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Abstract

With the continuous evolution of semiconductor integrated circuits (ICs)
process, electrostatic discharge (ESD) events are likely to cause IC products
suffered irreversible damage. AIll microelectronic products must meet the
reliability specifications. Therefore, ESD must be taken into consideration.

Nowadays, when the IC chip is produced, it must test the robustness of
component-level ESD. When the IC chip is mounted on the electronics products,
it also needs to test the robustness of system-level ESD. The component-level
and system-level ESD qualifications are needed to test based on a set of
corresponding standardization documents. System-level ESD is an increasingly
important reliability issue in CMOS IC products. It has been also reported that
reliability issues still exist in CMOS ICs under system-level ESD tests, even
though IC products have passed component-level ESD specifications. Therefore,

the component-level and system-level ESD robustness are analyzed in this thesis.



In chapter 2, the ESD protection circuits of bipolar junction transistor (BJT),
diode, gate-grounded NMOS (GGNMOS), and power clamp are studied. These
ESD protection circuits have been fabricated in 0.18-um 1.8V BiCMOS process.
The transmission-line-pulsing (TLP) system, human-body-model (HBM), and
ESD gun are used to verify ESD protection circuits. The experimental results of
diodes and power clamp show better component-level ESD robustness.
Transient-voltage-suppression (TVS) diode is used to improve the system-level
ESD robustness.

In chapter 3, a novel design of diode string with embedded silicon-controlled
rectifier (DSESCR) device is proposed for ESD protection. The traditional diode
string (TDS) and improved diode string (IDS) have drawbacks of a high clamp
voltage and a high leakage current, so DSESCR is proposed to improve these
drawbacks. These ESD protection circuits have been fabricated in 0.18-um 1.8V
CMOS process. The TLP system, HBM, and ESD gun are used to verify IDS and
DSESCR device. DSESCR can improve the clamp voltage and leakage current.

In chapter 2 and chapter 3, according to their characteristics of the ESD

protection devices, the devices can be used to protect different internal circuits.

Keywords: bipolar junction transistor (BJT), component-level ESD, diode,
electrostatic discharge (ESD), metal-oxide-semiconductor (MOS), silicon-controlled

rectifier (SCR), system-level ESD
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Chapter 1

Introduction

1.1 Motivation

Nowadays, the electrostatic discharge (ESD) events of IC products have
attracted more and more attention [1]-[5]. Many IC manufacturers face the
challenge that they are requested to provide the products which are robust against
ESD events [6].

Lots of the electronic components or systems are caused failure and damage
by ESD [7]-[9]. The factors of ESD are mostly caused by human, machine, and
component itself. Such as electronic components or systems during manufacture,
production, assembling, testing, storage, and handling, etc., the electrostatic can
accumulate in human body, instruments, equipment, and electronic component
itself. A current discharging path is formed when these objects contact with each
other, and the electronic components are destroyed by ESD. A general
specification for a commercial IC is 2000V for ESD robustness of the
human-body-model (HBM) [10]. Thus, ICs with the design of ESD protection
should be used to prevent the ICs from destruction of ESD. The specification not
only let the user reassurance, but the specification also let the user know the
sufficient durability of the electronic products. Reliability of ICs product is the
most important part, so all the electronic components or systems need to be
designed with ESD protection. To ensure and certify the reliability of the
electronics systems, both the component-level and system-level ESD

qualifications are needed to test based on a set of corresponding standardization
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documents. The electronics products need to pass the testing of component-level
and system-level ESD specifications [11]. Therefore, when the IC chip is
produced, it must test the robustness of component-level ESD. When the IC chip
is mounted on the electronics products, it also needs to test the robustness of

system-level ESD.

1.2 Background of ESD

The phenomenon of ESD occurs when an electrostatic voltage slowly
develops between an object and its surrounding environment, commonly referred

to as ground, then spontaneously discharges as an electrical current impulse [12].

1.3 Testing Methods

Basically, there are two types of ESD test. One is component-level ESD
specification, and the other is system-level ESD specification. In
component-level ESD specification, three models are shown bellow:
human-body-model (HBM), machine-model (MM), and charge-device-model
(CDM). The secondary specification is system-level ESD specification.

Nowadays, the IC manufacturers adopt IEC 61000-4-2 standard [13]. The
devices under test (DUT) with or without power supply are the main difference

by component-level and system-level ESD specification.



1.3.1 Component-Level ESD Test

Component-level ESD specification is used to test for ESD robustness of 1Cs
product. ESD models are currently classified into three categories: (1)
human-body-model (HBM), (2) machine-mode (MM), and (3)

charge-device-model (CDM).

(A) Human-Body-Model (HBM)

The human-body-model represents friction of the person or other factors that
has accumulated electrostatic. When the person touches the ICs, the ESD can
destroy the IC. As shown in Fig. 1.1., the equivalent circuit of HBM ESD test has
a 100pF equivalent capacitor and a 1.5k equivalent resistor [14]. The new

specifications of component-level ESD for HBM are shown in Table 1.1[15].

R 1.5kQ

C W~

High
Voltage
Source

—_ 100pF | DUT

Fig. 1.1. Equivalent circuits of HBM ESD test.



(B) Machine-Mode (MM)

The MM refers to the machine itself that has accumulated electrostatic. When
the machine contacts the ICs, the electrostatic discharge will damage the 1Cs. As
shown in Fig. 1.2, the equivalent circuit of MM ESD test has a 200 pF equivalent
capacitor with no resistive device [16]. The new specifications of

component-level ESD for MM are shown in Table 1.1 [15].

R
Yy
N
High
Voltage ______200pF| DuT
Source

Fig. 1.2. Equivalent circuits of MM ESD test.



(C) Charge-Device-Model (CDM)

As shown in Fig. 1.3, the equivalent circuit of CDM ESD test has a no
resistive device and different kinds of equivalent capacitance. The ICs always
have different kinds of equivalent capacitance because the ICs are difference of
the angle, the position and the package [17]. The new specifications of

component-level ESD for CDM are shown in Table 1.2 [18].

R Ry
>
High
Voltage DUT
Source
—_—
C

Fig. 1.3. Equivalent circuits of CDM ESD test.



Table 1.1
Component-level ESD specifications for HBM and MM.

HBM level MM level Impact on manufacturing environment
2kV >30V
1kV >30V Basic ESD control methods allow safe

manufacturing with proven margin.

500V >30V

100V to <500V N/A Detailed ESD control methods are required.

Table 1.2
Component-level ESD specifications for CDM.

CDM level ESD control requirements

< Basic ESD control methods with grounding of
Vepwm = 250V metallic machine parts and control of
insulators.

< Basic ESD control methods with grounding of
metallic machine parts and control of
insulators.

< Process specific measures to reduce the
charging of the device or to avoid a hard
discharge.

125V < Vepum < 250V

< Basic ESD control methods with grounding of
metallic machine parts and control of
insulators.

<> Process specific measures to reduce the
charging of the device and to avoid a hard
discharge.

< Charging/discharging measurements at each
process step.

Vcom < 125V
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1.3.2 System-Level ESD Test

System-level ESD test has become an important issue of reliability in
electronic products. The system-level ESD test must follow the rules of IEC
61000-4-2 specification. The definition of IEC 61000-4-2 specification is used to
simulate the human-body ESD. The IEC 61000-4-2 specification is similar to the
JESD22-A114E specification [19], but only difference is the size of the capacitor
and the resistor. According to the standard of IEC 61000-4-2, the ESD gun is
used to evaluate the system-level ESD robustness. The equivalent circuit of ESD
gun is shown in Fig. 1.4 [20]. As shown in Fig. 1.4, equivalent capacitance and
resistance of IEC 61000-4-2 are 150 pF (1.5 times of JESD22-A114E) and 330Q
(1/5 times of JESD22-A114E), respectively. Therefore, such a situation of large
energy storage capacitor and small discharge resistor, the damage of ESD is more
serious.

Comparing component-level ESD test (JESD22-A114E) with system-level
ESD test (IEC 61000-4-2), as shown in Fig. 1.5. Both of the capacitors charging
voltage is 1000V, and the system-level ESD current can reach peak value of 4A
approximately six times of the component-level ESD current [21]-[22].
Therefore, ICs are more destroyed by system-level ESD test. That is why
electronic products pass component-level ESD and they can sometimes not pass
the system-level ESD test [23]-[24]. ESD gun is used for system-level ESD test,
including the following two methods:

(A) Contact Discharge

This test method simulates phenomenon of ESD when the metal tools touch

the electronic product. The ESD gun discharge head is composed of a metal tip

for contact discharge test, as shown in Fig. 1.6.
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(B) Air Discharge

This test method simulates phenomenon of ESD when the person's finger
touch the electronic product. In this situation, the ESD gun will use discharge
head of 8mm for air discharge test, as shown in Fig. 1.6. The air discharge test is
used without contacting the electronic product.

Table 1.2 shows the test level of system-level ESD specifications with contact
discharge and air discharge. Comparing Table 1.3 with Table 1.2, the
system-level ESD test voltage is bigger than component-level ESD, whether
under contact discharge or air discharge test modes [25].

According to phenomena of test voltage, the system-level ESD test will influence
the system operation of the electronic products more important than
component-level ESD test.

Table 1.4 displays the evaluation of system-level ESD test. The
determination of the results of the system-level ESD test are divided into four
levels, including class A, class B, class C, and class D. General recommendations,
commercial electronic products must pass verification of class A or class B

specification at least, in order to be accepted by the mass market.



—AM—p—AN—¢" o] | DUt

kV
Source

ESD GUN

Fig. 1.4. Equivalent circuits of ESD gun under system-level ESD test.
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Fig. 1.5. ESD current comparison chart of component-level and system-level

ESD test [22].



Contact Discharge
Head /

Air Discharge
Head

Fig. 1.6. ESD gun is used under system-level ESD test with contact discharge

head and air discharge head.

Table 1.3

System-level ESD specifications.

Contact discharge Air discharge
Level Test voltage Level Test voltage
1 +2kV 1 +2kV
2 +4kV 2 +4kV
3 +6kV 3 +8kV
4 +8kV 4 +15kV
X Specified by " Specified by
customer customer
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Table 1.4

Recommended classifications of system-level ESD test results.

Criterion Classification Result

Level A The DUT is unaffected by ESD stress. Pass

The DUT works abnormally after ESD stress,
Level B Pass
but it will reset automatically.

The DUT works abnormally after ESD stress,
Level C Failure
but it needs to be reset manually.

Level D The DUT failure. Failure

There are some problems of ESD protection design. The first one is ESD
design optimization and prediction, which necessitate comprehensive
mixed-mode ESD simulation to address the complex coupling effects among
device, process, layout and circuit. Second, ESD protection device will introduce
parasitic effects, such as leakage current (I;cax), resistance, and capacitance (Cesp),
etc., which will unfavorably affect IC chip performance [46].

To guarantee the effectiveness of an ESD protection design, it has been
approved that the I-V characteristics of ESD protection devices should locate
within the ESD protection window. The ESD-critical parameters, typical ESD
discharging I-V characteristics, and the ESD design window are shown in Fig.
1.7

An ESD protection circuit needs accurate design of ESD-critical parameters,
including the ESD triggering voltage (V) and current (ly), the ESD holding
voltage (V;), the ESD discharging resistance (Ron), and thermal breakdown

voltage and current (Vy,, ) [47].
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The ESD protection window is defined that trigger voltage (V) should be
smaller than breakdown voltage of internal circuits (Vgp, intema)- TO ensure
successful protection, the snapback holding voltage (Vyoq) should be higher than

the operational voltage (VDD) to avoid a possible latch-up issue [48].

