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SYSTEM-LEVEL ESD PROTECTION DESIGN IN CMOS ICS
WITH TRANSIENT DETECTION CIRCUITS

Student: Cheng-Cheng Yen Adyvisor: Dr. Ming-Dou Ker

Department of Electronics Engineering and Institute of Electronics

National Chiao-Tung University

Abstract

System-level electrostatic discharge (ESD) events. have become a primary reliability
issue in CMOS integrated circuit (IC) products. With more and more complicated design of
integrated circuits, such as mixed-signal, mixed-voltage, system-on-chip (SOC), etc, CMOS
devices will suffer more electrical transient.noises coming from environment and the interior
of CMOS ICs. With advanced semiconductor technology of scaled clearance between PMOS
and NMOS devices, it has been proven that such electrical transient noises can cause
transient-induced latchup (TLU) failure on the inevitable parasitic silicon controlled rectifier
(SCR) in CMOS ICs under system-level ESD and electrical fast transient (EFT) tests. The
reliability issue of system-level ESD events results from not only the progress of more
integrated functions into a single chip but also from the strict requirements of reliability test
standards, such as the system-level ESD test standard of IEC 61000-4-2. The microelectronic
products must sustain the ESD level of 8kV (£15kV) under contact-discharge (air-discharge)

test mode to achieve the immunity requirement of “level 4” in the IEC 61000-4-2 test
standard.

The additional noise filter networks, such as the magnetic core, capacitor filter, ferrite
bead (FB), transient voltage suppressor (TVS), RC filters, are often used to improve the
system-level ESD immunity of microelectronic products. The system-level ESD immunity of

CMOS ICs under system-level ESD test can be significantly enhanced by choosing proper



noise filter networks. However, the additional discrete noise-bypassing components
substantially increase the total cost of microelectronic products. Therefore, the chip-level
solutions to meet high system-level ESD specification for microelectronic products without
additional discrete noise-decoupling components on the microelectronic products are highly
desired by IC industry.

This dissertation focuses on the chip-level solutions for the system-level ESD protection
design. Several major topics including: (1) investigation on the latchup-like failure of
power-rail ESD clamp circuits under system-level ESD tests, (2) clarification of TLU
physical mechanism under EFT tests, (3) evaluations of board-level noise filters to suppress
TLU, (3) proposed on-chip transient detection circuits, and (5) proposed transient-to-digital
converters.

In chapter 2, four power-rail ESD clamp circuits with different ESD-transient detection
circuits were fabricated in a 0.18-um CMOS process and tested to compare their system-level
ESD and EFT susceptibility, which are named as power-rail ESD clamp circuits with typical
RC-based detection, PMOS feedback, «NMOS-+PMOS feedback, and cascaded PMOS
feedback in this work. During the system-level'ESD and EFT tests, where the ICs in a system
have been powered up, the feedback loop used in‘the power-rail ESD clamp circuits provides
the lock function to keep the ESD-clamping NMOS in a “latch-on” state. The latch-on
ESD-clamping NMOS, which is often drawn with a larger device dimension to sustain high
ESD level, conducts a huge current between the power lines to perform a latchup-like failure
after the system-level ESD and EFT tests. A modified power-rail ESD clamp circuit is
proposed to solve this problem. The proposed power-rail ESD clamp circuit can provide high
enough chip-level ESD robustness, and without suffering the latchup-like failure during the
system-level ESD and EFT tests.

In chapter 3, the occurrence of TLU in CMOS ICs under the EFT tests is studied. The
test chip with the parasitic SCR structure fabricated by a 0.18-um CMOS process was used in
the EFT tests. For physical mechanism characterization, the specific “sweep-back” current
caused by the minority carriers stored within the parasitic PNPN structure of CMOS ICs is
the major cause of TLU under EFT tests. Different types of board-level noise filter networks
are evaluated to find their effectiveness for improving the immunity of CMOS ICs against
TLU under EFT tests. By choosing proper components in each noise filter network, the TLU
immunity of CMOS ICs against EFT tests can be greatly improved.

In chapter 4, a novel RC-based on-chip transient detection circuit for system-level ESD
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and EFT protection are proposed in this work. The circuit performance to detect positive and
negative electrical transients under system-level ESD and EFT testing conditions has been
investigated by the HSPICE simulation and verified in silicon chip. The experimental results
have confirmed that the proposed on-chip transient detection circuit can successfully
memorize the occurrence of the system-level ESD and EFT events. The detection output of
proposed on-chip transient detection circuits can be used as the firmware index to execute
system recovery procedure to provide a hardware/firmware co-design to improve the
immunity of CMOS IC products against electrical transient disturbance.

In chapter 5, a new on-chip transient detection circuit for electrical fast disturbance
protection design is proposed in this work. The circuit performance to detect different
positive and negative ESD-induced or EFT-induced transient disturbance has been
investigated by the HSPICE simulation and verified in silicon chip. The EFT generator
combined with attenuation network and capacitive coupling clamp has been used as the
evaluation method to verify the detection function of the proposed on-chip transient detection
circuit under EFT tests. The test chip in@0.18pun CMOS process with 1.8-V devices has
confirmed that the proposed on-chip:transientrdetection circuit can successfully detect and
memorize the occurrence of the transient disturbance under system-level ESD or EFT tests.

In chapter 6, a novel on-chip transient-to-digital converter composed of four RC-based
transient detection circuits and fout different RC filter networks has been successfully
designed and verified in a 0.18-um CMOS "process with 3.3-V devices. The output digital
thermometer codes of the proposed on-chip transient-to-digital converter correspond to
different ESD voltages under system-level ESD tests. These output digital codes can be used
as the firmware index to execute different auto-recovery procedures in microelectronic
systems. Thus, the proposed on-chip transient-to-digital converter can be further combined
with firmware design to provide an effective solution to solve the system-level ESD and EFT
protection issue in microelectronic systems equipped with CMOS ICs.

Chapter 7 summarizes the main results of this dissertation. Some suggestions for the

future works are also addressed in this chapter.
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Chapter 1

Introduction

In this chapter, the background and the organization of this dissertation are discussed.
First, the background of transient disturbance events is introduced. Secondly, the system

design solutions are discussed. Finally, the organization of this dissertation is well described.

1.1. Background

Electrical transient disturbance events have become an important reliability issue to
integrated circuits (ICs). To meet the component-level ESD reliability, on-chip ESD
protection circuits have been added to the I/O cells:and power (Vpp and Vgg) cells of CMOS
ICs [1]-[8]. Besides the component=level-ESD. sttess, electrical transient disturbance is an
increasingly significant reliability=issue in CMOS integrated circuit (IC) products. This
tendency results from the strict requitements-of reliability test standards, such as system-level
ESD test for electromagnetic compatibility (EMC) regulation. In the system-level
electrostatic discharge (ESD) test standard of IEC 61000-4-2 [9], the electrical/electronic
product must sustain the ESD level of +8 kV (15 kV) under contact-discharge (air-discharge)
test mode to meet the immunity requirement of “level 4.” Such high-energy ESD-induced
noises often cause damage or malfunction of CMOS ICs inside the equipment under test
(EUT). It has been reported that some CMOS ICs are very susceptible to electrical transient
disturbance [10]-[18], even though they have passed the component-level ESD specifications
such as human-body-model (HBM) of +£2 kV [19], [20], machine-model (MM) of £200 V
[21], [22], and charged-device-model (CDM) of £1 kV [23]-[25].

1.2. Issue of Transient Disturbance Events

1.2.1. System-Level ESD Tests

The equivalent circuit of ESD gun used in the system-level ESD test is shown in Fig. 1.1
The ESD gun has the charging (energy-storage) capacitor of 150 pF and discharge resistor of
330 Q. The equivalent circuit of human body model (HBM) in the component-level ESD test
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is shown in Fig. 1.2 In the HBM component-level ESD test, however, the charging capacitor
(discharge resistor) is a smaller (larger) value of 100pF (1.5 kQ). Thus, compared with the
ESD current in component-level ESD test, ESD current in system-level ESD test has a much
larger peak current and a shorter rise time, leading to more severe damages for electronic
products or their interior ICs. The ESD-induced energy can be zapped out of the mechanism

with ESD gun in faster speed.

Body of Discharge
ESD Gun Switch

MN AMN— -
%150 pF— Dis(_i_?:rge

Earth Connection
Fig. 1.1 Equivalent circuit of ESD gun used in the system-level ESD test. The ESD gun has

the charging (energy-storage) capacitor of 150 pF and discharge resistor of 330 Q.

Discharge
5 MQ ﬂvlt\ci 1.5 kQ
+ .
— Voltage Iae\gce
“— Source A nder
- ——100 pF Test
o

Fig. 1.2 Equivalent circuit of human body model (HBM) in the component-level ESD test.
The charging capacitor (discharge resistor) is a smaller (larger) value of 100 pF (1.5 kQ).

Fig. 1.3 shows the typical waveforms of the discharge current under system-level ESD test
(IEC 61000-4-2) and component-level ESD test (MIL-STD 883). Under 8-kV ESD zapping,
the peak current in system-level ESD test is about five times larger than that in

component-level ESD test. Additionally, ESD protection designs for system- and component-
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level ESD tests are quite different. It has been proven [10] that a robust CMOS IC product
with high component-level ESD levels could be very susceptible to the system-level ESD test.
Thus, efficient ESD protection methodologies against system-level ESD events are very

significant for electronic products.

