triggering directions, the amount of
current per triggered finger at the moment of the sequential triggering of the neighbor
finger was decreasing with the increasing number of triggered fingers. This decrease, in
addition, was showing a tendency to level off at high number of triggered fingers. The
amount of required current for the triggering towards the right side; however, was still
considerably higher than that for the triggering towards the left side.

Simulations with the structure without T'T showed smaller current per triggered finger
values compared to the devices which have TT at all fingers due to the attraction effect
of T'T on holes. Once we removed one of the fingers from the simulation structure to see
the effect of a missing finger on the triggering behavior, on the other hand, the maximum
device temperature reached to very high values due to self-heating effect, before the trig-
gering of the finger which is next to the missing finger.

In chapter 3, the experiments with multi-finger SCRs showed us that the holding cur-
rent, IgorLp, is determined by the last active finger /segment, independent of the position
of it. Therefore, by using DC and quasi-DC up and down current sweeps in EMMI and
3D TCAD, respectively, IgorLp were investigated in single-finger ESD protection SCRs.
During these investigation, it was found that the shape of the IV curve was related to
spatial distribution of the current density in the width (W) direction. While in sufficiently
long width devices (W is longer than five times the filamentary wall thickness (Lcr)), a
current filament (CF) was occurring and this was resulting in a double hysteresis IV beha-
viour, in devices with shorter widths, a homogeneous current distribution was happening
and so a double hysteresis IV behaviour was not observed. For short width devices; thus,
while Igorp was increasing with the device width, for longer W, Igorp was becoming W-
independent. Besides that, the value of Igorp in width-extended devices was lower than
that in the terminated devices. The simulation of width-extended devices; hence, was
simplifying the 3D TCAD IV analysis and providing a safe margin for Iyorp prediction.

The natural mesh asymmetry created by the mesh generator was not always sufficient
to induce a large enough inhomogeneity in current distribution along the device width to
cause a filamentary state in long width devices when entering the NDR region. Therefore,
a fine mesh region (wider than Lcr) was introduced at one of the device edges and obtain-
ing a double hysteresis IV behaviour in simulations of long width devices was ensured.
The experiments also showed us that the way we measure had an influence on the IV
curve. Parasitic elements in the measurement chain could result in serious oscillations.
Importantly, while Igorp determined from 3D TCAD was typically independent of the
layout parameters, the value of Iyorp determined from 2D TCAD was strongly depend-
ing on them and also it was typically several times higher. 2D TCAD simulations were
overestimating the Iyorp values. This result; thus, showed us that 3D TCAD has to be
used for the latch-up safe ESD protection design of Igorp.
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