A VDD ESD Design Window
; R O LR EE D > Lo
' ¢ Second o : : @)
— ' i Breakdown ' 1= S
P ! 30 <—n 33
< ' Current (I;) 2¢ 10%-200 © 9
~ + 10%6~20% 1 Dischargings =35
o ' ' ] O
= s s L R ig s
L : : : PSS
— ! ! Trigger H 'O E
8 ' 1Holding Voltage i = 8
' 1 Voltage 7 S (Vi) : Vo=
' 4 N N O v o
] ' ! B U ] ]
Vh < VDD, th > VBD! Internal
Latch-up VOltage (V) Fail to Protect
Issue

Fig. 1.7. A typical ESD protection window of ESD protection device.

1.4 Thesis Organization

In Chapter 1, the background and testing methods of ESD is introduced.

In Chapter 2, ESD protection design by using BJT, diodes, and GGNMOS
will be introduced in detail. In this Chapter, all testing circuits are fabricated in
0.18um BiCMOS process.

In Chapter 3, ESD protection design by using improved diode string, diode
string with embedded SCR will be introduced. In this study, all testing devices
are fabricated in 0.18um CMOS process.

In chapter 4, recapitulates the major consideration of this thesis and

concludes with suggestions for future investigation.
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Chapter 2
Study of On-Chip ESD Protection Circuits in

BiCMOS Process

Component-level ESD and system-level ESD both are the major reliability
problems of electronics products. Industrial standards need to satisfy on-chip
ESD protection for all I1Cs and systems, which becomes a constantly increasing
IC design challenge for complex ICs using advanced IC technologies [26]-[27].

As shown in Fig. 2.1, the typical design of on-chip ESD protection circuits is
a whole-chip ESD protection design on chip of ICs. With the design of
considering the possible ESD damage sites, the ESD current discharging paths
need to be created and constructed.

The ESD testing modes at input-output (1/O) pads with respect to VDD or
VSS pins, VDD-to-VSS and pin-to-pin ESD stresses have been specified to
judge the whole-chip ESD robustness. Under the ESD stress condition, the
VDD-to-VSS ESD clamp circuit can provide a low impendence path to discharge

the ESD current between the VDD and VSS power lines.

VDD
I/O PAD ESD
. Internal Power
FEHEon Circuits Clam
Circuit P
VSS

Fig. 2.1. Typical design of on-chip ESD protection circuits.
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2.1 ESD Protection Design by Using BJT, Diodes, and GGNMOS

(A) Design of NPN BJT

In this work, an NPN BJT (NBJT) circuits are designed in I/0 pad to VSS
pad as an ESD current discharging paths. Cross-sectional view of NBJT is shown
in Fig. 2.2. NBJT with its base connects to the emitter has been used for on-chip
ESD protection [28], as shown in Fig. 2.3 (a). Another NBJT with on-chip
resistance (Rye) to improve its trigger ability has also been used [29], as shown in
Fig. 2.3 (b). The design parameters of NBJT display in Table 2.1. The BJT
circuits are used the dimension of 60um, 180um, and 360um. An on-chip

resistance 1s 0€, 100k, and 500kQ2 under each dimension, respectively.

Bil??e Em#ter CoII%ctor
Deep p+ n+ n+ Deep
trench trench
isolation isolation
NEP

n+ buried layer

p-substrate

Fig. 2.2. Cross-sectional view of NBJT.
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/O /O NS
PAD PAD A
N(C) N(C)
NS P(B) P(B)
N(E) N(E)
Rbe
Y
PS vss vss P
(a) (b)

Fig. 2.3. On-chip ESD protection design of NBJT with (a) base connects to

emitter and (b) on-chip resistance (Rye).

Table 2.1
Design parameters of NBJT.

Test device NBJT length (um) Rpe (KQ)
NBJT_60_RO 0
NBJT_60_R100k 60 100
NBJT_60_R500k 500
NBJT 180 RO 0
NBJT 180 _R100k 180 100
NBJT_180_R500k 500
NBJT_360_RO 0
NBJT_360_R100k 360 100
NBJT_360_R500k 500
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(B) Design of diodes with power clamp

Diodes are the easiest voltage-clamping components. It has some advantages
of higher current handling capability, lower trigger (cut-in) voltage, lower
turn-on resistance, and smaller parasitic loading effect in the forward-biased.
However, diodes exists shortcoming of poorer voltage clamping and higher
on-resistance in the reverse-biased [30]-[36]. Therefore, the diodes can be used
as on-chip ESD protection devices.

As shown in Fig. 2.4, the p-type diode (DP) and n-type diode (DN) are
p+/n-well diodes and n+/p-well diodes, respectively. Both of diodes are operating
in the reverse-biased under normal circuit operating conditions. When ESD
happened, the ESD discharging current can pass through Anode P+/Cathode N+
paths in the forward-biased diodes. Therefore, the ESD discharging current
passing through paths will put a few metal contacts under layout of diodes in
order to prevent overcurrent from burning diodes devices. Generally, the
RC-based power-rail ESD clamp (PC) circuit between the VDD and VSS is
widely used as on-chip ESD protection to protect the internal circuits. It consists
of a capacitor, a resistor, inverter, and ESD clamp NMOS transistor. When ESD
stress happened, the NMOS transistor of ESD clamp will be turned on. The
NMOS transistor can be turned off under normal circuit operation condition. The
turn-on time of the NMOS transistor of ESD clamp will be adjusted by the
RC-time constant of the RC-based ESD transient detection circuit to satisfy the
half-energy discharging time of the HBM ESD stress [37]-[38].

In this work, cross-sectional view of inverter and ESD clamp NMOS are
shown in Fig. 2.5. The length adjustment of the ploy gate is used for the design
of inverter. When ESD stress happened, the ESD discharging current can pass
through the ESD clamp NMOQOS transistor. On-chip ESD protection design of
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diodes with power clamp are shown in Fig. 2.6. When ESD stress appears in 1/O
pads with respect to VDD or VSS pins and VDD-to-VSS, the ESD protection
circuits must give a path of ESD discharging current. Therefore, 6-types modes
of the ESD current discharging paths are designed in Fig. 2.6. When positive
electrostatic discharge form 1/0O pads to VSS pads (positive-to-VSS, PS),
electrostatic current will flowing through the DP and then discharge by the
power-rail ESD clamp circuit. When negative electrostatic discharge form 1/0
pads to VSS pads (negative-to-VSS, NS), electrostatic current will discharge by
the forward-biased DN. When positive electrostatic discharge form /O pads to
VDD pads (positive-to-VDD, PD), electrostatic current will discharge by
forward-biased DP. When negative electrostatic discharge form 1/0O pads to VDD
pads (negative-to-VDD, ND), electrostatic current will pass through the
power-rail ESD clamp circuit and then discharge by the forward-biased DN.
When positive electrostatic discharge form VDD (Power) pads to VSS pads
(VDD-to-VSS, PW+), electrostatic current will discharge by the power-rail ESD
clamp circuit. When negative electrostatic discharge VDD (Power) pads to VSS
pads (VSS-to-VDD, PW-), electrostatic current will discharge by the
forward-biased diode of ESD clamp NMOS transistor.

The design parameters of DP and DN diodes are listed in Table 2.2. Table
2.3 shows design parameters of power-rail ESD clamp (PC). One DP, one DN,
one PC are merged together to form on-chip ESD protection circuit that are

diodes with power clamp.
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Cathode

P-Substrate

()
Anode
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Cathode

P-Substrate

(b)
Fig. 2.4. Cross-sectional view of (a) p-type diode (DP) and (b) n-type diode
(DN).
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Fig. 2.5. Cross-sectional view of (a) inverter and (b) ESD clamp NMOS.

PD VDD ND PW-
A A
§ |
DP A |
/10 ) |
PAD Ak ! ! |
DN — |
I
Yy
NS VSS PS PW+

Fig. 2.6. On-chip ESD protection design of diodes with power clamp.

19



Table 2.2

Design parameters of diodes.

Test device DP width | DN width S J D E B
(um) (um) (um) (um) (um) (um) (um)
DP_DN_w30 30 30
DP_DN_w60 60 60 0.44 0.36 1.92 0.92 0.42
DP_DN_w90 90 90
Table 2.3
Design parameters of power clamp.
Power | Inverter | Inverter
) clamp | PMOS | NMOS L A B C R
Test device ] \ .
width | width | width | (um) | (um) | (um) | (pF) | (kQ)
(um) (um) (um)
PC_w2000 2000 200
PC_w4000 4000 400 3 0.36 | 1.42 | 0.42 10 100
PC_w8000 8000 800
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(B) Design of GGNMOS with power clamp

A gate-grounded NMOS (GGNMOS) has been widely used as ESD
protection device. GGNMOS has some advantages of simple structure, snapback
characteristics, and higher current handling capability under ESD stress.
However, GGNMOS has potential risk of non-uniform turn-on under ESD stress
[39]-[43]. The structure of GGNMOS is made from the standard NMOS structure
by grounding the gate terminal, as shown in Fig. 2.7. The ESD protection device
of GGNMOS can’t work under normal circuit operating conditions. When
positive ESD happened, the ESD discharging current can pass through drain to
source in a parasitic n-p-n BJT path. An extra resist-protection-oxide (RPO) layer
or silicide-blocking is used to block the silicide diffusion in the structure of
GGNMOS [44]-[45]. It makes easier to turn on parasitic n-p-n BJT path of
GGNMOS.

When negative ESD happened, the ESD discharging current can pass
through bulk to drain in the parasitic diode path.

In Fig. 2.8, it also marked the electrostatic discharge path of 6-types when
the circuit is influenced under ESD stress. Generally, GGNMOS is often used in
the industry.

The design parameters of GGNMOS (GGN) are listed in Table 2.4. Table
2.5 shows design parameters of power-rail ESD clamp (PC). One GGN, one PC
are merged together to form on-chip ESD protection circuit that is GGNMOS

with power clamp.
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Fig. 2.7. Cross-sectional view of gate-grounded NMOS (GGNMOS).
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Fig. 2.8. On-chip ESD protection design of GGNMOS with power clamp.
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Table 2.4

Design parameters of GGNMOS.

. GGNMOS L A B
Test device i
width (um) (um) (um) (um)
GGN_w90 90
GGN_w180 180 0.36 1.42 0.42
GGN_w270 270
Table 2.5
Design parameters of power clamp.
Power | Inverter | Inverter
. clamp | PMOS | NMOS L A B C R
Test device . R y
width width width | (um) | (um) | (um) | (pF) | (kQ)
(um) (um) (um)
PC_w2000 2000 200
PC_w4000 4000 400 3 0.36 | 1.42 | 042 10 100
PC_w8000 8000 800
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2.2 Experimental Results under DC Voltage Supply
2.2.1 Measured Leakage Currents

To observe the leakage current and the trigger phenomenon, the leakage
current of diodes with power clamp and GGNMOS with power clamp are
measured.

The leakage current is swept from 0V-3.3V operating voltage under
I/0-to-VSS, VDD-to-1/0, and VDD-to-VSS. The diodes with power clamp and
GGNMOS with power clamp are measured under 1/0-to-VSS, as shown in Fig.
2.9. In Fig. 2.9, different diodes width and different power clamps width are used
to compare leakage current in Fig. 2.9 (a)-Fig. 2.9 (c) and different GGNMOS
width with different power clamps width are also compared leakage current in
Fig. 2.9 (d)-Fig. 2.9 (f).

In Fig. 2.9 (a)-Fig. 2.9 (c), the leakage current and trigger phenomenon of
30um diode are almost the same because the diodes width is the same. Power
clamp width is different, so the leakage current is different. In Fig. 2.9 (d)-Fig.
2.9 (f), GGNMOS width is the same, so the leakage current and trigger
phenomenon have almost the same.