—— IEC 61000-4-2

w
o

— MIL-STD-883

Current (A)
S

-
o

Time (ns)
Fig. 1.3 Under 8-kV ESD zapping, ‘the jpeak current in. system-level ESD test is about five

times larger than that in component=level ESD test:

In the IEC 61000-4-2 standard [9], two test modes have been specified, which are the
air-discharge test mode and the contact-discharge test mode. Contact discharge is further
divided into direct discharge to the system under test, and indirect discharge to horizontal or
vertical coupling planes. Fig. 1.4 shows the standard measurement setup of the system-level
ESD test in the indirect contact-discharge test mode. As shown in Fig. 1.5, in the air
discharge test mode, the round discharge head of ESD gun is brought close to the EUT. In the
contact discharge test mode, the sharp discharge head of ESD gun is held in contact with the
EUT. The measurement setup for system-level ESD test consists of a wooden table on the
grounded reference plane (GRP). In addition, an insulation plane is used to separate the EUT
from the horizontal coupling plane (HCP). The HCP are connected to the GRP with two 470
kQ resistors in series. When the ESD gun zaps the HCP, the electromagnetic interference
(EMI) coming from ESD will be coupled into all CMOS ICs inside EUT. The power lines of
CMOS ICs inside EUT will be disturbed by the ESD-coupled energy.



Typical position for
direct application

Typical position for indirect Typical position for indiract
discharge to HCP discharge to VCP

Horizontal coupling

N k\‘ pm:z(:ucpgm
‘. 16mx08

Q'

5\ Bevg, i \l“
)

Ground reference piane

be.
‘Wooden table
Woassn r supply

Fig. 1.4 Measurement instruments of system-level ESD test [9].

Contact Discharge
Head

Air Discharge
Head

Fig. 1.5 Discharge electrodes of ESD gun which is used under system-level ESD test with

contact discharge mode and air discharge mode.

The object of the standard, IEC 61000-4-2 is to establish a common and reproducible

basis for evaluating the performance of CMOS ICs inside the electrical/electronic

microelectronic products. This standard specifies typical waveform of the discharge current,

test levels, test equipment, test set-up, and test procedure. In order to verity the disturbance

under system-level ESD test, the ESD gun is used to zap the ESD-induced energy into the

equipment under test. In order to compare the test results in system-level ESD and

component-level ESD standards, the characteristics of the waveform of discharge current are

shown in Table 1.1. Table 1.2 shows the test level (test voltage) of component-level ESD test
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such as human body model (HBM), machine model (MM), and charge device model (CDM)
in usual condition. The system-level ESD test level with contact discharge and air discharge
is shown in Table 1.3. Contact discharge is the preferred test method, and air discharge shall
be used where contact discharge can’t be applied. It is not intended to imply that the test
severity is equivalent between contact discharge and air discharge test methods. To compare
Table 1.3 with Table 1.2, the test voltage of system-level ESD is lager than component-level
ESD, no matter with contact discharge or air discharge. Noteworthiness, the voltages shown
are different for each method due to the different methods of test. According to those
phenomena, system-level ESD is more significant to influence the microelectronic products
than component-level ESD in some situations. Table 1.4 shows the evaluation of test results,
the test results shall be classified in terms of loss function or degradation of performance of
the equipment under test. Generally speaking, the microelectronic product should reset itself
automatically after system-level ESD test to pass the “Class B” specification at least. The
equipment under test shall be operated within the specified climatic conditions to avoid

unnecessary electromagnetic environment,ef thesdaboratory influencing the test results.

Table 1.1
Waveform Parameters of System-Level ESD Discharge Current
Indicated First Peak Rise Time Current Current
Level Voltage Current ¥10% (ns) (¥30%) at 30ns|(+30%) at 60ns
(kV) (A) (A) (A)
1 2 7.5 0.7to 1 4 2
2 4 15 0.7to 1 8 4
3 6 22,5 0.7to 1 12 6
4 8 30 0.7to 1 16 8
Table 1.2
Component-Level ESD Specifications
Model Name Test Voltage
Human Body Mode > 2000V
Machine Mode > 200V
Charge Device Mode > 1000V




Table 1.3
Levels of System-Level ESD Test

Contact Discharge Air Discharge

Test Voltage Level Test Voltage
(kV) (kV)

1 2 1 2

Level

2 4 2 4

3 6 3 8

4 8 4 15

Specified by Specified by
Customer Customer

Table 1.4
Recommended Classifications of System-Level ESD Test Results

Criterion Recommended Classification

Normal performance within limits specified by the manufacturer,
requestor or purchaser.

Temporary loss of function or degradation of performance which ceases
after the disturbance ceases, and from which the equipment under test
recovers its normal performance, without operator intervention.
(Automatic Recovery)

Temporary loss of function or degradation of performance, the
correction of which requires operator intervention. (Manual Recovery)
Loss of function or degradation of performance which is not recoverable,
owing to damage to hardware or software, or loss of data.

Class A

Class B

Class C

Class D

To evaluate the performance of -electrical/electronic equipments subjected to
electromagnetic compatibility (EMC) regulation, performing the system-level ESD tests for
the electrical/electronic equipments is necessary. The inset figure in Fig. 1.6 shows an EUT
(keyboard) which was stressed by an ESD gun with a charged voltage of +1 kV zapping on
the horizontal coupling plane (HCP). During the system-level ESD test, the power and
ground lines of the microcontroller IC in the keyboard no longer maintain their normal
voltage levels, but an underdamped sinusoidal voltage with the amplitude of several hundred
volts occurred, as shown in Fig. 1.6 This ESD-generated transient is quite large and fast,
which can randomly couple to the power, ground, or I/O pins of microelectronics system.

Such a high-voltage-level fast transient causes the keyboard to be upset or frozen after the
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system-level ESD zapping. Such fast electrical transients can also cause transient-induced

latchup events in CMOS ICs [26]-[28].

Fle Conol Setup Measure Ltiites Heip

1

Fig. 1.6 Measured Vpp and Vss waveforms _of the microcontroller ICs inside the keyboard

with ESD voltage of +1 kV zapping on'the HCP undet.system-level ESD test [10].

This ESD-generated transient veltage is quite large (with the amplitude of several tens to
hundreds volts) and fast (with the périod-of several tens-nanoseconds) and randomly exists on
power, ground, or I/O pins of the “ICs-inside the microelectronic system. Such a
high-voltage-level ESD-induced fast transients often cause the CMOS ICs inside the EUT to
be upset or frozen after the system-level ESD zapping. It has been reported that, for a
capacitive fingerprint sensor circuit, the MOSFET devices can be melted from device surface
into silicon substrate under system-level ESD test with air discharge mode. It has been also
observed that, under system-level ESD tests, the underdamped sinusoidal voltage waveforms
coupled on Vpp and Vgg pins of a super twisted nematic (STN) LCD driver circuit can cause
abnormal display function of LCD panel. Such a high-energy ESD-induced fast transients can
cause serious reliability events on CMOS ICs inside the microelectronic products. Therefore,
the CMOS ICs inside the microelectronic products are very susceptible to system-level ESD
stress, even though they have passed the component-level ESD specifications such as
human-body-model (HBM) of +2 kV, machine-model (MM) of +200 V, and
charged-device-model (CDM) of +1 kV.



1.2.2. Electrical Fast Transient (EFT) Tests

The standard of IEC 61000-4-4 defines immunity requirements and test methods for
electronic equipment to repetitive fast transients [29]. The EFT is a test with repetitive burst
string consisting of a number of fast pulses, coupled into power supply, control, signal, and
ground ports of microelectronic products. The characteristics of EFT are high amplitude,
short rise time, and high repetition rate of the transients. The EFT test is intended to
demonstrate the immunity of microelectronic products to transient disturbances such as those
originating from switching transients (interruption of inductive loads, relay contact bounce,
etc.).

According to the standard of IEC 61000-4-4, the simplified circuit diagram of EFT
generator is shown in Fig. 1.7 with the impedance matching resistor R,, of 50 Q and the dc
blocking capacitor C, of 10 nF. The charging capacitor C. is used to store the charging energy
and R, is the charging resistor. The resistor R, is used to shape the pulse duration. The

parameters of EFT generator is summarized in Table 1.5.

! -
| R. S}ItCh Rm C l 50 Q
! |—+: —~( Coaxial
: High- | Output
I VoItageCf) C. R; :
| Source —[ :
I
! |
| /
\_ -~ _
EFT Generator

Fig. 1.7 The equivalent circuit of EFT generator.

Table 1.5
Characteristics of the EFT Generator

Parameter Definition

R. Charge Resistor

C. Energy Storage Capacitor
Rs Duration Shaping Resistor
R Impedance Matching Resistor

Cy DC Blocking Capacitor




The standard of IEC 61000-4-4 defines the test voltage waveforms of these fast transients
with the repetition frequency of 5 kHz and 100 kHz. The use of 5 kHz repetition rate is the
traditional EFT test and 100 kHz is closer to reality. For EFT pulse with the repetition
frequency of 5 kHz, there are totally 75 pulses in each burst string and the burst duration time
is 15ms. For EFT pulse with the repetition frequency of 100 kHz, there are 75 pulses in each
burst string and the burst duration time is only 0.75 ms. For both repetition rates, the burst
string repeats every 300 ms. The characteristics of EFT burst are summarized in Table 1.6.

For EFT pulses with the repetition frequency of 5 kHz, the measured +200-V and -200-V
voltage waveforms on the 1-kQ load are shown in Figs. 1.8(a) and 1.8(b), respectively.
Because the output loading (1 k) is larger than the impedance matching resistor R, (50 QQ),
the measured output pulse peak is close to the input EFT voltage pulse. As shown in Figs.
1.8(a) and 1.8(b), the measured output pulse peaks on the 1-kQ load are approximately +200
V and -200 V, respectively. For EFT repetition frequency of 5 kHz, the time interval between
each pulse is 0.2ms. Under EFT tests, the application time should not be less than 1 minute
and both polarities have to be tested. With the 1 k€. load, the voltage waveforms of a single
pulse with EFT voltage of +200 V¥ andy-200 V. are shown in Figs. 1.9(a) and 1.9(b),
respectively. In Figs. 1.9(a) and 1.9(b), the waveforms of a single pulse have a rise time of
~5ns and the pulse duration (time interval-at-half of peak EFT voltage) of ~50 ns. The
characteristics of a single EFT pulse ate summarized in Table 1.7.