In Fig. 2.10-Fig. 2.11, the diodes with power clamp and GGNMOS with
power clamp are also measured under VDD-to-I/O and VDD-to-VSS,
respectively. Different diodes with different power clamp are used to compare
leakage current. GGNMOS with power clamp are also compared leakage current.

The measured leakage currents of diodes with power clamps and GGNMOS
with power clamps under normal operating voltage of 1.8V are shown in Table
2.7 and Table 2.8, respectively.

Under 1/0-to-VSS, VDD-to-1/0O, and VDD-to-VSS, the leakage current will

increase along with the different width of diodes, GGNMOQOS, and power clamp
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under operating voltage 1.8V. If the width of diodes, GGNMOQOS, and power
clamp are the same, the leakage current has also almost the same. The safe
operating area (SOA) is defined as the leakage current shown shifting over
10%~20% from its original leakage current. Therefore, the measurement results
have been achieved expectation.

As shown in Fig. 2.12 (a)-Fig. 2.12 (c), the leakage current of NBJT are
measured. The leakage current is swept under operating voltage from 0 to 12V.

In Fig. 2.12 (a), the test device of NBJT_60_RO has lower leakage current
than NBJT_60 R100k and NBJT_60_R500k. In Fig. 2.12 (b), the test device of
NBJT 180 RO has higher leakage current than NBJT 180 R100k and
NBJT 180 R500Kk. In Fig. 2.13 (c), the test device of NBJT 360 R100k has
higher leakage current than NBJT_360 RO and NBJT_360_ R500k. The DC-IV
characteristics of NBJT measured results under normal operating voltage of 1.8V

are shown in Table 2.6.
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Fig. 2.9. Measured leakage currents of (a) 30um diodes with power clamps under
1/0-to-VSS mode, (b) 60um diodes with power clamps under 1/0O-to-VSS mode,
(c) 90um diodes with power clamps under 1/0-to-VSS mode, (d) 90um
GGNMOS with power clamps under 1/0-to-VSS mode, (e) 180um GGNMOS
with power clamps under 1/0-to-VSS mode, and (f) 270um GGNMOS with
power clamps under 1/0O-to-VSS mode.
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Fig. 2.10. Measured leakage currents of (a) 30um diodes with power clamps
under VDD-to-1/0 mode, (b) 60um diodes with power clamps under VDD-to-1/0O
mode, (¢) 90um diodes with power clamps under VDD-to-1/0 mode, (d) 90um
GGNMOS with power clamps under VDD-to-1/0 mode, (e) 180um GGNMOS
with power clamps under VDD-to-1/0 mode, and (f) 270um GGNMOS with
power clamps under VDD-to-1/0 mode.
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Fig. 2.11. Measured leakage currents of (a) 30um diodes with power clamps
under VDD-to-VSS mode, (b) 60um diodes with power clamps under
VDD-t0-VSS mode, (c) 90um diodes with power clamps under VDD-to-VSS
mode, (d) 90um GGNMOS with power clamps under VDD-to-VSS mode, (e)
180um GGNMOS with power clamps under VDD-to-VSS mode, and (f) 270um
GGNMOS with power clamps under VDD-to-VSS mode.
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Fig. 2.12. Measured leakage currents of (a) 60um NBJT with 0Q, 100kQ, and

500k resistances under 1/0-to-VSS mode, (b) 180um NBJT with 0€Q2, 100kQ,

and 500kQ resistances under 1/0-to-VSS mode, (¢) 360um NBJT with 0Q,

100k€Q, and 500kQ resistances under 1/0-to-VSS mode.
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Table 2.6

The measured leakage currents of NBJT under normal operating voltage of 1.8V.

Test device Leakage current (nA) at 1.8 V
NBJT 60 RO 0.8
NBJT_60_R100k 1.3
NBJT_60_R500k 1.3
NBJT 180 RO 1.6
NBJT_180_R100k 0.6
NBJT_180_R500k 0.6
NBJT_360_RO 0.5
NBJT_360_R100k 4.7
NBJT_360_R500k 0.5
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Table 2.7
The measured leakage currents of diodes with power clamps under normal

operating voltage of 1.8V.

Leakage current (nA) at 1.8V
Test device
I/O-to-VSS VDD-to-1/0 VDD-to-VSS
DP_DN_w30_PC_w2000 19.7 8.6 8.1
DP_DN_w30_PC_w4000 38.7 16.6 15.8
DP_DN_w30_PC_w8000 773 33.2 315
DP_DN_w60_PC_w2000 19.7 8.4 7.9
DP_DN_w60_PC_w4000 38.3 16.4 15.7
DP_DN_w60_PC_w8000 76.0 32.8 31.0
DP_DN_w90_PC_w2000 18.4 8.3 7.9
DP_DN_w90 PC_ w4000 36.2 15.5 14.9
DP_DN_w90_PC_w8000 71.0 30.9 29.1
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Table 2.8

The measured leakage currents of GGNMOS with power clamps under normal

operating voltage of 1.8V.

Leakage current (nA) at 1.8V
Test device
I/O-to-VSS | VDD-to-1/0 | VDD-to-VSS
GGN_w90_PC_w2000 0.17 7.5 7.4
GGN_w90_PC_w4000 0.17 14.3 14.5
GGN_w90_PC_w8000 0.17 28.2 28.9
GGN_w180_PC_w2000 0.39 7.8 7.7
GGN_w180_PC_w4000 0.54 14.6 14.8
GGN_w180_PC_w8000 0.40 28.9 30.1
GGN_w270_PC_w2000 0.56 7.8 7.5
GGN_w270_PC_w4000 0.57 14.6 14.6
GGN_w270_PC_w8000 0.56 28.8 29.1
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2.2.2 Measured DC I-V Characteristics

To understand relationship of the trigger voltage and holding voltage, the
test devices need to be further explored. In this work, snapback holding voltage
of the NBJT and diodes with power clamp has been investigated by DC curve
tracer. The measurement was carried out with Tektronix 370A DC curve tracer as
shown in Fig. 2.13. All these measurement results are listed in Table 2.9.

As shown in Fig. 2.13. (a), NBJT 180 RO is 180um NBJT with 0Q
resistance under 1/0O-to-VSS mode. The turn on phenomenon is mainly through
the collector-base path. NBJT_180 RO has no snapback phenomenon and its
holding voltage is equivalent to trigger voltage.

As shown in Fig. 2.13. (b)-Fig. 2.13. (c), NBJT_ 180 R100k and
NBJT 180 R500k both have the Rp. under 10-to VSS mode. The turn on
phenomenon is mainly through the BJT collector-emitter path.
NBJT 180 R100k and NBJT_180 R500k both have snhapback phenomenon.
NBJT 180 R100k has snapback from 9.85V trigger voltage to 3.3V holding
voltage. NBJT_180_R500k has snapback from 10V trigger voltage to 3.2V
holding voltage.

As shown in Fig. 2.13. (d)-Fig. 2.13. (f), DP_DN_w90_PC_w2000 has
snapback a little from 6.35V to 5.05V. DP_DN_w90 PC w4000 has snapback a
little from 6.35V to 5V. DP_DN_w90 PC_ w8000 has snapback a little from

6.4V to 5V. They have almost the same.
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Fig. 2.13. Measured DC-1V characteristics of (a) 180um NBJT with 0Q resistance under
I/0-to-VSS mode, (b) 180um NBJT with 100kQ resistance under 1/0O-to-VSS mode, (c) 180um
NBJT with 500kQ resistance under 1/0-to-VSS mode, (d) 90um diode with 2000um power
clamp under 1/0-to-VSS mode, (e) 90um diode with 4000um power clamp under 1/O-to-VSS
mode, and (f) 90um diode with 8000um power clamp under 1/0-to-VSS mode.
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Table 2.9
The measured DC-1V characteristics of NBJT and diodes with power clamps

under 1/0-to-VSS mode.

I/O-to-VSS
Test device

Vu Vi

V) (V)

NBJT 180 RO 11 11
NBJT 180 R100k 9.85 3.3
NBJT 180 R500k 10 3.25
DP_DN w90 PC w2000 6.35 5.05

DP_DN_w90 PC w4000 6.35 5

DP_DN w90 PC_ w8000 6.4 5
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2.3 Experimental Results under Component-Level ESD Test

In this section, human-body-model (HBM) and transmission-line-pulsing
(TLP) is used to measure component-level ESD robustness, which means it

alone do the test for on-chip ESD protection device.

2.3.1 Measured TLP I-V Curves

The transmission-line-pulsing (TLP) system with 10-ns rise time and 100-ns
pulse width is used to understand the turn-on behavior and the 1-V characteristics
in high-current regions of the ESD protection devices.

Each on-chip ESD protection device has been tested by TLP tester. The
failure criterion is defined as leakage current shown between the test pads
shifting over 30% from its original leakage current.

The TLP-measured I-V characteristics of NBJT, diodes with power clamp,
and GGNMOS with power clamp are shown in Fig. 2.14-Fig. 2.19. In Fig. 2.14
(a)-Fig. 2.14 (c), TLP-1V characteristics of NBJT are measured under PS mode
ESD stress. The NBJT_60_R0O, NBJT_180_R0, and NBJT_360_RO0 have not Ry
under PS mode. The current discharging path is mainly through the
collector-base path which is a reverse-biased diode.

The NBJT_60_R100Kk, NBJT_60_R500k, NBJT 180 R100k,
NBJT_180_R500k, NBJT_360_R100k, and NBJT_360_R500k have Ry under
PS mode so that they have a lower trigger voltage and a higher current handling
ability. With the help of Ry, the current discharging path is mainly through the
collector-emitter path, so the ESD protection ability of the BJT circuits can be
improved.

In Fig. 2.14 (d)-Fig. 2.14 (f), TLP-1V characteristics of NBJT are measured
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under NS mode ESD stress. The current discharging path of the NBJT_60_ RO,
NBJT_ 180 RO, and NBJT 360 RO under NS mode is mainly through the
base-collector path which is a forward-biased diode.

They have a higher current handling ability than the NBJT_60_R100k,
NBJT_60_R500k, NBJT 180 R100k, NBJT_ 180 R500k, NBJT 360 R100K,
and NBJT_360_R500k under NS mode. If the higher current handling ability is
required under NS mode, the designer can increase guard ring of the NBJT.

In Fig. 2.15 (a)-Fig. 2.15 (f), TLP-IV characteristics of diodes with power
clamp and GGNMOS with power clamp are measured under PS mode ESD
stress. The Vi of all diodes with power clamp about 1.6V-1.8V. The Vy is
defined as voltage value of current 10mA. The V, is also about 1.6V-1.8V
because the diodes have no "snapback™ phenomenon. The V, is equal to V. The
addition of dimension will cause lower Ry, and higher l,,. The V; and V,, of all
GGNMOS with power clamp have almost the same. The addition of dimension
will cause lower Ry, and higher Iy,

In Fig. 2.16 (a)-Fig. 2.16 (c), TLP-IV characteristics of diodes with power
clamp are measured under NS mode ESD stress. The Vy, of all diodes with power
clamp are about 0.94V-1V. The V4, is defined as voltage value of current 10mA.
The V,, is also about 0.94V-1V. The V,, is equal to V. The addition of dimension
will result in lower Ry, and higher I,,. Under NS mode ESD stress, the leakage
current will increase by the different width of diodes with power clamp because
different width of power clamp relate to leakage current. In Fig. 2.16 (d)-Fig.
2.16 (f), the addition of dimension will also result in lower R, and higher I.
Under NS mode ESD stress, GGNMOS is similar to diodes. The V and V,, are
also the same.