Table 1.6
Characteristics of the Fast Transient/Burst

Repetition | Repetition Pulse Burst Burst
Rate Period Number Duration Period
(kHz) (ms) (ms) (ms)

5 0.2 75 15 300
100 0.01 75 0.75 300
Table 1.7
Characteristics of a Single EFT Voltage Pulse

Parameter Value

Frequency 5 or 100 kHz
Rise Time 5ns * 30%
Duration 50ns * 30%
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Fig. 1.8 Measured voltage waveforms under EFT tests with EFT voltage of (a) +200 V, and (b)

-200 V, on 1-kQ load with a repetition rate of 5 kHz.
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Fig. 1.9 Measured voltage waveforms of a single pulse with EFT voltage of (a) +200 V, and
(b) -200 V, on 1-kQ load under EFT test.
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The EFT levels for testing power supply ports and for testing 1/O, data, and control ports
of the equipment are listed in Table 1.8. The voltage peak for testing 1/O, data, and control
ports is half of the voltage peak for testing power supply ports. The repetition rate is
determined by specific products or product types. Level “X” is an open level, which is
specified in the dedicated equipment specification by customers. The output voltage peaks of
EFT test are listed in Table 1.9. With output load of 50 Q, the measured output voltage is 0.5

times the value of open-circuit load due to impedance matching.

Table 1.8
Levels of EFT Test
On Power and On /O (Input/Output) Signal,
Level PE (Protective Earth) Ports Data, and Control Ports
Voltage Peak |Repetition Rate| Voltage Peak [Repetition Rate
(kV) (kHz) (kV) (kHz)
1 0.5 50r 100 0.25 50r 100
2 1 50r100 0.5 50r 100
3 2 50r100 1 50r 100
4 4 50r100 2 50r100
Specified by | Specified by | Specified by | Specified by
X
Customer Customer Customer Customer
Table 1.9
Output Voltage Peak (Vp) Values and Repetition Rates under EFT Test
Set Voltage Ve (Open) Vp (1000 Q) Ve (50 Q) Repetition Rate
(kV) (kV) (kV) (kV) (kHz)
0.25 0.25 0.24 0.125 50r 100
0.5 0.5 0.48 0.25 50r 100
1 1 0.95 0.5 50r100
2 2 1.9 1 50r100
4 4 3.8 2 50r100
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1.3. Solutions to Overcome Electrical Transient Disturbance

1.3.1. Traditional Board-Level Solution

In order to meet the system-level ESD specifications, two useful methods have been
reported and investigated [30]-[34]. One effective method is to add some discrete
noise-bypassing components or board-level noise filters into the CMOS IC products to
decouple, bypass, or absorb the electrical transient voltage (energy) under system-level ESD
test. The system-level ESD immunity of CMOS ICs under system-level ESD test can be
significantly enhanced by choosing proper noise filter networks. As shown in Fig. 1.10, some
discrete components (such as the magnetic core, ferrite bead (FB), and RC low-pass filters)
are added into printed circuit board (PCB) of a keyboard product to restrain the electrical
transients from the system-level ESD tests. The system-level ESD immunity of CMOS ICs
under system-level ESD test can be significantly enhanced by choosing proper noise filter
networks. The other method to improve the system-level ESD immunity of CMOS ICs is to
regularly check the system abnormal conditions by using an external hardware timer, such as
watch dog timer. The external hardware timer 1s often ‘consisted of registers or flip flops to
reset the operation system if the:main program is locked or frozen due to some fault
conditions. However, during system-levél-ESD-tests, the logic states stored in the registers or
flip flops may be destroyed or changed to cause.malfunction or frozen state on the main
operation program. The additional discrete noise-bypassing components also substantially
increase the total cost of microelectronic products. Therefore, the chip-level solutions to meet
high transient disturbance immunity specification for microelectronic products without

additional discrete noise-decoupling components are highly desired by IC industry [35]-[39].

Filter Network
VDDKJ <=
]
Keyboard ' =
Cable : il 1 Data P
5 i ;
i 2
N —\W\ -+ Clock 2
= g c X
Shielding : 5&, JEEEN °
Ground Magnetic 3 ' L =2
Core Microcontroller
Printed Circuit Board

\Shielding Plate
Fig. 1.10 A traditional solution to overcome the electrical transient disturbance in a keyboard

product by adding extra discrete components to absorb or bypass the electrical transients.

-13 -



1.3.2. Hardware/Firmware System Co-Design Solution

It had been reported that the hardware/firmware co-design can effectively improve the
system-level ESD susceptibility of the CMOS IC products [10]. In this work, a new on-chip
transient detection circuit is proposed to detect the fast electrical transient under system-level
ESD or EFT tests. By using a longer time delay in the RC circuit under system-level ESD
tests, the proposed new on-chip transient detection circuit can memorize the occurrence of
electrical transient disturbance events. As shown in the hardware/firmware system co-design
in the Fig. 1.11, the detection results (Vour) from the proposed on-chip transient detection
circuit can be temporarily stored as a system recovery index for firmware check.

System-Level
ESD Zapping

ESD-Induced

Transient
/Disturbance

<
o
o

Time (ns)

<
/2 g Voltage (V)

Firmware
Recovery
Procedure
Execution

LA

ESD-Induced
Transient

/Disturbance

}{UUJHHHHHR

L0

Time (ns)

<
@

CMOS IC
Printed Circuit Board
Fig. 1.11. Hardware/firmware co-design for system recovery by using the output of the

on-chip transient detection circuit.

For example, the output (Vour) states in the proposed on-chip transient detection circuit
and the firmware index are initially cleared to logic “0.” When the fast electrical transient
happens, the proposed on-chip transient detection circuit can detect the fast electrical
transients to transit the output state (Vour) from logic “0” to logic “1.” At this time, the
system recovery index is stored at logic “1” and the firmware executes the recovery
procedure to recover all system functions to a stable state as soon as possible. After the
recovery procedures, the output state of the proposed on-chip transient detection circuit and
the firmware index are re-set to logic “0” again for detecting the next system-level ESD

events. A novel on-chip transient-to-digital converter composed of transient detection circuits
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was proposed to detect the fast electrical transients and convert them to digital thermometer
codes under system-level ESD or EFT tests. The proposed on-chip transient-to-digital
converter can be also coordinated with firmware to provide a hardware/firmware co-design

solution for protection design against electrical transient disturbance.

1.4. Organization of This Dissertation

This dissertation is composed of seven chapters. This dissertation (chapter 2 ~ chapter 6)
focuses on the system-level ESD issues and the design of on-chip transient detection circuits
and transient-to-digital converter. Several major topics including: (1) investigation and design
of on-chip power-rail ESD clamp circuits without suffering latchup-like failure during
system-level ESD and EFT tests (chapter 2), (2) transient-induced latchup in CMOS
integrated circuits under EFT tests (chapter 3), (3) on-chip transient detection circuit design
(scheme I) (chapter 4), (4) on-chip transient detection circuit design (scheme I) (chapter 5) ,
and (5) transient-to-digital converters (chapter 6). Chapter 7 gives the conclusions and future
works of this dissertation. The outlines of each chapter are summarized below.

In chapter 2, on-chip power-rail'electrostatic discharge (ESD) protection circuit designed
with active ESD detection functionis the key role to significantly improve ESD robustness of
CMOS ICs. Four power-rail ESD. clampeireuits; with different ESD-transient detection
circuits were fabricated in a 0.18-um CMOS process and tested to compare their system-level
ESD and EFT susceptibility, which are named as power-rail ESD clamp circuits with typical
RC-based detection, PMOS feedback, NMOS+PMOS feedback, and cascaded PMOS
feedback in this work. During the system-level ESD and EFT tests, where the ICs in a system
have been powered up, the feedback loop used in the power-rail ESD clamp circuits provides
the lock function to keep the ESD-clamping NMOS in a “latch-on” state. The latch-on
ESD-clamping NMOS, which is often drawn with a larger device dimension to sustain high
ESD and EFT testing levels, conducts a huge current between the power lines to perform a
latchup-like failure after the system-level ESD and EFT tests. A modified power-rail ESD
clamp circuit is proposed to solve this problem. The proposed power-rail ESD clamp circuit
can provide high enough chip-level ESD robustness, and without suffering the latchup-like
failure during the system-level ESD and EFT tests.

In chapter 3, the occurrence of transient-induced latchup (TLU) in CMOS ICs under the
EFT tests is studied. The test chip with the parasitic silicon-controlled rectifier (SCR)

structure fabricated by a 0.18-um CMOS process was used in the EFT tests. For physical
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mechanism characterization, the specific “sweep-back” current caused by the minority
carriers stored within the parasitic PNPN structure of CMOS ICs is the major cause of TLU
under EFT tests. Different types of board-level noise filter networks are evaluated to find
their effectiveness for improving the immunity of CMOS ICs against TLU under EFT tests.
By choosing proper components in each noise filter network, the TLU immunity of CMOS
ICs against EFT tests can be greatly improved.

In chapter 4, a novel on-chip RC-based transient detection circuits for system-level
ESD)and EFT protection are proposed in this work. The circuit performance to detect
positive and negative electrical transients under system-level ESD and EFT testing conditions
has been investigated by the HSPICE simulation and verified in silicon chip. The
experimental results have confirmed that the proposed on-chip RC-based transient detection
circuit I can successfully memorize the occurrence of the system-level ESD and EFT events.
The detection output of proposed on-chip RC-based transient detection circuit I can be used
as the firmware index to execute system recovery procedure to provide a hardware/firmware
co-design to improve the immunity of«€MOS. IC products against electrical transient
disturbance.

In chapter 5, a new on-chip transient detection circuit II for electrical fast disturbance
protection design is proposed in «this work: The circuit performance to detect different
positive and negative ESD-induced or EFT-induced transient disturbance has been
investigated by the HSPICE simulation”and werified in silicon chip. The EFT generator
combined with attenuation network and capacitive coupling clamp has been used as the
evaluation method to verify the detection function of the proposed on-chip transient detection
circuit IT under EFT tests. The test chip in a 0.18-um CMOS process with 1.8-V devices has
confirmed that the proposed on-chip transient detection circuit II can successfully detect and
memorize the occurrence of the transient disturbance under system-level ESD or EFT tests.

In chapter 6, a novel on-chip transient-to-digital converter composed of four RC-based
transient detection circuits and four different RC filter networks has been successfully
designed and verified in a 0.18-um CMOS process with 3.3-V devices. The output digital
thermometer codes of the proposed on-chip transient-to-digital converter correspond to
different electrical transient voltages under system-level ESD and EFT tests. These output
digital codes can be used as the firmware index to execute different auto-recovery procedures
in microelectronic systems. Thus, the proposed on-chip transient-to-digital converter can be

further combined with firmware design to provide an effective solution to solve the
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system-level ESD and EFT protection issue in microelectronic systems equipped with CMOS
ICs.
Chapter 7 summarizes the main results of this dissertation. Some suggestions for the

future works are also addressed in this chapter.
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Chapter 2

Investigation and Design of On-Chip Power-Rail
ESD Clamp Circuits Without Suffering
Latchup-Like Failure During System-Level ESD and
EFT Tests

On-chip power-rail electrostatic discharge (ESD) protection circuit designed with active
ESD detection function is the key role to significantly improve ESD robustness of CMOS
integrated circuits (ICs). Four power-rail ESD clamp circuits with different ESD-transient
detection circuits were fabricated in a 0.18-um CMOS process and tested to compare their
system-level ESD susceptibility, which are named as power-rail ESD clamp circuits with
typical RC-based detection, PMOS feedback, NMOS+PMOS feedback, and cascaded PMOS
feedback in this work. During the system-level ESD and EFT tests, where the ICs in a system
have been powered up, the feedback loop used in the power-rail ESD clamp circuits provides
the lock function to keep the ESD-clamping NMOS in a “latch-on” state. The latch-on
ESD-clamping NMOS, which is often drawn-with a larger device dimension to sustain high
ESD level, conducts a huge current between the power lines to perform a latchup-like failure
after the system-level ESD test. A modified power-rail ESD clamp circuit is proposed to
resolve this problem. The proposed power-rail ESD clamp circuit can provide high enough
chip-level ESD robustness, and without suffering the latchup-like failure during the
system-level ESD and EFT tests.

2.1. Background

ESD protection has been one of the most important reliability issues in CMOS IC
products. ESD failures caused by thermal breakdown due to high current transient, or
dielectric breakdown in gate oxide due to high voltage overstress, often result in immediate
malfunction of IC chips. In order to obtain high ESD robustness, CMOS ICs must be
designed with on-chip ESD protection circuits at the input/output (I/O) pins and across the
power lines. With the reduced breakdown voltage of the thinner gate oxide in advanced

deep-submicron CMOS processes, turn-on-efficient ESD protection circuit is required to
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clamp the overstress across the gate oxide of internal circuits. Since the stored electrostatic
charges could be either positive or negative, there are four different ESD-testing modes at
input-output (I/O) pins with respect to the grounded Vpp or Vss pins [2]. Besides, for a
comprehensive ESD verification, two additional pin combinations under ESD test, which are
the pin-to-pin ESD stress and the Vpp-to-Vss ESD stress, are performed to verify the ESD
reliability of IC chip [8]. These two additional ESD testing modes often lead to some
unexpected ESD current through I/0 pins and power lines into the internal circuits and result
in ESD damage in the internal circuits. Therefore, effective power-rail ESD clamp circuit
between Vpp and Vss power lines is necessary for whole-chip ESD protection. The typical
on-chip ESD protection design with active power-rail ESD clamp circuit in CMOS ICs is
shown in Fig. 2.1. When the input (or output) pin is zapped under the positive-to-Vss
(PS-mode) or negative-to-Vpp (ND-mode) ESD stresses, the power-rail ESD clamp circuit
can provide a low impedance path between Vpp and Vss power lines to efficiently discharge
ESD current. To avoid unexpected ESD damages in the internal circuits under pin-to-pin and
Vpp-to-Vss ESD stresses, the power-rails<ESDselamp circuit must be designed with high
turn-on efficiency and fast turn-on speed.
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Fig. 2.1 Typical on-chip ESD protection design with active power-rail ESD clamp circuit.

In the active power-rail ESD clamp circuit, the ESD-transient detection circuit is
designed to detect ESD event and sends a control voltage to the gate of ESD-clamping
NMOS. Since the ESD-clamping NMOS is turned on by a positive gate voltage rather than
by snapback breakdown, the ESD-clamping NMOS can be turned on quickly to discharge
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ESD current before the internal circuits are damaged. Thus, the effective power-rail ESD
clamp circuit is necessary for protecting the internal circuits against ESD damage. Some
modified designs on the ESD-transient detection circuits had been reported to enhance the
performance of power-rail ESD clamp circuits [40]-[45].

Recently, system-level ESD and EFT reliability has attracted more attentions than before
in microelectronics products. This tendency results from not only the integration of more
functional circuits in a single chip, but also the strict requirement of reliability regulation,
such as the system-level ESD test for electromagnetic compatibility (EMC). During the
system-level ESD test, the microelectronics products must sustain the ESD stress of £8 kV
(x15 kV) under the contact-discharge (air-discharge) test mode to meet the immunity
requirement of “level 4.” During such a high-energy ESD event, some of ESD-induced
overshooting/undershooting pulses may be coupled into the microelectronics products to
cause damage or malfunction on the CMOS ICs inside the device under test (DUT). Some
CMOS ICs are very susceptible to electrical transient disturbance, even though they have
passed the component-level ESD specifieationsy of human-body-model (HBM) of £2 kV,
machine-model (MM) of £200 V, and.charged=device- model (CDM) of +1 kV.

In this work, the malfunction or.wrong triggering behavior among different on-chip
power-rail ESD clamp circuits under system-level. ESD-and EFT tests are investigated [46].
Some ESD-transient detection circuits designed with.feedback loop in the power-rail ESD
clamp circuits continually keep the ESD-clamping NMOS in the latch-on state after the
system-level ESD test. The latch-on ESD-clamping NMOS between Vpp and Vgs power lines
in the powered-up microelectronic system causes a serious latchup-like failure in CMOS ICs.
The system-level ESD gun [47], the transient-induced latchup (TLU) measurement method
[48], and EFT generator [49] are used to evaluate the susceptibility among four different
power-rail ESD clamp circuits to system-level ESD and EFT tests. Furthermore, a modified
power-rail ESD clamp circuit is proposed to avoid such latchup-like failure. The proposed
power-rail ESD clamp circuit can provide high enough chip-level ESD robustness without

suffering the latchup-like failure during the system-level ESD and EFT tests.

2.2. Power-Rail ESD Clamp Circuits

To provide effective on-chip ESD protection, four different power-rail ESD clamp
circuits had been reported [40]-[45], which are re-drawn in Figs. 2.2(a)-2.2(d) with the names
of (1) power-rail ESD clamp circuit with typical RC-based detection, (2) power-rail ESD
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clamp circuit with PMOS feedback, (3) power-rail ESD clamp circuit with NMOS+PMOS
feedback, and (4) power-rail ESD clamp circuit with cascaded PMOS feedback, in this work.
Those power-rail ESD clamp circuits have been designed and fabricated in a 0.18-um CMOS

process to investigate their susceptibility to system-level ESD test.
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Fig. 2.2 Four different power-rail ESD clamp circuits designed with (a) typical RC-based
detection, (b) PMOS feedback, (¢c) NMOS+PMOS feedback, and (d) cascaded PMOS
feedback.

2.2.1. Power-Rail ESD Clamp Circuit With Typical RC-Based Detection

The typical RC-based power-rail ESD clamp circuit is illustrated in Fig. 2.2(a) with a
three-stage buffer between the RC circuit and the ESD-clamping NMOS [40]. The
ESD-clamping NMOS is used to provide a low impedance path between Vpp and Vss to
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discharge ESD current. The ESD-transient detection circuit detects ESD pulses with the rise
time of ~10ns and sends a control voltage to the gate of ESD-clamping NMOS. Under the
ESD stress condition, the voltage level at the Vi node is increased much slower than that
on Vpp power line, because the RC circuit has a time constant in the order of microsecond
(us). Due to the delay of the voltage increase at the Vi node, the three-stage buffer is
powered by the ESD energy and conduct a voltage to the Vg node to turn on the
ESD-clamping NMOS. The turned-on ESD-clamping NMOS, which provides a
low-impedance path between Vpp and Vss power lines, clamps the overstress ESD voltage to
effectively protect the internal circuits against ESD damage.