In Fig. 2.17 (a)-Fig. 2.17 (c), TLP-IV characteristics of diodes with power
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clamp are measured under PD mode ESD stress. The Vy, of all diodes with power
clamp are about 0.94V-1.11V. The Vy is defined as voltage value of current
10mA. The V, is also about 0.94V-1.11V. The V, is equal to V. The addition of
dimension will result in lower Ry, and higher I,. Under PD mode ESD stress, the
leakage current will increase by the different diodes with power clamp because
different power clamps can influence leakage current. In Fig. 2.17 (d)-Fig. 2.17
(F), the addition of dimension will also result in lower Ry, and higher I,. The
GGNMOS have "snapback™ phenomenon. This phenomenon can result in
distinctive of trigger voltage and holding voltage. Under operating voltage 1.8V,
the GGNMOS circuits have not "latch up" phenomenon. The "latch up" will
cause the internal circuits working abnormality. The addition of dimension will
also result in lower Ry, and higher I,.

In Fig. 2.18 (a)-Fig. 2.18 (c), TLP-IV characteristics of diodes with power
clamp are measured under ND mode ESD stress. The Vy of all diodes with
power clamp about 1.59V-1.81V. The V,; is defined as voltage value of current
10mA. The V, is also about 1.59V-1.81V. The V, is equal to V. The addition of
dimension will result in lower Ry, and higher ly,. In Fig. 2.18 (d)-Fig. 2.18 (f), the
addition of dimension will also result in lower R, and higher .

In Fig. 2.19 (a)-Fig. 2.19 (f), TLP-IV characteristics of diodes with power
clamp and GGNMOS with power clamp are measured under PW+ mode ESD
stress. The Vy, of all power clamp about 0.73V-1.09V and 0.74V-0.83V. The Vy
is defined as voltage value of current 10mA for power clamp. The V, is also
equal to V. Under PW+ mode ESD stress, the addition of dimension will also
result in lower Ry, and higher Iy,.

In Fig. 2.20 (a)-Fig. 2.20 (f), TLP-IV characteristics of diodes with power

clamp and GGNMOS with power clamp are measured under PW- mode ESD
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stress. Under PW- mode ESD stress, parasitic diodes of NMOS will turn-on as
ESD current discharging path. The V,, of all power clamp about 0.52V-0.69V
and 0.52V-0.73V. The V, is defined as voltage value of current 270mA for power
clamp. The V,, is also equal to V. Under PW- mode ESD stress, the addition of
dimension will also result in lower R,, and higher .

TLP-1V characteristics of all test circuits are measured under PS, NS, PD,
ND, PW+, and PW- mode ESD stress. All these TLP measurement results are
also listed in Table 2.10, Table 2.11, Table 2.12, Table 2.13, Table 2.14, Table
2.15, and Table 2.16.

Some leakage currents are higher and others are lower after TLP-IV
characteristics are measured in PS mode of diodes with power clamps. Metal of
guard ring of p-type diode (DP) was probably burned to short after the devices
are measured by TLP due to metal of guard ring of p-type diode (DP) connects to
the VSS. Thus, the leakage current can pass through two type paths. One pass
from DP to power clamp and the other pass from DP to VSS that could not pass
the power clamp. The pulsed current can pass from DP to VSS that can cause the
metal of guard ring of DP to burn from shorting to opening. The leakage currents
could reduce after TLP-1V curves was measured.

After measuring TLP-1V curves, the leakage current of 90um GGNMOS
with power clamps is lower than leakage current of 180um and 360um
GGNMOS with power clamps under PD mode. The metal of GGNMOS was
burned to short after the devices are measured by TLP. The 0.8A in TLP-IV
curve have slightly shifted that can prove the GGNMOS destruction. The pulsed
current can pass through the metal of GGNMOS until the metal burned out from

shorting to opening. The metal opening can cause the leakage current to reduce.
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Fig. 2.14. Measured TLP-IV characteristics of (a) 60um NBJT with 0Q2, 100kQ, and 500kQ resistances
under PS mode, (b) 180um NBJT with 0Q, 100k, and 500k resistances under PS mode, (c) 360um
NBJT with 0Q, 100k, and 500kQ resistances under PS mode, (d) 60um NBJT with 0Q, 100k, and
500k resistances under NS mode., (e) 180um NBJT with 0Q, 100kQ, and 500k resistances under NS
mode, (f) 360um NBJT with 09, 100kQ, and 500k resistances under NS mode.
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Fig. 2.15. Measured TLP-1V characteristics of (a) 30um diodes with power

clamps under PS mode, (b) 60um diodes

with power clamps under PS mode, (c)

90um diodes with power clamps under PS mode, (d) 90um GGNMOS with

power clamps under PS mode, () 180um GGNMOS with power clamps under

PS mode, and (f) 270um GGNMOS with power clamps under PS mode.
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Fig. 2.16. Measured TLP-1V characteristics of (a) 30um diodes with power
clamps under NS mode, (b) 60um diodes with power clamps under NS mode, (c)
90um diodes with power clamps under NS mode, (d) 90um GGNMOS with
power clamps under NS mode, () 180um GGNMOS with power clamps under
NS mode, and (f) 270um GGNMOS with power clamps under NS mode.
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Fig. 2.17. Measured TLP-1V characteristics of (a) 30um diodes with power
clamps under PD mode, (b) 60um diodes with power clamps under PD mode, (c)
90um diodes with power clamps under PD mode, (d) 90um GGNMOS with
power clamps under PD mode, () 180um GGNMOS with power clamps under

PD mode, and (f) 270um GGNMOS with power clamps under PD mode.
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Fig. 2.18. Measured TLP-1V characteristics of (a) 30um diodes with power
clamps under ND mode, (b) 60um diodes with power clamps under ND mode, (c)
90um diodes with power clamps under ND mode, (d) 90um GGNMOS with
power clamps under ND mode, (e) 180um GGNMOS with power clamps under

ND mode, and (f) 270um GGNMOS with power clamps under ND mode.
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Fig. 2.19. Measured TLP-1V characteristics of (a) 30um diodes with power

clamps under PW+ mode, (b) 60um diodes with power clamps under PW+ mode,
(c) 90um diodes with power clamps under PW+ mode, (d) 90um GGNMOS with
power clamps under PW+ mode, (e) 180um GGNMOS with power clamps under
PW+ mode, and (f) 270um GGNMOS with power clamps under PW+ mode.

45



Leak current (A)

2ZI.OE-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3
<15t o
s —0 s""
]
= 10+
jun
(@]
- Fm-DP_DN_w30_PC_w2000
— +e-DP_DN_w30_PC_w4000
= . DP_DN_w30_PC_w8000)
0 — ‘ ‘
0 10 20 30 40 50 60 70
TLP Voltage (V)
(a)
Leak current (A)
2ZIOE-Q 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3
316 - e
c 12t
o
o Fm-DP_DN_w90_PC_w2000
- 4+ +e-DP_DN_w90_PC_w4000
= DP_DN_w90_PC_w8000
0 ! ! !
0 10 20 30 40 50 60 70
TLP Voltage (V)
(c)
Leak current (A)
2ZI.OE-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3
316 - e
‘g 12t .
G 8f
o "m GGN_w180_PC_w2000
g4l e GGN_w180_PC_w4000
= GGN_w180_PC_w8000
0 ! ! !
0 20 30 40 50 60 70
TLP Voltage (V)
(e)

Leak current (A)
2ZIOE-Q 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3

—~ g Jx
$16 r _
§12
3 st
o Fm-DP_DN_w60_PC_w2000
= af - e-DP_DN_w60_PC_w4000
DP_DN_w60_PC_w8000)
O ! ! !
0 20 30 40 50 60 70
TLP Voltage (V)
(b)
Leak current (A)
2ZIOE-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3
g 15+
=
® 10r
5
O Fm-GGN_w90_PC_w2000
o 5t | @ GGN_w90_PC_w4000
= GGN_w90_PC_w8000
0O 10 20 30 40 50 60 70 80

TLP Voltage (V)

(d)

Leak current (A)
2ZIOE-Q 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3

g 16
12t
5 gl
8 [m-GGN_w270_PC_w2000|
O 4l | @ GGN_w270_PC_w4000|
= GGN_w270_PC_w8000)
0 = E ) ,
0 10 20 30 40 50 60 70
TLP Voltage (V)

Fig. 2.20. Measured TLP-1V characteristics of (a) 30um diodes with power

clamps under PW- mode, (b) 60um diodes with power clamps under PW- mode,

(c) 90um diodes with power clamps under PW- mode, (d) 90um GGNMOS with

power clamps under PW- mode, (e) 180um GGNMOS with power clamps under

PW- mode, and (f) 270um GGNMOS with power clamps under PW- mode.
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Table 2.10

TLP-measured characteristics of NBJT under PS and NS mode.

TLP

Test device PS mode NS mode
Viu A\ leo Ron | Vu A\ lo | Ron
M| VM A @M M A ©
NBJT_60_RO 10.57 | 1057 | 0.1 | 19.2 | 0.97 | 097 | 1.95 | 59
NBJT_60_R100k 494 | 412 | 056 | 104 | 2.80 | 2.80 | 0.37 | 9.0
NBJT_60_R500k 4.5 3.89 | 056 | 99 | 280 | 280 | 0.37 | 85
NBJT_180_RO 10.4 104 | 0.3 | 92 | 092 | 092 | 457 | 5.2
NBJT 180 R100k 3.84 345 | 166 | 74 | 265 | 265 | 1.14 | 6.2
NBJT 180 R500k 3.84 345 | 166 | 7.2 | 266 | 266 | 1.15 | 58
NBJT_360_RO 10.39 | 10.39 | 055 | 6.1 | 0.89 | 0.89 | 5.73 | 438
NBJT_360_R100k 3.40 331 [ 320 | 59 | 26 | 26 | 23 | 5.2
NBJT_360_R500k 3.40 340 | 318|589 | 26 | 26 | 23 | 5.1
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Table 2.11
TLP-measured characteristics of diodes with power clamps under PS and NS
mode.

Test device

TLP

PS mode

NS mode

Vu
V)

Vi,
(V)

lo
(A)

(®)

Vu
V)

Vi,
(V)

lo
(A)

()

DP_DN_w30_PC_w2000

1.74

1.74

2.78

5.81

1.00

1.00

3.33

3.92

DP_DN_w30_PC_w4000

1.76

1.76

2.81

5.31

1.00

1.00

3.41

3.95

DP_DN_w30_PC_w8000

1.80

1.80

2.85

5.17

0.99

0.99

3.35

3.88

DP_DN_w60_PC_w2000

1.60

1.60

4.86

4.54

0.97

0.97

6.54

3.52

DP_DN_w60_PC_w4000

1.73

1.73

5.62

4.49

0.96

0.96

6.53

3.48

DP_DN_w60_PC_w8000

1.76

1.76

5.67

4.44

0.96

0.96

6.56

3.42

DP_DN_w90 PC_w2000

1.57

oL

4.79

4.48

0.95

0.95

9.78

3.76

DP_DN_w90 PC_w4000

Lgpl

1.71

7.35

4.44

0.94

0.94

9.69

3.77

DP_DN_w90_PC_w8000

1.74

1.74

8.52

4.35

0.94

0.94

9.73

3.60

Table 2.12
TLP-measured characteristics of diodes with power clamps under PD and ND
mode.