The turn-on time of ESD-clamping NMOS during ESD transition can be adjusted by
designing the RC time constant in the ESD transient detection circuit. The turn-on time is
usually designed around ~100 ns to meet the half-energy discharging time of HBM ESD
current. Under normal circuit operating conditions, the power-rail ESD clamp circuit must be
kept off to avoid power loss from Vpp to Vss. The rise time of Vpp powered up is around
~Ims or even longer in the most of miétdelectronics systems. To meet such a timing
requirement, the RC time constant:in themyRCsbased ESD-transient detection circuit is

typically designed with 0.1~1 us to;achieve the design-constrains.

2.2.2. Power-Rail ESD Clamp Circuit With PMOS Feedback

Another design consideration for power-rail ESD clamp circuit is the circuit immunity to
false triggering during power-up condition. The power-rail ESD clamp circuit should be
turned on when the ESD voltage appears across Vpp and Vss power lines, but kept off when
the IC is under normal power-on condition. To meet these requirements, the RC time constant
was usually designed with 0.1~1 pus to achieve the design constraints. However, the large RC
time constant used in the power-rail ESD clamp circuit may cause false triggering during a
fast power-up condition with a rise time of less than 10us. The modified power-rail ESD
clamp circuit incorporated with PMOS feedback, as shown in Fig. 2.2(b), was used to
mitigate such a mis-trigger problem [41]. The transistor MPFB can help to keep the gate
voltage of ESD-clamping NMOS below its threshold voltage and further reduce the current

drawn during the power-up condition.

2.2.3. Power-Rail ESD Clamp Circuit With NMOS+PMOS Feedback

In the advanced CMOS technology with thinner gate oxide, the power-rail ESD clamp
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circuit with a large MOS capacitance in the RC timer was reported to cause significant
stand-by power consumption due to gate oxide leakage current [42]. Thus, the modified
power-rail ESD clamp circuits with small MOS capacitance are desired to combat the gate
leakage. It was reported that the power-rail ESD clamp circuit incorporated with a
regenerative feedback network can be used to significantly reduce the RC time constant, as
illustrated in Fig. 2.2(c) [43].

The transistors MPFB and MNFB provide a feedback loop, which can latch the
ESD-clamping NMOS in the conductive state during ESD-stress condition. When a fast
positive going ESD transient across the power rails, the MNFB can further pull the potential
of INV20OUT node towards ground to latch the ESD-clamping NMOS in the conductive state
until the voltage on Vpp drops below the threshold voltage of ESD-clamping NMOS. With
this feedback loop in the power-rail ESD clamp circuit, the dynamic currents of Mp;, Mo,
MPFB, and MNFB determine the critical voltage to trigger on the ESD-clamping NMOS.
After the timing out of the RC time constant in ESD transient detection circuit, the transistor
MP2 begins to conduct and increase the potential of INVOUT2 node. The settling potential of
INVOUT?2 node is set by the current balanee-between Mp, and MNFB. Thus, the device
ratios of Mp, and MNFB in the power-rail ESD clamp circuit with NMOS+PMOS feedback
should be appropriately selected.

2.2.4. Power-Rail ESD Clamp Circuit With Cascaded PMOS Feedback

Another RC-based power-rail ESD clamp circuit with cascaded PMOS feedback has
been proposed to reduce the RC time constant and to solve false trigger issue during fast
power-up constrains, as shown in Fig. 2.2(d) [44]. The PMOS transistor MPFB is connected
to form the cascaded feedback loop, which is a dynamic feedback design.

During the ESD-stress condition, the transistor MPFB was turned off and the voltage on
the INV20OUT node can be remained in a low state. Thus, the turn-on time of the
ESD-clamping NMOS can be longer than that of the typical RC-based power-rail ESD clamp
circuit. If the ESD-clamping NMOS is mis-triggered during fast power-up condition or by an
overvoltage under normal operating conditions, the voltage on the INV2OUT node can be
charged up toward Vpp by the subthreshold current of MPFB. Therefore, the ESD-clamping
NMOS will not stay at latch-on state and turn itself off after the fast power-up condition.
Compared with the feedback designs with direct PMOS feedback in Fig. 2.2(b), the
power-rail ESD clamp circuit with cascaded PMOS feedback has the advantage of
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capacitance reduction.

2.2.5. Realization in Silicon Chip

For the four power-rail ESD clamp circuits in this work, the ESD-clamping NMOS is
designed to turn on under the ESD-stress condition to efficiently discharge the ESD current
between Vpp and Vg power lines. The turn-on time of the ESD-clamping NMOS is designed
to meet the half-energy discharging time of HBM ESD event. In the normal operating
condition and Vpp power-up condition, the ESD-clamping NMOS is designed to keep off to
avoid power loss or false triggering. The four power-rail ESD clamp circuits in this work are
designed with such design concepts to evaluate their susceptibility to system-level ESD tests.

To verify such a design, some simulations are provided in the following text. In Fig.
2.3(a), a Vpp power-on voltage waveform with a rise time of 0.1ms and a voltage height of
1.8 V is applied to the Vpp line of the power-rail ESD clamp circuits. During such a Vpp
power-on condition, among the four different power-rail ESD clamp circuits, the voltage
waveforms on the node Vg are shown intFig. 2.3(b), where the Vg peak voltage during the
power-on transition are all below the threShold voltage (~0.44 V) of the ESD-clamping
NMOS. With a very small Vg voltage in Fig. 2:3(b), the ESD-clamping NMOS in the four
different power-rail ESD clamp circuits was €xpected to-be always kept oftf when the IC is in
normal operating conditions.

In Fig. 2.4(a), a fast ramp voltage with a'rise time of 10ns is used to simulate the rising
edge of HBM ESD pulse. The pulse height of the fast ramp voltage set as 5 V is used to
monitor the voltage on the node Vg before the drain breakdown of ESD-clamping NMOS. As
shown in Fig. 2.4(b), among the four different power-rail ESD clamp circuits, the voltage
waveforms on the node Vg are simultaneously increased when the fast ramp voltage is
applied to Vpp, whereas the Vss is grounded. The four power-rail ESD clamp circuits are
designed to provide a low impedance path between Vpp and Vss power lines to efficiently
discharge ESD current under ESD stress conditions. Combing with feedback circuit structure
in the ESD-transient detection circuits, the turn-on time of the ESD-clamping NMOS can be
increased by static or dynamic latches. For the power-rail ESD clamp circuits with
NMOS+PMOS feedback and cascaded PMOS feedback, the turn-on time of the
ESD-clamping NMOS can be longer than that of power-rail ESD clamp circuits with typical
RC-based detection and PMOS feedback. The turn-on time of power-rail ESD clamp circuits
with NMOS+PMOS feedback or cascaded PMOS feedback can be designed around 100ns, if
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the RC time constant in the corresponding ESD-transient detection circuit is further reduced.

To simply the comparison for transient-induced latchup-like failure in this work, the RC

values in the ESD-transient detection circuits among four power-rail ESD clamp circuits are

set the same of R=50 kQ and C=2 pF in silicon fabrication.
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Fig. 2.3 HSPICE simulated voltage waveforms among the four different power-rail ESD

clamp circuits under the Vpp power-on condition. (a) A slow ramp voltage waveform with

rise time of 0.1 ms is used to simulate the rising edge of the Vpp power-on voltage. (b) The

simulated voltage waveforms on the node Vg when the power-on voltage is applied to Vpp.
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Fig. 2.4 HSPICE simulated voltage waveforms among the four different power-rail ESD
clamp circuits under HBM ESD stress condition. (a) A fast ramp voltage waveform with rise
time of 10 ns is used to simulate the rising edge of an HBM ESD pulse. (b) The simulated

voltage waveforms on the node Vg when the fast ramp voltage is applied to Vpp.

2.3. Experimental Results and Discussion

Four different power-rail ESD clamp circuits, which are re-drawn in Figs. 2.2(a)-2.2(d)

_27 -



with the names of (1) power-rail ESD clamp circuit with typical RC-based detection, (2)
power-rail ESD clamp circuit with PMOS feedback, (3) power-rail ESD clamp circuit with
NMOS+PMOS feedback, and (4) power-rail ESD clamp circuit with cascaded PMOS
feedback, are used as the test structures in this work. Those power-rail ESD clamp circuits
have been designed and fabricated in a 0.18-um CMOS process to investigate their
susceptibility to system-level ESD and EFT tests. The system-level ESD gun [47], the
transient-induced latchup (TLU) measurement method [48], and EFT generator [49] are used
to evaluate the susceptibility among four different power-rail ESD clamp circuits to
system-level ESD and EFT tests. The latchup-like failure caused by latch-on ESD-clamping
NMOS between Vpp and Vgs power lines can be observed in some power-rail ESD clamp

circuits due to increased Ipp current and pulled down Vpp voltage level.

2.3.1. Transient-Induced Latchup (TLU) Test

Transient-induced latchup (TLU) test has been used to investigate the susceptibility of
DUT to the noise transient or glitch on'the power lines under normal circuit operating
condition. The component-level TLU measutement setup with bipolar trigger voltage can
accurately simulate the ESD-induced noises on the power lines of CMOS ICs under
system-level ESD test. The measturement setup for TLU test is shown in Fig. 2.5. The
charging voltage Vcharge has two different polarities, which are positive (Vcharge>0) or
negative (Vcnarge<0). The positive (negative) Vcharge can generate the positive-going

(negative-going) bipolar trigger noises on the power pins of DUT.

Voltage Probe

Current-Limiting

Vbp Resistance
° WA |
IDDl (" N\ A
Vcharge Power ’
t Supply an»f"\;‘!;“\mf\,mw
NRRA
:: DUT ‘\L
4T 200pF (1.8V)| |
P Oscilloscope
\ J y,
. .