Test device

TLP

PD mode

ND mode

th
V)

Vh
V)

lo
(A)

(0

th
V)

Vh
(V)

lio
(A)

()

DP_DN_w30_PC_w2000

1.11

1.11

3.17

4.20

1.59

1.59

4.62

5.65

DP_DN_w30_PC_w4000

1.00

1.00

3.17

411

1.78

1.78

5.60

4.88

DP_DN_w30_PC_w8000

1.00

1.00

3.20

4.07

1.81

1.81

5.26

4.02

DP_DN_w60_PC_w2000

0.96

0.96

6.39

4.12

1.69

1.69

4.77

5.32

DP_DN_w60_PC_w4000

0.96

0.96

6.33

4.22

1.72

1.72

1.47

4.33

DP_DN_w60_PC_w8000

0.97

0.97

6.34

4.30

1.78

1.78

9.83

4.38

DP_DN_w90 PC_w2000

0.95

0.95

9.43

3.91

1.59

1.59

4.82

4.60

DP_DN_w90_PC_w4000

0.95

0.95

9.46

3.78

1.72

1.72

7.75

4.24

DP_DN_w90_PC_w8000

0.94

0.94

9.48

3.48

1.76

1.76

11.00

3.66
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Table 2.13

TLP-measured characteristics of diodes with power clamps under PW+ and

PW- mode.
TLP
Test device PW+ mode PW- mode

th Vh |t2 Ron th Vh It2 Ron
MM A @O MM A€
DP_DN w30 PC w2000 | 0.73 | 0.73 | 4.70 |4.80 | 0.68 | 0.68 | 12.52 | 3.73
DP_DN w30 PC w4000 | 0.78 | 0.78 | 7.47 | 4.58 | 0.56 | 0.56 | 17.99 | 3.63
DP_DN w30 PC w8000 | 0.82 | 0.82 | 13.26 | 3.52 | 0.52 | 0.52 | 18.14 | 3.41
DP_DN w60 PC w2000 | 0.74 | 0.74 | 4.80 |4.70 | 0.68 | 0.68 | 14.81 | 3.58
DP_DN w60 PC w4000 | 0.79 | 0.79 | 7.26 | 4.15|0.56 | 0.56 | 17.99 | 3.67
DP_DN w60 PC w8000 | 0.82 | 0.82 | 12.41 | 3.65 | 0.52 | 0.52 | 18.08 | 3.55
DP_DN w90 PC w2000 | 0.75 | 0.75 | 4.68 |5.17 | 0.69 | 0.69 | 15.52 | 3.43
DP_DN w90 PC w4000 | 0.78 | 0.78 | 7.12 | 4.32 | 0.56 | 0.56 | 18.16 | 3.42
DP_DN w90 PC w8000 | 1.09 | 1.09 | 12.91 | 3.59 | 0.52 | 0.52 | 18.24 | 3.02

Table 2.14
TLP-measured characteristics of GGNMOS with power clamps under PS and

NS mode.

TLP
Test device PS mode NS mode

th Vh |t2 Ron th Vh It2 Ron
M MIA QO MM A | ©
GGN_w90 PC w2000 | 5.97 | 4.48 | 0.83 | 454 | 0.86 | 0.86 | 4.51 | 3.87
GGN_w90 PC w4000 | 595 | 4.49 | 0.83 | 4.75 | 0.86 | 0.86 | 4.49 | 3.96
GGN_w90 PC w8000 | 5.86 | 4.47 | 0.84 | 4.45 | 0.86 | 0.86 | 4.50 | 3.86
GGN_w180 PC w2000 | 593 | 449 | 1.76 | 3.92 | 0.76 | 0.76 | 8.19 | 4.03
GGN_w180 PC w4000 | 594 | 450 | 1.75 | 3.98 | 0.76 | 0.76 | 8.11 | 4.09
GGN_w180 PC w8000 | 593 | 4.48 | 1.69 | 3.77 | 0.76 | 0.76 | 8.14 | 3.72
GGN_w270 PC w2000 | 591 | 4.47 | 258 | 3.56 | 0.70 | 0.70 | 11.57 | 3.67
GGN_w270 PC w4000 | 590 | 454 | 250 | 3.68 | 0.70 | 0.70 | 11.61 | 3.78
GGN_w270 PC w8000 | 591 | 452 | 255 | 3.57 | 0.70 | 0.70 | 11.60 | 3.34
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Table 2.15
TLP-measured characteristics of GGNMOS with power clamps under PD and

ND mode.

Test device

TLP

PD mode

ND mode

Vu
V)

Vi
V)

lo
(A)

(®)

Vu
V)

Vi,
(V)

o

(A)

(©)

GGN_w90_PC_w2000

6.92

5.22

11.79

3.94

1.49

1.49

5.03

5.27

GGN_w90_PC_w4000

6.82

5.23

13.42

4.10

1.53

1.53

7.71

4.99

GGN_w90_PC_w8000

6.93

5.09

11.56

3.65

1.57

1.57

13.29

4.40

GGN_w180_PC_w2000

6.88

5.25

12.86

3.79

1.38

1.38

4.56

5.24

GGN_w180_PC_w4000

6.87

5.15

15.52

3.57

141

141

7.50

4.67

GGN_w180_PC_w8000

6.85

5.05

18.11

3.14

1.44

1.44

11.51

3.73

GGN_w270_PC_w2000

6.82

5.28

12.62

3.68

1.28

1.28

4.60

5.33

GGN_w270_PC_w4000

6.81

5.23

15.54

3.59

1.34

1.34

7.35

4.74

GGN_w270_PC_w8000

6.79

b

18.04

3.56

1.39

1.39

10.68

3.80

Table 2.16
TLP-measured characteristics of GGNMOS with power clamps under PW+
and PW- mode.

Test device

TLP

PW+ mode

PW- mode

V)

Vh
V)

lio
(A)

(0

th
V)

Vh
(V)

lio
(A)

)

GGN_w90_PC_w2000

0.74

0.74

4.65

4.84

0.68

0.68

12.50

3.72

GGN_w90_PC_w4000

0.79

0.79

1.47

4.30

0.56

0.56

15.75

3.66

GGN_w90_PC_w8000

0.83

0.83

11.07

3.85

0.52

0.52

18.10

3.09

GGN_w180_PC_w2000

0.73

0.73

4.69

4.60

0.73

0.73

12.64

4.03

GGN_w180_PC_w4000

0.78

0.78

7.64

4.06

0.56

0.56

15.75

3.69

GGN_w180_PC_w8000

0.82

0.82

12.72

3.78

0.52

0.52

18.00

3.46

GGN_w270_PC_w2000

0.73

0.73

5.01

4.68

0.68

0.68

12.86

3.74

GGN_w270_PC_w4000

0.78

0.78

7.87

4.00

0.56

0.56

15.79

3.43

GGN_w270_PC_w8000

0.82

0.82

12.64

3.82

0.52

0.52

18.06

3.41
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2.3.2 Measured ESD Robustness

The human-body-model (HBM) ESD robustness of each circuit has been
tested by the HBM tester. The failure criterion is defined as the 1-V curves shown
between the test pads shifting over 30% from its original curve after ESD
stressed at every ESD test level. All these HBM test results are also listed in
Table 2.17, Table 2.18, and Table 2.19.

The ESD robustness of human-body-mode in general commercial 1Cs must
pass 2kV above. As shown in Table 2.17 and Table 2.18, basically, ESD
robustness of the diodes with power clamp and GGNMOS with power clamp
almost pass the 2kV above, except test devices of GGN_W90 PC_ W2000,
GGN_W90 PC W4000, and GGN_W90 PC W8000 in PS and PD mode ESD
stress under normal operating voltage of 1.8V.

The test devices could not reach 2kV that the possible reasons divided into
two types. First, dimension is not enough for GGNMOS. Second, GGNMOS has
a non-uniformity turn-on phenomenon. If these problems solved, HBM ESD
robustness of test devices will pass 2kV.

In Table 2.19, the ESD robustness of some NBJT could not reach 2kV. If the

higher ESD robustness is required, the designer can increase the size of NBJT.
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Table 2.17
Measured HBM ESD robustness of diodes with power clamps.

PS NS PD ND PW+ PW-

Test device mode | mode | mode | mode | mode | mode

kV) | V) | (kV) | (kV) | (kV) | (kV)
DP_DN_w30_PC w2000 | 6.75 | 6.25 6 6.25 | >8 >8
DP_DN_w30 PC w4000 | 6.75 | 6.25 | 6.25 | 625 | >8 >8
DP_DN_w30_PC_w8000 7 6.25 6 6.25 >8 >8
DP_DN_w60_PC_w2000 | >8 >8 >8 >8 >8 >8
DP_DN_w60_PC w4000 | >8 >8 >8 >8 >8 >8
DP_DN_w60_PC_w8000 | >8 >8 >8 >8 >8 >8
DP_DN_w90_PC w2000 | >8 >8 >8 >8 >8 >8
DP_DN_w90_PC w4000 | >8 >8 >8 >8 >8 >8
DP_DN_w90_PC_w8000 | >8 >8 >8 >8 >8 >8

Table 2.18
Measured HBM ESD robustness of GGNMOS with power clamps.

PS NS PD ND PW+ | PW-

Test device mode | mode | mode | mode | mode | mode

kV) | (kV) | kV) | (KV) | (kV) | (kV)
GGN_w90_PC_w2000 1.5 5 15 5 >8 >8
GGN_w90_PC_w4000 1.5 5 1.25 5 >8 >8
GGN_w90_PC_w8000 1.5 5 1.25 5 >8 >8
GGN_w180 PC_ w2000 3 >8 3 >8 >8 >8
GGN_w180 PC_w4000 3 >8 3 >8 >8 >8
GGN_w180 PC_w8000 325 | >8 3 >8 >8 >8
GGN_w270_PC_w2000 4.5 >8 | 425 | >8 >8 >8
GGN_w270_PC_ w4000 4.5 >8 4.5 >8 >8 >8
GGN_w270_PC_ w8000 4.5 >8 4.5 >8 >8 >8
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Table 2.19
Measured HBM ESD robustness of NBJT.

HBM level
Test device
PS mode (kV) NS mode (kV)

NBJT_60_RO 0.15 4
NBJT_60_R100k 1.15 0.65
NBJT_60_R500k 1.15 0.7

NBJT 180 RO 0.5 8
NBJT_180_R100k 3.5 1.9
NBJT_180_R500k 35 2.1

NBJT 360 RO 0.8 8

NBJT_360_R100K 6.6 4
NBJT_360_R500k 6.6 3.8

2.3.3 Comparison and Discussion

The comparison among various diodes with power clamp, NBJT, and
GGNMOS with power clamp for BICMOS on-chip ESD protection have been
summarized in Table 2.20, Table 2.21, and Table 2.22, respectively. In Table
2.20, HBM ESD robustness of diodes with power clamp is higher than prior
HBM ESD robustness of diodes with power clamp.

In Table 2.21, the trigger voltage (Vi) and the holding voltage (V;) of NBJT
are lower than the prior Zener-triggered NBJT, except the NBJT 60 RO,
NBJT_180 RO, and NBJT_360_RO. The thermal breakdown current (l,), and

the ESD discharging resistance (R,,) have been compared. If the higher I, of
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NBJT is required, the designer can increase the size of NBJT. Ry, of NBJT is

higher than the prior Zener-triggered NPN. The Roy of NBJT must be finely

designed to less and effectively discharging path.

In Table 2.22, the Vi, V4, lyp, and Ry, of GGNMOS have been compared.

The Vi of GGNMOS has lower than Vi of the prior GGNMOS. Comparing

with the prior GGNMOS, the V, have almost the same. The designer can

increase the size of GGNMOS to improve the l,, of GGNMQOS. The prior

GGNMOS have lower Ry, except 120um GGNMOS in 90nm CMOS process.

Table 2.20

Comparison among the prior devices and diodes with power clamp.

- Power HBM ESD robustness
Diodes
) i clamp
Test device Technology | width o PS NS PD | ND | PW+ | PW-
widt
(um) (KV) | (kV) | (kV) | (KV) | (kV) | (kV)
(um)
Reference Dual 65nm
] 40 N/A 2 2 2 2 N/A | N/A
[49] diodes CMOS
DP_DN_w30_PC_ w2000 2000 | 6.75 | 6.25 6 6.25 | >8 >8
DP_DN_w30_PC_w4000 30 4000 | 6.75 | 6.25 | 6.25 | 6.25 | >8 >8
DP_DN_w30_PC_w8000 8000 7 6.25 6 6.25 | >8 >8
DP_DN_w60_PC_w2000 2000 | >8 >8 >8 >8 >8 >8
0.18um
DP_DN_w60_PC_w4000 60 4000 | >8 >8 >8 >8 >8 >8
BiCMOS
DP_DN_w60_PC_w8000 8000 | >8 >8 >8 >8 >8 >8
DP_DN_w90_PC_w2000 2000 | >8 >8 >8 >8 >8 >8
DP_DN_w90 PC_ w4000 90 4000 | >8 >8 >8 >8 >8 >8
DP_DN_w90 PC_ w8000 8000 | >8 >8 >8 >8 >8 >8
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Table 2.21

Comparison among the prior devices and NBJT.

. Length Rbe th Vh |t2 Ron
Test device Technology
(um) k) | M| M AW
Zener-triggered
NPN with 1 9.6 94 | 16 | 3.3
Reference .
resistance .
[50] - BiCMOS 500
Zener-triggered
NPN with infinity | 8.5 79 | 18 | 35
resistance
NBJT_60_RO 0 10.57 | 1057 | 0.1 | 19.2
NBJT_60_R100k 60 100 494 | 412 [ 0.56 | 104
NBJT_60_R500k 500 45 | 3.89 | 056 | 9.9
NBJT_180_RO 04l 0 104 | 104 | 0.3 | 9.2
.18um
PS mode | NBJT_180_R100k ; 180 100 3.84 | 345 |166| 74
BiCMOS
NBJT_180_R500k 500 3.84 | 345 |166| 7.2
NBJT_360_RO 0 10.39 | 10.39 [ 0.55 | 6.1
NBJT_360_R100k 360 100 340 | 3.31 |3.20| 5.9
NBJT_360_R500k 500 3.40 | 3.40 | 3.18 | 5.89
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Table 2.22

Comparison among the prior devices and GGNMOS with power clamps.

Power
GGNMOS
. . clamp | Vu | Vi lo | Ron
Test device Technology |  width )
width | (V) | (V) | (A) | (Q)
(um)
(um)
90nm 120 6.71 1471|067 | 3.8
CMOS 240 659452 11 | 1.8
Reference
GGNMOS 60 6.73 1 4.92 | 0.43 | N/A
[41] 40nm
240 6.31 449 | 1.77 | N/A
CMOS
360 N/A | 6.19| 4.2 | 2.65 | N/A
160 6.1 | 46 | 1.1 | 2.8
Reference Novel 0.13um 240 6.2 | 46 | 1.1 | 2.7
[43] GGNMOS CMOS 320 64 | 45 | 1.7 | 1.8
480 65|45 |18 | 1.3
GGN w90
-~ 2000 | 5.97 | 4.48 | 0.83 | 4.54
PC_w2000
GGN w90
- T 90 4000 |5.95|4.49|0.83|4.75
PC_w4000
GGN w90
- = 8000 | 5.86 | 4.47 | 0.84 | 4.45
PC_w8000
GGN w180
- - 2000 [ 593449 |1.76 | 3.92
PC_w2000
GGN w180 0.18um
PS mode - - . 180 4000 [594|450|1.75|3.98
PC_w4000 BiCMOS
GGN w180
- - 8000 |5.93|4.48|1.69|3.77
PC_w8000
GGN w270
- - 2000 | 591 |4.47|2.58 | 3.56
PC_ w2000
GGN w270
- - 270 4000 | 590|454 |250 | 3.68
PC_ w4000
GGN w270
- - 8000 | 591|452 |255|3.57
PC_ w8000

56




2.4 Experimental Results under System-Level ESD Test

According to the standard of IEC 61000-4-2, the ESD gun is used to
evaluate the system-level ESD robustness. Each on-chip ESD protection device
has been tested under system-level ESD test. The failure criterion is defined as
leakage current shown between the test pads shifting over 30% from its original
leakage current. The system-level ESD robustness of diodes with power clamp

and GGNMOS with power clamp are shown in Table 2.23 and Table 2.24.

Table 2.23

System-level ESD robustness of diodes with power clamp.

PS NS PD ND PW+ PW-
Test device mode | mode | mode | mode | mode | mode
(kV) | (kV) [ (kV) | (kV) | (kV) | (kV)

DP_DN w30 PC w2000 | 15 | 15 | 15 | 15 | 22 | 65

DP_DN_w30 PC_ w4000 | 15 | 15 | 15 | 15 4 9

DP_DN w30 PC w8000 | 15 | 15 | 15 | 15 | 4.2 8

DP_DN_w60 PC w2000 | 25 | 35 | 35 2 2.4 8

DP_DN_w60 PC w4000 | 35 | 35 | 35 | 35 4 9

DP_DN_w60 PC w8000 | 35 | 35 | 35 | 35 | 44 8

DP_DN_w90 PC_ w2000 | 2 5.5 5 25 | 24 | 85

DP_DN_w90 PC w4000 | 35 | 55 5 45 4 10

DP_DN_w90 PC w8000 | 45 | 55 5 5 52 | 95
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System-level ESD robustness of GGNMOS with power clamp.

Table 2.24

PS NS PD ND PW+ PW-
Test device mode | mode [ mode | mode | mode | mode
kV) | V) | (V) | (V) | (V) | (kV)
GGN_w90_PC_w2000 0.4 1.5 0.4 1 2 3.5
GGN_w90_PC_w4000 0.4 1.5 0.4 1.5 2.4 3
GGN_w90_PC_w8000 0.4 1 0.4 1 2 2.5
GGN_w180_PC_2000 0.9 2.5 0.9 2 2.2 5
GGN_w180_PC_w4000 0.9 2.5 0.9 2.5 2.4 3
GGN_w180_PC_w8000 0.9 2.5 0.9 2.5 2.4 2.5
GGN_w270_PC_w2000 1.3 S0 1.4 2 2.2 4
GGN_w270 PC_w4000 | 1.3 4 1.4 2.5 2.8 3
GGN_w270_PC_w8000 1.3 3.5 1.4 2.5 3 2.5

The system-efficient ESD design (SEED) is a co-design methodology of

on-board and on-chip ESD protection that system-level ESD robustness can be

achieved and analyzed. SEED is also an optimized IEC protection co-design for

external pins. This design methodology needs thorough understanding of the

interactions between external ESD pulses, device pin characteristics and system

level board design during an ESD stress event [51].
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A two-stage system-level ESD protection scheme—fundamental SEED
concept is shown in Fig. 2.21 [51]. It consists of the primary clamp, the
secondary clamp, and the isolation impedance. This protection circuit can reduce
the current flowing into the IC, and then the system level ESD robustness is
improved. On-board protection or off-chip ESD protection (primary clamp),
which means most of the ESD current can be discharged to the ground and
prevent from flowing into the IC. The primary clamp protection circuitry might
include clamping components such as polymers, varistors, transient voltage
suppression (TVS) diodes, and so on. Next, on-chip ESD protection (secondary
clamp) of an IC pin in the system, which means the residual pulse current can
flow from the secondary clamp to the ground. Finally, isolation impedance also

helps to prevent ESD flowing into the IC [51].

IEC
ESD 4‘:& Residual Pulse Current
Stress X * Isolation
I Impedance |
Primary Secondary
Clamp Clamp
System GND

Fig. 2.21. Two-stage system-level ESD protection — fundamental SEED concept.
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As shown in Fig. 2.22, the transient voltage suppression (TVS), the isolation
impedance (Rgsp), and the NBJT are used as two-stage system-level ESD
protection device.

The transient voltage suppressor (TVS) is used as primary clamp under
system-level ESD test, which has the advantages of low capacitance, low leakage
current, and low clamping voltage [52]-[53]. With the primary clamp of TVS,

most of the ESD current can be discharged to the ground and prevent from
flowing into the IC.

The isolation resistance (Rgsp) is used as the isolation impedance. Rgsp also
helps to prevent ESD current flowing into the IC. TVS can discharge the main

ESD current to the ground. Regsp of 022, 30Q2, 45Q, 602, and 100 Q are used for
the system-level ESD test.

The NPN BJT (NBJT) with on-chip resistance (Rye) is used as secondary

clamp. The residual pulse current can flow from the secondary clamp to the

ground.

IEC
ESD Q& Residual Pulse Current
Stress X /\/\/\/ |IC

Resp
BJT

Isolation Impedance

A
TVS

Primary Clamp

Secondary Clamp

5 1

System GND

Fig. 2.22. Two-stage system-level ESD protection by TVS, Resp, and NBJT.
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Table 2.25

System-level ESD robustness of NPN BJT (NBJT).

System-level ESD robustness (kV)

NBJT
Test device length | Ree (k) | \ith | with | with | with | with
(um) 00 | 300 | 45Q | 60Q | 1000
RESD RESD RESD RESD RESD
NBJT 60_RO 0 <02 | <02 | <02 | <02 | 02
NBJT 60 _R100k | 60 100 0.5 15 15 2 2
NBJT_60_R500k 500 0.75 15 15 | 1.8 | 15
NBJT_180_RO 0 0.2 02 | 02 | 08 1
NBJT 180 R100k | 180 100 2 3 4 4 2
NBJT 180 _R500k 500 1.2 35 | 35 | 45 | 26
NBJT_360_RO 0 0.5 0.2 1 15 | 1.3
NBJT 360 _R100k | 360 100 35 55 7 35 4
NBJT 360 _R500k 500 15 7 45 3 3
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According to the standard of IEC 61000-4-2, the ESD gun is used to
evaluate the system-level ESD robustness. Each on-chip ESD protection device
has been tested by SEED co-design methodology under system-level ESD test.
The failure criterion is defined as leakage current shown between the test pads
shifting over 30% from its original leakage current.

Table 2.25 shows the system-level ESD robustness of NBJT. With the help
of TVS and Rggp, the system-level ESD robustness of the NBJT 60 RO can
reach 0.2kV. The NBJT_60 R100k can be improved to have 2kV system-level
ESD robustness. The NBJT 60 R500k can be improved to have 1.8kV
system-level ESD robustness. The NBJT_180 RO can be improved from 0.2kV
to 1kV. The NBJT_180_R100k can be improved to have 4kV system-level ESD
robustness. The NBJT_180_ R500k can be improved to have 4.5kV system-level
ESD robustness. The NBJT_360 RO can be improved from 0.5kV to 1.5kV. The
NBJT_360_R100k can be improved from 3.5kV to 7kV. The NBJT_360_R500k
can also be improved from 1.5kV to 4.5kV system-level ESD robustness. The
two-stage system-level ESD protection is analyzed. Different Rgsp can affect the
system-level ESD robustness. These experimental results can provide the design

guideline for ESD protection in BICMOS technology.

2.4.1 Failure Analysis

The failure analysis (FA) has been finished to seek the failure location after the
power clamp test system-level ESD. The FA pictures of the 4000um power
clamp and the 8000um power clamp shown in Fig. 2.23-Fig. 2.24. After
system-level ESD, the damaged regions are all located on the metal of ESD
clamp NMOS. Therefore, the metal lines can be increased to improve the ESD

protection ability of power clamps.
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Fig. 2.23. The layout and OM picture of the 4000um power clamp after
+2.4kV system-level ESD under PW+ mode.