Fig. 2.5 Measurement setup for transient-induced latchup (TLU)).
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For the system-level ESD test, it can only judge whether the EUT passes the required
criterion through its abnormal function (e.g. EUT shuts down). Nevertheless, it is hard to
directly evaluate the TLU immunity of single IC inside the EUT. To solve this problem, a
component-level TLU measurement setup with the following two advantages is used. First, it
can easily evaluate the TLU immunity of single IC by the related measured voltage/current
waveforms through oscilloscope. Second, with the ability of generating an underdamped
sinusoidal voltage, it can accurately simulate how an IC inside the EUT will be disturbed by
the ESD-generated noise under the system-level ESD test. Moreover, a small current-limiting
resistance (5Q) is recommended to protect the DUT from electrical-over-stress (EOS)
damage during a high-current (low-impedance) latchup state.

A 200-pF capacitor used in the machine model (MM) ESD test is employed as the
charging capacitor. The power-rail ESD clamp circuits shown in Figs. 2.2(a)-2.2(d) are placed
as DUT. The supply voltage of 1.8V is used as Vpp and the noise trigger source is directly
connected to DUT through the relay in the measurement setup. The Ipp current waveform is
measured by a separated current probesThé cusrent-limiting resistance is used to avoid
electrical-over-stress (EOS) damage in DU Trundet. a high-current latch-up state. The voltage
and current waveforms on DUTZx(at-Vpp node) after TLU test are monitored by the
oscilloscope.

With the TLU measurement setup in Fig. 2.5, the Vpp and Ipp transient responses can be
recorded by the oscilloscope, which can ‘clearly indicate whether TLU occurs (Ipp
significantly increases) or not. Figs. 2.6(a) and 2.6(b) show the measured Vpp and Ipp
transient waveforms on the power-rail ESD clamp circuit with NMOS+PMOS feedback
under the stresses with Viparge of -4 V and +12 'V, respectively. After the TLU test with an
initial Veparge of -4 'V, the latchup-like failure occurs in this power-rail ESD clamp circuit,
because Ipp significantly increases and Vpp is pulled down, as shown in Fig. 2.6(a). After the
TLU test with an initial Vcparee 0f +12 'V, latchup-like failure occurs in Fig. 2.6(b). All the
PMOS and NMOS devices in the ESD-transient detection circuits are surrounded with double
guard rings to guarantee no latchup issue in this part [5S0]. This implies that the feedback loop
in the ESD-transient detection circuit is locked after TLU test and continually keeps the
ESD-clamping NMOS in the latch-on state. From the observed voltage and current
waveforms, large Ipp current is caused by the latch-on state of ESD-clamping NMOS after

TLU test.
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Fig. 2.6 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with NMOS+
PMOS feedback under TLU test with Vparge 0f (a) -4 V, and (b) +12 V.

For the power-rail ESD clamp circuit with cascaded PMOS feedback, the measured Vpp
and Ipp transient responses are shown in Figs. 2.7(a) and 2.7(b) under the TLU test with the
initial Vcharge 0f -120 V and +700 V, respectively. The similar latchup-like failure also occurs

in this power-rail ESD clamp circuit due to the latch-on state of ESD-clamping NMOS after
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TLU test. The TLU levels (the minimum voltage of Vcharge to induce the latchup-like failure

on Vpp) among the aforementioned four different power-rail ESD clamp circuits are listed in

Table 2.1.
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- 1o
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Fig. 2.7 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with

cascaded PMOS feedback under TLU test with Vcparge Of (a) -120 V, and (b) +700 V.
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Table 2.1
Comparison on TLU Levels among Four Power-Rail ESD Clamp Circuits Under TLU Test

Power-Rail ESD | Positive TLU | Negative TLU
Clamp Circuits Level Level
Typical RC_-Based Over +1 kV Over -1 kV
Detection
With PMOS
Feedback Over +1 kV Over -1 kV
With NMOS+PMOS
Feedback *2v 4V
With Cascaded
PMOS Feedback | */00V 120V

2.3.2. System-Level ESD Test

In the standard of IEC 61000-4-2, two test modes have been specified, which are
air-discharge test mode and contact-discharge test mode. Fig. 2.8 shows the standard
measurement setup of the system-level ESD test with indirect contact-discharge test mode.
The measurement setup of system-level ESD test consists of a wooden table on the grounded
reference plane (GRP). In addition, an insulation plane is used to separate the equipment
under test (EUT) from the horizontal coupling plane (HCP). The HCP are connected to the
GRP with two 470 kQ resistors’ in rseries. - When -the ESD gun zaps the HCP, the
electromagnetic interference (EMI) coming from the ESD will be coupled into all CMOS ICs
inside EUT. The power lines of CMOS ICs inside EUT will be disturbed by such high
ESD-coupled energy.

Compared with the component-level HBM ESD tests, where the objects under test are
ICs, the system-level ESD test aims to evaluate the robustness of electronic products. The
equivalent circuit of ESD gun used in the system-level ESD test. The ESD gun has the
charging (energy-storage) capacitor of 150pF and discharge resistor of 330Q2. In the HBM
component-level ESD test, however, the charging capacitor (discharge resistor) is a smaller
(larger) value of 100pF (1.5kQ). Thus, compared with the ESD current in component-level
ESD test, ESD current in system-level ESD test has much larger peak current and shorter rise
time, leading to more severe damages for electronic products or their interior ICs. It has also
been proven that a robust CMOS IC product with high component-level ESD levels could be
very susceptible to the system-level ESD test. Thus, efficient ESD protection methodologies

against system-level ESD events are very significant for electronic products.
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Fig. 2.8 Measurement setup for system-level ESD test with indirect contact-discharge mode.

With such a standard measurement setup, the susceptibility of different power-rail ESD
clamp circuits against the system-level ESDustresses can be evaluated. The stand alone
power-rail ESD clamp circuit in IC:packageis.powered up with power supply of 1.8 V.
Before any ESD zapping, the initial-Vpp voltage level.on'the IC is measured to make sure the
correct bias of 1.8 V. After every-ESD Izapping,. the 'voltage level on Vpp node of IC is
measured again to watch whether latchup—like failure occurs after the system-level ESD test,
or not. If the latchup-like failure occurs, the potential on Vpp node will be pulled down to a
much lower level due to the latch-on state of ESD-clamping NMOS in the power-rail ESD
clamp circuits, and Ipp will be significantly increased.

With the system-level ESD measurement setup in Fig. 2.8, the Vpp and Ipp transient
responses can be recorded by the oscilloscope, which can clearly indicate whether the
latchup-like failure occurs or not. Figs. 2.9(a) and 2.9(b) show the measured Vpp and Ipp
transient responses on the power-rail ESD clamp circuit with typical RC-based detection
when ESD gun with ESD voltage of -10 kV and +10 kV zapping on the HCP, respectively.
After the system-level ESD test with an ESD voltage of -10 kV, latchup-like failure is not
initiated in this power-rail ESD clamp circuit, because Ipp is still kept at zero, as shown in
Fig. 2.9(a). After the system-level ESD test with an ESD voltage of +10 kV, latchup-like
failure is not observed in Fig. 2.9(b). Under system-level ESD test with ESD voltage of -10
kV and +10 kV, the measured Vpp and Ipp transient waveforms on the power-rail ESD clamp
circuit with PMOS feedback are shown in Figs. 10(a) and 10(b), respectively. Under
system-level ESD test with an ESD voltage of -10 kV (+10 kV), Vpp acts with the intended
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bipolar trigger. Meanwhile, latchup-like failure does not occur because Ipp is not increased,
as shown in Fig. 2.10(a) (Fig. 2.10(b)). For the power-rail ESD clamp circuits with typical
RC-based detection or PMOS feedback, latchup-like failure does not occur even though the
ESD voltage is as high as -10 kV or +10 kV in the system-level ESD test.

Vbp (50 V/dIV)
(*A1p/yw o) ““I

Vo] Chal 500V |M|200ns] A| Cha 7400V

Time (200 ns/div.)

“(np/vw op) 9

Ch1 200mVQ 50 oV |M|200nsl AI Ch2 i 4 ooV

Time (200 ns/div.)
(b)

Fig. 2.9 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with typical
RC-based detection under system-level ESD test with ESD voltage of (a) -10 kV, and (b) +10
kV.
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Fig. 2.10 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with PMOS

feedback under system-level ESD test with ESD voltage of (a) -10 kV, and (b) +10 kV.

Figs. 2.11(a) and 2.11(b) show the measured Vpp and Ipp transient responses on the
power-rail ESD clamp circuit with NMOS+PMOS feedback under the system-level ESD test
with ESD voltages of -0.2 kV and +2.5 kV, respectively. After the system-level ESD test with
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an ESD voltage of -0.2 kV, latchup-like failure can be initiated in this power-rail ESD clamp
circuit, because Ipp is significantly increased and Vpp is pulled down as shown in Fig. 2.11(a).
After the system-level ESD test with an ESD voltage of +2.5 kV, the latchup-like failure can
be also found in Fig. 2.11(b).

V ........

ESD VoItage—-O 2 kV

VDD (5 V/dIV)
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Time (200 ns/div.)
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Fig. 2.11 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with
NMOS+PMOS feedback under system-level ESD test with ESD voltage of (a) -0.2 kV, and
(b) +2.5 kV.
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For the power-rail ESD clamp circuit with cascaded PMOS feedback, the measured Vpp
and Ipp transient responses are shown in Figs. 2.12(a) and 2.12(b) under the system-level
ESD test with ESD voltages of -1 kV and +10 kV, respectively. The similar latchup-like
failure also occurs due to the latch-on state of ESD-clamping NMOS under the system-level
ESD test with an ESD voltage of -1 kV, as shown in Fig. 2.12(a).