Fig. 2.24. The layout and OM picture of the 8000um power clamp after

+2.4kV system-level ESD under PW+ mode.
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2.5 Summary on On-Chip ESD Protection Circuits in BICMOS

Process

To protect the internal circuits for the component-level and system-level
ESD, the ESD protection circuits of NBJT, diodes with power clamp, GGNMOS
with power clamp was presented in this work. The component-level ESD
robustness of the NBJT, diodes with power clamp, GGNMOS with power clamp
are on-chip conducted. Verified in silicon chip, experimental results show that
component-level ESD of NBJT with Ry, diodes with power clamp, GGNMOS
with power clamp has the advantages of higher ESD robustness and lower trigger
voltage. Analyze the two-stage system-level ESD protection characteristic.
Different Regsp of the NBJT can affect the system-level ESD robustness. These
experimental results provide the design guideline for ESD protection in BICMOS

technology.
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Chapter 3
Design of Improved Diode String with

Embedded SCR in CMOS Process

Diode is widely used for on-chip electrostatic discharge (ESD) protection
applications. Diode string has been utilized for on-chip protection against the
electrostatic discharge (ESD) [54]. For example, the diode string can be used as
the local ESD clamp for high-speed 1/O. Besides, as the operation voltage
reduced to ~1V, the diode string is possible to be used as the efficient power-rail
ESD clamp. However, the traditional diode string (TDS) realized by the diodes
of P+ with N-well (P+/NW) has some drawbacks, such as the high turn-on
resistance, high clamping voltage, and large leakage current. Therefore, some
modified designs on the diode string have been reported [55]-[63]. The diode
string realized by the distributed ESD diodes is reported in [55] to enhance the
ESD robustness. The diode string to reduce its clamping voltage is reported in
[56] for RF circuits. The diode strings with reduced leakage currents are reported
in [57]-[62]. Recently, the diode string realized by the diodes of P— with N+ (P—
IN+) is reported in [63] to have the low leakage current and small layout area.
However, its clamping voltage can be further improved. The traditional diode
string (TDS) schematic circuit diagram is shown in Fig. 3.1. The cross-sectional
view of traditional diode string (TDS) is shown in Fig. 3.2.

To reduce the clamping voltage of diode string, the design of the traditional
and improved diode strings will be presented. In this paper, the diode

string-based ESD protection design in a 0.18um CMOS technology is studied.
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Fig. 3.1. Schematic circuit diagram of traditional diode string (TDS).

Anode Cathode
GND % % GND
| p+ ST P+ Wm T P+ T;Tr N+ ST p+ ISTI
N-Well N-Well

P-Substrate

Fig. 3.2. Cross-sectional view of TDS.

3.1 ESD Protection Design by Using Improved Diode String

The improved diode string (IDS) utilizes P-/N+ diodes. Fig. 3.3 is the
device cross-sectional view of improved diode string (IDS) in the standard
CMOS technology. The P-type ESD implantation (P— implantation) under the N+
is used to reduce the junction breakdown voltage, and for earlier activation of the
parasitic diode for ESD protection. The P— implantation is a standard step in
CMOS process to enhance the ESD robustness of protection device [64]. The
silicide block [65] is added on the surface between P+ and N+ (undoped region).
Using more diodes can raise the blocking voltage of the IDS, but it also increases
the overall clamping voltage and turn-on resistance during ESD stress, so it is
adverse to ESD protection.

Design parameters of IDS display in Table 3.1. The IDS dimension of 20um,
60um, and 100um with diode counts of 2, 4, and 6 diodes, respectively, and those

are used to compare with novel design devices.
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Fig. 3.3. Cross-sectional view of improved diode string (IDS).

Table 3.1
Test device of IDS.

Test device Width (um) Diode counts
IDS_w20_d2 2
IDS_w20_d4 20 4
IDS_w20_d6 6
IDS_w60_d2 2
IDS_w60_d4 60 4
IDS_w60_d6 6
IDS_w100_d2 2
IDS_ w100 d4 100 4
IDS_w100_d6 6
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3.2 ESD Protection Design by Using Diode String with Embedded
SCR

The silicon-controlled rectifier (SCR) device is widely used for on-chip
electrostatic discharge (ESD) protection applications. The SCR device has
advantages of highly conductive and small layout area. However, the SCR device
has a drawback of high trigger voltage. An efficient design is required to reduce
the trigger voltage of the SCR device. The conventional SCR device consists of a
P+, N-Well, P-Well, and N+, as shown in Fig. 3.4. The equivalent circuit of the
SCR consists of a PNP BJT (Qpnp) and an NPN BJT (Qnpen), as shown in Fig. 3.5.
When ESD happened, the positive-feedback regenerative mechanism of Qpnpe and
Qnpn results in the SCR device being highly conductive, therefore making SCR
have higher against ESD stresses.

The proposed diode string with embedded SCR utilizes P+/NW and P-/N+
diodes. Fig. 3.6 is the device cross-sectional view diode string with embedded
silicon-controlled rectifier (DSESCR). One P+/NW diode and one P—/N+ diode
are merged together to form a silicon-controlled rectifier (SCR) path, that is
P+/NW/P—/N+. The SCR device with low turn-on resistance, low clamping
voltage, and high ESD robustness has been reported to be useful for ESD
protection [66]. As utilizing the advantages of SCR, the DSESCR is expected to
have reduced clamping voltage. As ESD stress, the diode path will quickly turn
on to discharge the early part of current, and then the SCR path will turn on to
discharge the primary part of current. The diode path also acts the trigger circuit
of SCR device [67], because the current drawn from N-Well (injected into P-) of
diode can also trigger the SCR. Since the primary part of ESD current will be
released through the SCR path in this design, the clamping voltage of the

DSESCR can be lowered. Besides, by butting the P+/NW and P—/N+ diodes, the

68



N+ and P+ can be directly connected by the silicide. The metal routing in the
DSESCR can be simplified.

The equivalent circuit of the DSESCR is shown in Fig. 3.7. Fig. 3.8 is the
device overhead view of novel diode string with embedded SCR which means
DSESCR. The width of DSESCR can be modulated. Besides, each device layout

space is the minimum value. Design parameters of DSESCR are shown in Table

3.2.
Anode Cathode
X X
I—‘b 0—I

Rwell

N-Well Rsub  p_well
P-Substrate

Fig. 3.4. Cross-sectional view of SCR.

Rwell QNPN
AnodeXH | ‘ X Cathode
QPNP Rsub

Fig. 3.5. Equivalent circuit of SCR.

GND Anode Cathode GND
#F mw T e
st e BT ps TN%Jhmm*JLw _____ I p+ TN+lP*JLN+JLP‘ Tl p+ BT

( | — -
Diode Path  |spp path
N-Well N-Well
P-Substrate

Fig. 3.6. Cross-sectional view of diode string with embedded silicon-controlled
rectifier (DSESCR).
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Fig. 3.7. Equivalent circuit of DSESCR.
— on on —
A= - —_—— [ —
width [ || &l [zla [ 2H&] | - 2|2l 122 |2
"2 H I I . LJL] |
_J [N-well L_P+ N-WellL_P+ -
Fig. 3.8. Overhead view of DSESCR.
Table 3.2
Test device of DSESCR.

Test device Width (um) Diode counts
DSESCR_w20_d2 2
DSESCR_w20_d4 20 4
DSESCR_w20_d6 6
DSESCR_w60_d2 2
DSESCR_w60_d4 60 4
DSESCR_w60_d6 6
DSESCR_w100_d2 2
DSESCR_w100 _d4 100 4
DSESCR_w100_d6 6
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3.3 Measured Leakage Currents

To observe the leakage currentS and the trigger phenomenon, the measured
leakage currents of IDS and DSESCR are shown in Fig. 3.9. The leakage current
was sweep from OV to 4V operating voltage. Table 3.3 shows comparison of IDS
and DSESCR leakage currents. The leakage current and layout area of the
DSESCR can lower than the IDS. The design of the DSESCR has small layout

area and leakage current.
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| | | |
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(@) L i [
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lE_12 L L L L I I I 1E_10 I I L I
0.0 05 10 15 20 25 30 35 40 0 1 2 3 4 5
DC Voltage (V) DC Voltage (V)
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Fig. 3.9. Measured leakage currents of (a) 20um IDS with diode counts of 2, 4,
and 6 diodes, (b) 60um IDS with diode counts of 2, 4, and 6 diodes, (c) 100um
IDS with diode counts of 2, 4, and 6 diodes, (d) 60um DSESCR with diode

counts of 2, 4, and 6 diodes.
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Table 3.3
Comparison of IDS and DSESCR leakage current.

dzsisée Width (um) | Diode counts | Layout area (um?) | Leakage current (nA)
2 903 4.9 (at 0.6V)
IDS 60 4 1809 4.7 (at 1.2V)
6 2716 8.5 (at 1.8V)
2 563 4.4 (at 0.6V)
DSESCR 60 4 1139 4.2 (at1.2V)
6 1715 5.1 (at 1.8V)

3.4 Experimental Results under Component-Level ESD Test
3.4.1 Measured TLP I-V Curves

The transmission-line-pulsing (TLP) system with 10-ns rise time and 100-ns
pulse width is used to understand the turn-on behavior and the 1-V characteristics
in high-current regions of the ESD protection devices.
Each on-chip ESD protection device has been tested by TLP tester. The failure
criterion is defined as leakage current shown between the test pads shifting over
30% from its original leakage current. In Fig. 3.13, the TLP-IV characteristics are
measured.

The TLP I-V characteristics of IDS and DSESCR are shown in Fig. 3.13. In
Fig. 3.13 (a)-Fig. 3.13 (c), TLP-IV characteristics of IDS are measured from
anode to cathode under ESD stress. In Fig. 3.13 (d)-Fig. 3.13 (f), TLP-IV
characteristics of DSESCR is measured from anode to cathode under ESD stress.
The Vy, is defined voltage value of current 30mA.

Different diode counts can result in different trigger voltage. The V,, is equal
to V. The addition of dimension will cause lower Ry, and higher I, Comparing

with IDS, the DSESCR has the lower R,,. The R,, of DSESCR have some
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smaller than IDS. The DSESCR dimension of 100 has higher l,. TLP-IV
characteristics of all test circuits are measured from anode to cathode under ESD
stress. All these TLP measurement results are also listed in Table 3.5.

Some leakage currents are higher and others are lower after TLP-IV
characteristics are measured in DSESCR. The junction of the DSESCR was burn
to short, so the leakage currents are higher. The metal of the DSESCR was burn
to open, so the leakage currents are lower. The pulsed voltage injected into the
DSESCR from anode to cathode. The formula is P=V*R. If R is smaller, the P
will be bigger that metal is possibly burned to open. The parasitic resistance of
metal (Rm) will become small due to the Rm is covered with via, as shown in Fig.
3.11 and Fig. 3.12. If the distance of anode and cathode to guard ring is longer,
the parasitic resistance of metal (R1, R2, and R3) will increase, as shown in Fig.
3.10, Fig. 3.11, and Fig. 3.12. Thus, the 2R1 is bigger than the 2R2+Rm. The
2R2+Rm is bigger than the 2R3+2Rm. The power of 20um DSESCR with 4 and
6 diodes is higher than the power of 20um DSESCR with 2 diodes. Thus, the
current of 20um DSESCR with 4 and 6 diodes is higher than the current of 20um
DSESCR with 2 diodes. To prove the explanation, the current of 20um DSESCR
with 4 and 6 diodes is higher than the current of 20um DSESCR with 2 diodes
before original leakage current is shifting, as shown in Table 3.4.