VDD (50 vid IV)
“(‘mpjyw op) 99

Chil 200mv e JoGB 100V M 200ms] Al Chz 7 120V
Time (200 ns/div.)
@

________________________ ESD Voltage=+10 kV
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0A

S00mv © [Cha] 5007 W[ 200ns] Al ChZ 7 6.00V
Time (200 ns/div.)
(b)

Fig. 2.12 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with
cascaded PMOS feedback under system-level ESD test with ESD voltage of (a) -1 kV, and (b)
+10 kV.
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The susceptibility among the aforementioned four different power-rail ESD clamp
circuits against system-level ESD test are listed in Table 2.2. The power-rail ESD clamp
circuits with NMOS+PMOS feedback or with cascaded PMOS feedback have lower ESD
voltages to cause latchup-like failure after system-level ESD test. Such measured results by
ESD gun test are consistent with those of TLU shown in Table 2.1. From the experimental
results, the power-rail ESD clamp circuit designed with NMOS+PMOS feedback is highly
sensitive to transient-induced latchup-like failure. The typical power-rail ESD clamp circuits

with RC-based detection and with PMOS feedback are free to such a latchup-like failure.

Table 2.2

Comparison on the Susceptibility among Four Different Power-Rail ESD Clamp Circuits
Under System-Level ESD Test

Power-Rail ESD | Positive ESD |Negative ESD
Clamp Circuits Stress Stress
Typical RC-Based | .\ 110 kv | Over-10kv
Detection
With PMOS
Feedback Over +10 kV | Over -10 kV
With NMOS+PMOS
Feedback +2.5 kV -0.2 kV
With Cascaded
PMOS Feedback | OVer +10kV kv

The failure location after system-level ESD test has been inspected, as shown in Fig.
2.13. The failure location is located at the Vpp metal line from the Vpp pad to the power-rail

ESD clamp circuit, which was drawn with a metal width of 30 pm in the test chip.

Fig. 2.13 Failure location ofkpower-rail ESD clamp circuit after system-level ESD stress.
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2.3.3. Electrical Fast Transient (EFT) Test

The measurement setup for EFT test is shown in Fig. 2.14. The supply voltage of 1.8 V is
used as Vpp and the EFT generator is connected directly to the device under test (DUT)
through the cable in this work. The voltage and current waveforms on the DUT (at Vpp node)
after EFT test are monitored by the digital oscilloscope. With such a standard measurement
setup, the susceptibility of different power-rail ESD clamp circuits against the EFT tests can
be evaluated. The stand alone power-rail ESD clamp circuit in IC package is powered up with
power supply of 1.8 V. Before any EFT zapping, the initial Vpp voltage level on the IC is
measured to make sure the correct bias of 1.8 V. After every EFT voltage zapping, the voltage
level on Vpp node of IC is measured again to watch whether latchup-like failure occurs after
the EFT test, or not. If the latchup-like failure occurs, the potential on Vpp node will be
pulled down to a much lower level due to the latch-on state of ESD-clamping NMOS in the
power-rail ESD clamp circuits, and Ipp will be significantly increased.

Voltage Probe

Current-Limiting
VDD Resistance
M/\ Current
IDDl /T\ Probe
( N\ )
EFT ® ®
DUT Power CH-1 CH-2

Generator

Supply Oscilloscope

. / J

.

Fig. 2.14 Measurement setup for EFT test with IC power supply of 1.8 V.

With the EFT measurement setup shown in Fig. 2.14, the Vpp and Ipp transient responses
can be recorded by the oscilloscope, which can clearly indicate whether the latchup-like
failure occurs or not. Figs. 2.15(a) and 2.15(b) show the measured Vpp and Ipp transient
responses on the power-rail ESD clamp circuit with typical RC-based detection when EFT
generator with EFT voltage of -800 V and +800 V zapping, respectively. After the EFT test
with an EFT voltage of -800 V, latchup-like failure is not initiated in this power-rail ESD

clamp circuit, because Ipp is still kept at zero, as shown in Fig. 2.15(a). After the EFT test
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with an EFT voltage of +800 V, latchup-like failure is not observed in Fig. 2.15(b).
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Fig. 2.15 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with typical
RC-based detection under EFT test with EFT voltage of (a) -800 V, and (b) +800 V.

Under EFT test with EFT voltage of -800 V and +800 V, the measured Vpp and Ipp
transient waveforms on the power-rail ESD clamp circuit with PMOS feedback are shown in

Figs. 2.16(a) and 2.16(b), respectively. Under EFT test with an EFT voltage of -800 V (+800
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V), Vpp acts with the EFT-induced trigger. Meanwhile, latchup-like failure does not occur
because Ipp is not increased, as shown in Fig. 2.16(a) (Fig. 2.16(b)). For the power-rail ESD
clamp circuits with typical RC-based detection or PMOS feedback, latchup-like failure does
not occur even though the EFT voltage is as high as -800 V or +800 V in the EFT test.

(*Aa1p/yw 002) 99

Chi] 1.00V © 50.0V ™[ 200ns] A] Ch2 J —9.00 V

Time (200 ns/div.)

R AR BT LA B, AL R LI B T BRI
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VDD (50 VIdIV)
(-AIp/vw 002) 99

Chil 1.00V & T00V M 200ns] A] Ch2 ~ 26.0 V|

Time (200 ns/div.)

(b)
Fig. 2.16 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with PMOS

feedback under EFT test with EFT voltage of (a) -800 V, and (b) +800 V.
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Figs. 2.17(a) and 2.17(b) show the measured Vpp and Ipp transient responses on the
power-rail ESD clamp circuit with NMOS+PMOS feedback under the EFT test with EFT
voltages of -200 V and +200 V, respectively. After the EFT test with an EFT voltage of -200
V, latchup-like failure can be initiated in this power-rail ESD clamp circuit, because Ipp is
significantly increased and Vpp is pulled down as shown in Fig. 2.17(a). After the EFT test
with an EFT voltage of +200 V, the latchup-like failure can be also found in Fig. 2.17(b).

Voo (20 V/div.)
~(‘Aip/yw 001) 99
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Fig. 2.17 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with
NMOS+PMOS feedback under EFT test with EFT voltage of (a) -200 V, and (b) +200 V.
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All the PMOS and NMOS devices in the ESD-transient detection circuits are surrounded
with double guard rings to guarantee no latchup issue in this part. This implies that the
feedback loop in the ESD-transient detection circuit is locked after EFT test and continually
keeps the ESD-clamping NMOS in the latch-on state. From the observed voltage and current
waveforms, large Ipp current is caused by the latch-on state of ESD-clamping NMOS after
EFT tests.

For the power-rail ESD clamp circuit with cascaded PMOS feedback, the measured Vpp
and Ipp transient responses are shown in Figs. 2.18(a) and 2.18(b) under the EFT test with
EFT voltages of -200 V and +500 V, respectively. The similar latchup-like failure also occurs
in this power-rail ESD clamp circuit due to the latch-on state of ESD-clamping NMOS under
the EFT test with an EFT voltage of -200 V, as shown in Fig. 2.18(a).

The susceptibility among the aforementioned four different power-rail ESD clamp circuits
against EFT tests are listed in Table 2.3. The power-rail ESD clamp circuits with
NMOS+PMOS feedback or with cascaded PMOS feedback have lower EFT voltages to cause
latchup-like failure after EFT test. From the expetimental results, the power-rail ESD clamp
circuit designed with NMOS+PMQOS feedbackis highly sensitive to transient-induced
latchup-like failure. The typical power-rail ESD clamp ecircuits with RC-based detection and
with PMOS feedback are free to such a latchup-like failure.

Table 2.3
Comparison on Susceptibility among Four Different Power-Rail ESD Clamp Circuits Against
EFT Tests
Power-Rail ESD | Positive EFT | Negative EFT
Clamp Circuits Voltage Voltage
Typical RC-Based | ( .\ 1800 v | Over-800V
Detection
With PMOS
Feedback Over +800V | Over -800 V
With NMOS+PMOS | ;e +200 V| Under -200 v
Feedback
With Cascaded
PMOS Feedback +500 V Under -200 V
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Fig. 2.18 Measured Vpp and Ipp waveforms on the power-rail ESD clamp circuit with
cascaded PMOS feedback under EFT test with EFT voltage of (a) -200 V, and (b) +500 V.
Latchup-like failure in this EFT test.

The failure location after EFT test has been inspected, as shown in Fig. 2.19. The failure
location is located at the Vpp metal line from the Vpp pad to the power-rail ESD clamp

circuit, which was drawn with a metal width of 30 pum in the test chip.
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Failure
- Location

Fig. 2.19 Failure location of power-rail ESD clamp circuit after EFT tests.

2.4. Modified Power-Rail ESD Clamp Circuit

From the above measurement results, some ESD-transient detection circuits designed
with feedback loop in the power-rail ESD clamp mrcults continually keep the ESD-clamping
NMOS in the latch-on state after the system—level ESD test. The latch-on ESD-clamping
NMOS between Vpp and VSS power lines 1h Ithe powered -up microelectronic system causes
a serious latchup-like failure in CMOS Ips In order to 'meet electromagnetic compatibility

—

regulation under system-level ESD" test modlﬁed power-rall ESD clamp circuits without

suffering the latchup-like failure are hlghly ‘desn;able. Tt has been reported that the power-rail
ESD clamp circuit with conventional rise time detector and a separated on-time control
circuit can reduce the RC area and improve the immunity to false triggering [19]. The
separated on-time control circuit can keep the ESD-clamping NMOS turned on for the
expected maximum duration of an ESD event. From the measured results under the
system-level ESD test, two ESD-transient detection circuits designed with feedback loop in
the power-rail ESD clamp circuits had been found suffering latchup-like failure. In order to
avoid such a latchup-like failure, it could be useful to reduce the latch strength of the
feedback loop in the ESD-transient detection circuit by suitable device dimension sizing. In
this work, another modified power-rail ESD clamp circuit is proposed to avoid such a
latchup-like failure. The proposed power-rail ESD clamp circuit can provide high enough
chip-level ESD robustness without suffering the latchup-like failure during the system-level

ESD test.
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2.4.1. Power-Rail ESD Clamp Circuit With NMOS Reset Function

Fig. 2.20 shows the proposed power-rail ESD clamp circuit with NMOS reset function to
overcome the latchup-like failure, which is realized with NMOS+PMOS feedback and an
additional NMOS device (Mnr1) to provide the reset function after system-level ESD stresses.
When the ESD-clamping NMOS is latched-on, the NMOS device (Mngr1) will be turned on
after the time out of RC time constant. Thus, the gate potential of the ESD-clamping NMOS

will be pulled down toward OV to release the “latch-on” state.