The R2 and R3 of 20um DSESCR with 4 and 6 diodes is bigger than the Rm
of 20um DSESCR with 4 and 6. Thus, the metal is possibly burned on the region

of R2 and R3.

Table 3.4
The current of TLP-1V curve before the original leakage current shifting.

2 diodes 4 diodes 6 diodes

20um DSESCR
1.38A 1.55A 1.58A
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Table 3.5

Comparison of TLP measurement.

TLP (anode to cathode) TLP (anode to cathode)

V, |V || R \/ VvV, || R

Test device toohp et Test device o) hop e g on

MM A)] @ M [ M)A ©@
DSESCR_w20

IDS w20 d2 |23 (23|24 | 64 d2_ —|1 17 |[17|16 | 64
DSESCR_w20

IDS w20 d4 (32 (32|24 | 7.2 d4_ - 38 |38|16]| 6.7
DSESCR_w20

IDS w20 d6 |45 |45 (24| 7.9 d6_ - | 37 [37]16]| 81
DSESCR_w60

IDS w60 d2 | 16|16 53| 5.1 b, 15 | 15|49 | 46
DSESCR_w60

IDS w60 d4 | 32|32 (53| 56 " 21 | 21|50 5.1
DSESCR_w60

IDS w60 d6 | 4.4 |44 (54| 6.2 e 26 |26 |50]| 55
DSESCR_w100

IDS w100 d2 | 1.6 |16 |79 | 44 d2_ 20 | 20|82 3.6
DSESCR_w100

IDS w100 d4 | 3.3 33|80 | 4.6 d4_ 1.7 | 17|83 | 3.7
DSESCR_w100

IDS w100 d6 | 5.0 | 50| 76| 5.1 d6_ 27 |27 78| 44
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3.4.2 Measured ESD Robustness

The human-body-model (HBM) ESD robustness of each circuit has been

tested by the HBM tester. The failure criterion is defined as the 1-V curves shown

between the test pads shifting over 30% from its original curve after ESD

stressed. All these HBM test results are also listed in Table 3.6.

The ESD robustness of human-body-mode in general commercial 1Cs must

pass 2kV above. As shown in Table 3.6, ESD robustness of IDS, DSESCR all

have passed the 2kV. In width 20um, the ESD robustness of DSESCR has lower

than the ESD robustness of IDS. The others dimension almost have the same.

Table 3.6
Comparison of HBM ESD robustness.
HBM level HBM level
Test device Test device
(kV) (kV)
IDS_w20_d2 4.5 DSESCR_w20_d2 3
IDS_w20 _d4 6 DSESCR_w20_d4 3.75
IDS_w20_d6 6 DSESCR_w20_d6 3
IDS_w60_d2 >8 DSESCR_w60_d2 >8
IDS_w60_d4 >8 DSESCR_w60_d4 7.5
IDS_w60_d6 >8 DSESCR_w60_d6 >8
IDS_w100_d2 >8 DSESCR_w100_d2 7.25
IDS_w100_d4 >8 DSESCR_w100_d4 7.75
IDS_w100_d6 >8 DSESCR_w100_d6 7.75
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3.4.3 Comparison and Discussion

The comparison among various diode string CMOS on-chip ESD protection
have been summarized in Table 3.7. The layout area of DSESCR test device is
lower than the layout area of prior devices. The Iy, of DSESCR is higher than the
I, of IDS and the prior devices. The V; of DSESCR is lower than the Vy, of IDS
and the prior devices. The proposed DSESCR can be a good on-chip ESD

protection device.

Table 3.7

Comparison among the prior device, IDS, and DSESCR.
Test device (Ez;il?r?ti V(\Sr?]t)h LZ?/eogm II_IeI\B/ZI lo T\I/_tlr:) Ron
m) [ KV) [ (A) | V) | (A
2 100 | 1279 | >8 | 71| 1.7 | 17
Dp 4 100 | 2548 | >8 | 7.2 | 38 | 21
Reference 6 100 3817 >8 | 74 | 59 | 26
[63] 2 100 2050 >8 71 | 17 | 17
DN 4 100 3916 >8 73 | 38 | 22
6 100 | 5789 | >8 | 74 | 6 | 26
2 100 1390 >8 7.9 1.6 4.4
IDS 4 100 | 2784 >8 | 80 | 33 | 46
6 100 | 4177 >8 | 76 | 50 | 5.1
2 100 | 917 | 725 | 82 | 2.0 | 36
DSESCR 4 100 | 1851 | 775 | 83 | 1.7 | 37
6 100 | 2785 | 775 | 78 | 2.7 | 44
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3.5 Experimental Results under System-Level ESD Test

According to the standard of IEC 61000-4-2, the ESD gun is used to
evaluate the system-level ESD robustness. Using ESD gun test the IDS and
DSESCR. Besides, the failure criterion is defined as leakage current shown
between the test pads shifting over 30% from its original leakage current. Table
3.8 shows the system-level ESD robustness of IDS and DSESCR. The
system-level ESD of improved diode string (IDS) does not increase by the size
up that the p type guard ring of device structure possibly has been destroyed. The
system-level ESD of stacked diode string with embedded SCR (DSESCR) can
increase by the size up. Comparing IDS with DSESCR, DSESCR system-level
ESD have a little higher than IDS.

Table 3.8

System-level ESD robustness of IDS and DSESCR.

System-level ESD System-level
Test device robustness oy ESD
(kV) robustness

IDS_w20_d2 0.9 (kV)
IDS_W20_d4 08 DSESCR_w20_d2 0.7
IDS_w20_d6 0.8 DSESCR_w20 _d4 0.8
IDS_w60_d2 1.1 DSESCR_w20 _d6 0.7
IDS_w60_d4 1 DSESCR_w60_d2 1.2
IDS_w60_d6 1 DSESCR_w60_d4 1
IDS w100 d 11 DSESCR_w60_d6 1.2

) .
IDS_w100 d . DSESCR_w100 d2 1.5

4 DSESCR_w100_d4 15
IDS_w100_d

6 1 DSESCR_w100_d6 13
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3.5.1 Failure Analysis

The failure analysis (FA) has been finished to seek the failure location after
the IDS test system-level ESD. The FA pictures of the IDS_w60_d2 after +1.2kV
system-level ESD, the IDS w60 d4 after +1.1kV system-level ESD, the
IDS w60 _d6 after +1.1kV system-level ESD, the IDS w100 d2 after +1.2kV
system-level ESD, the IDS w100 d4 after +1.1kV system-level ESD, the
IDS_w100_d6 after +1.1kV system-level ESD are shown in Fig 3.14-Fig 3.20.

The layout and optical microscope (OM) picture of the IDS w60 d2 is
shown in Fig 3.14. The size, guard ring regions, and damaged regions of
IDS w60 _d2 are shows in the picture and layout. After +1.2kV system-level
ESD, the damaged regions are located on the P+ of guard ring and P+ of anode.
As shown in Fig. 3.15, between P+ of the anode and guard ring exist parasitic
resistances. When a higher energy inject into P+ of the anode, parasitic
resistances are small, the P+ of the anode and guard ring possibility damage.
Therefore, to improve the device of IDS w60 d2, the spacing of the anode and
guard ring can be increased that parasitic resistances can be increased. The
system-level ESD robustness will be increased. In Fig 3.16-Fig 3.20, after
system-level ESD, the damaged regions are also located on the P+ of guard ring.

To improve the device of IDS, the space of guard ring can also be increased.
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Fig. 3.16. The layout and OM picture of the IDS_w60_d4 after

+1.1kV system-level ESD.
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Fig. 3.17. The layout and OM picture of the IDS_w60_d6 after +1.1kV

system-level ESD.
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Fig. 3.18. The layout and OM picture of the IDS_w100_d2 after +1.2kV

system-level ESD.
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Fig. 3.19. The layout and OM picture of the IDS_w100_d4 after +1.1kV

system-level ESD.
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Fig. 3.20. The layout and OM picture of the IDS_w100_d6 after +1.1kV

system-level ESD.

3.6 Comparison of measurement results

The HBM ESD robustness, current handling capability, and system-level
ESD robustness of IDS and DSESCR integrate in Table 3.9. The HBM ESD
robustness of IDS and DSESCR is 1.5 times as much as secondary breakdown
current (lp) of IDS and DSESCR. Most of the system-level ESD robustness of

DSESCR has better than IDS.
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Table 3.9
Comparison of IDS and DSESCR.

Test Width Diode [HBM level TILP Systreorgl;l;\r/]eelssl,ESD
device counts (KV) ( X) (V)
2 4.5 2.4 0.9
20 4 6 2.4 0.8
6 6 2.4 0.8
2 >8 53 1.1
IDS 60 4 >8 53 1
6 >8 5.4 1
2 >8 7.9 11
100 4 >8 8.0 1
6 >8 7.6 1
2 3 1.6 0.7
20 4 3.75 1.6 0.8
6 3 1.6 0.7
2 >8 4.9 1.2
DSESCR 60 4 7.5 5.0 1
6 >8 5.0 1.2
2 7.25 8.2 1.5
100 4 1.75 8.3 15
6 7.75 7.8 1.3
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3.7 Summary

To understand and compare the traditional and novel device in the
component-level and system-level ESD, the improved diode string (IDS) and
stacked diode string with embedded SCR (DSESCR) are designed. The proposed
stacked diode string with embedded SCR has been developed for on-chip ESD
protection device. Verified in silicon chip, experimental results show that novel
design device of DSESCR has the advantages of lower trigger voltage, lower
layout area, higher ESD robustness, and lower leakage current. Besides, these
ESD protection devices can be further used for system-level ESD to understand
system-level ability. The system-level ESD robustness of improved diode string
(IDS) does not increase by the size up because the guard ring of IDS has
probably destroyed.

Finally, these experimental results can provide the design guideline for ESD

protection in 0.18 um CMOS technology.
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Chapter 4

Conclusions and Future Works

This Chapter summarizes the main results and contributions of this study.
Future works of ESD protection design for internal circuits in CMOS process are
also provided in the Chapter. In this study, the kinds of ESD protection devices
have been developed in nanoscale BICMOS and CMOS technology for
component-level and system-level ESD protection design. Each of the test

devices and circuits has been successfully verified in the test chip.

4.1 Conclusions

NBJT, diodes with power clamps, and GGNMOS with power clamps are
studied under component-level and system-level ESD. TVS diode is used to
improve the system-level ESD robustness.

Comparing novel DSESCR with TDS and IDS, DSESCR has the advantages
of lower trigger voltage, lower layout area, higher currents, and lower leakage
current. DSESCR can improve drawbacks of high clamp voltage and high
leakage current of TDS and IDS. System-level ESD robustness of 100um
DSESCR have higher than system-level ESD robustness of 100um IDS. The

DSESCR recommend for ESD protection devices.
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4.2 Future Works

On-chip ESD protection circuits for internal circuits are shown in Fig. 4.1.
The designer can use ESD protection circuits of NBJT with Ry, diodes with
power clamps, GGNMOS with power clamps, IDS, and DSESCR for internal
circuits, such as low-noise amplifier (LNA) circuits, power amplifier (PA)
circuits, and high speed circuits.

The designer can use two-stage system-level ESD protection to improve
on-chip ESD protection circuits.

NBJT with Ry, diodes with power clamps, GGNMOS with power clamps,
IDS, and DSESCR can also be further used for system-level and

component-level ESD.

VDD
ESD ESD
Protection Protection
Input Circuit Circuit Output
PAD PAD
IX‘ : Internal XI Power
Circuits Clamp
ESD ESD
Protection Protection
Circuit Circuit
VSS

Fig. 4.1. On-chip ESD protection circuits for internal circuits.
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