ESD-
Clamping
NMOS

INV20UT

MNFB

Fig. 2.20 The proposed power-rail ESD_elamp circuit with NMOS reset function to overcome
latchup-like failure.

2.4.2. Simulation Results

The NMOS device Mng; is used to release the “latch-on™ state of the ESD-clamping
NMOS. After system-level ESD tests, the potential on the Vriier node is charged toward the
voltage potential on Vpp. When the potential at the Vi, node is greater than the threshold
voltage of Mnri, Mnr; can be turned on to pull down any potential at V. Thus, the
“latch-on” state of the ESD-clamping NMOS caused by system-level ESD test can be
released. With the NMOS+PMOS feedback in the power-rail ESD clamp circuit, the dynamic
currents of Mpy, M2, MPFB, and MNFB determine the critical voltage to trigger on the
ESD-clamping NMOS. The dimensions of Mxg; and Mp; should be appropriately designed
with consideration of the NMOS+PMOS feedback loop. By increasing the device size of
Mnri, the latch-on time of ESD-clamping NMOS can be reduced. Therefore, the proposed

power-rail ESD clamp circuit with NMOS reset function can avoid the latchup-like failure
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after system-level ESD tests. Compared with power-rail ESD clamp circuits with
NMOS+PMOS feedback, the proposed power-rail ESD clamp circuit with NMOS reset

function has a shorter turn-on time of around 380ns.

2.4.3. Experimental Results

The proposed power-rail ESD clamp circuit with NMOS reset function has been designed
and fabricated in a 0.18-um CMOS process. Measurements were performed to compare the
system-level ESD robustness between this proposed and the original power-rail ESD clamp

circuits.

2.4.3.1. Turn-On Verification

To verify the ESD-transient detection function of the proposed power-rail ESD clamp
circuit with NMOS reset function, a voltage pulse generated from a pulse generator is used to
simulate the rising edge of HBM ESD pulse, which has a square-type voltage waveform with
a rise time about 10 ns. When the voltage pulse, is applied to Vpp power line with Vgg
grounded, the sharp-rising edge of the rESD4like*.voltage pulse will trigger on the
ESD-clamping NMOS to provide a low-impedance path; between Vpp and Vss power lines.
Due to the limited driving current of the pulse generator; the voltage on Vpp power line will
be degraded by the turned-on ESD-clamping NMOS. The voltage waveform on Vpp power
line of the proposed power-rail ESD clamp ¢ircuit with NMOS reset function is shown in Fig.
2.21(a), where a voltage pulse with a pulse height of 5 V and a pulse width of 1000 ns is
applied to Vpp power line. The voltage waveform is degraded at the rising edge because the
ESD-clamping NMOS is simultaneously turned-on when the ESD-like voltage pulse is
applied to Vpp power line. The voltage degradation is dependent on the turned-on resistance
of the ESD-clamping NMOS and the output resistance (typically, 50 ohm) of the pulse
generator. A larger device dimension of the ESD-clamping NMOS leads to a more serious
degradation on the voltage waveform. When the Vgiier node is charged up to the threshold
voltage of the inverter]l formed by Mp; and My, the ESD-clamping NMOS will be turned off
and the voltage waveform will be restored to the original voltage level. In Fig. 2.21(a), the
applied 5-V voltage pulse has a recovery time of about 400 ns, which is corresponding to the
turn-on time of the ESD-clamping NMOS.

To verify the action of the proposed power-rail ESD clamp circuit with NMOS reset

function under normal power-on conditions, an experimental setup is shown in the inset
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figure of Fig. 2.21(b). A ramp voltage with a rise time of 0.1 ms and a magnitude of 1.8 V is
applied to Vpp power line with Vgg power line grounded to simulate the power-on condition.
The measured voltage waveform on Vpp power line is shown in Fig. 2.21(b), where the
voltage waveform is still remained as a ramp voltage without degradation. Thus, the
ESD-clamping NMOS in the proposed power-rail ESD clamp circuit with NMOS reset

function has been verified to keep off while the IC is in the power-on condition.
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Fig. 2.21 Measured voltage waveforms on the proposed power-rail ESD clamp circuit with

NMOS reset function in (a) ESD-stress condition, and (b) power-on condition.
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2.4.3.2. TLU Immunity

With the TLU measurement setup in Fig. 2.5, the measured Vpp and Ipp responses on the
proposed power-rail ESD clamp circuit with Vcpage of -1 kV and +1 kV are shown in Figs.
2.22(a) and 2.22(b), respectively. With a negative (positive) Vcharge Of -1 kV (+1 kV),
latchup-like failure does not occur in Fig. 2.22(a) (Fig. 2.22(b)) because Ipp is not

significantly increased and Vpp is not pulled down.
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Fig. 2.22 Measured Vpp and Ipp waveforms on the proposed power-rail ESD clamp circuit

under TLU test with Vcnarge Of (a) -1 kV, and (b) +1 kV.
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The TLU level of the proposed power-rail ESD clamp circuit with NMOS reset function
and the original power-rail ESD clamp circuit with NMOS+PMOS feedback against
system-level ESD test are listed in Table 2.4. Moreover, latchup-like failure does not occur in
the proposed power-rail ESD clamp circuit after TLU tests with ESD voltage of up to -1 kV
and +1 kV.

Table 2.4

Comparison on TLU Levels Between Proposed Power-Rail ESD Clamp Circuit with NMOS
Reset Function and the Original ESD Clamp Circuit With NMOS+PMOS Feedback Under

TLU Test
Power-Rail ESD Positive TLU | Negative TLU
Clamp Circuits Level Level

With NMOS+PMOS
Feedback and NMOS| Over +1 kV Over -1 kV
Reset Function

With NMOS+PMOS
Feedback

+12V -4V

2.4.3.3. System-Level ESD Susceptibility

The measured Vpp and Ipp responses on the proposed power-rail ESD clamp circuit
under system-level ESD tests with-ESD voltages of -10.kV and +10 kV are shown in Figs.
2.23(a) and 2.23(b), respectively. With a negative (positive) ESD voltage of -10 kV (+10 kV),
the latchup-like failure does not occur in‘Fig. 2.23(a) (Fig. 2.23(b)) because the Ipp is not
significantly increased and Vpp is not pulled down.

The susceptibility of the proposed power-rail ESD clamp circuit with NMOS reset
function and the original power-rail ESD clamp circuit with NMOS+PMOS feedback against
system-level ESD test are compared in Table 2.5. For the proposed power-rail ESD clamp
circuit, latchup-like failure does not occur.

Table 2.5

Comparison on the Susceptibility Between Proposed Power-Rail ESD Clamp Circuit with
NMOS Reset Function and the Original Power-Rail ESD Clamp Circuit With NMOS+PMOS
Feedback Under System-Level ESD Test

Power-Rail ESD Positive ESD | Negative ESD
Clamp Circuits Stress Stress

With NMOS+PMOS
Feedback and NMOS| Over +10 kV | Over -10 kV
Reset Function

With NMOS+PMOS
Feedback

+2.5 kV -0.2 kV
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Fig. 2.23 Measured Vpp and Ipp waveforms on the proposed power-rail ESD clamp circuit

with NMOS reset function under system-level ESD test with ESD voltage of (a) -10 kV, and
(b) +10 kV. No latchup-like failure occurs in this system-level ESD test.

2.4.3.4. EFT Tests
The measured Vpp and Ipp responses on the proposed power-rail ESD clamp circuit

under EFT tests with EFT voltages of -800 V and +800 V are shown in Figs. 2.24(a) and 2.24
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(b), respectively. With a negative (positive) EFT voltage of -800 V (+800 V), the latchup-like
failure does not occur in Fig. 2.24 (a) (Fig. 2.24 (b)) because the Ipp is not significantly

increased and Vpp is not pulled down.
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Fig. 2.24 Measured Vpp and Ipp waveforms on the proposed power-rail ESD clamp circuit
under EFT test with EFT voltage of (a) -800 V, and (b) +800 V. No latchup-like failure occurs
in this EFT test.
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The susceptibility of the proposed power-rail ESD clamp circuit with NMOS reset
function and the original power-rail ESD clamp circuit with NMOS+PMOS feedback against
EFT test is compared in Table 2.6. For the proposed power-rail ESD clamp circuit,

latchup-like failure does not occur.

Table 2.6

Comparison on Susceptibility Between Proposed Power-Rail ESD Clamp Circuit with
NMOS Reset Function and the Original Power-Rail ESD Clamp Circuit With NMOS+PMOS
Feedback Against EFT Tests

Power-Rail ESD Positive EFT | Negative EFT
Clamp Circuits Voltage Voltage

With NMOS+PMOS
Feedback and NMOS | Under +200 V | Under -200 V
Reset Function

With NMOS+PMOS
Feedback

Over +800 V Over -800 V

2.4.3.5. Chip-Level ESD Robustness

The chip-level ESD robustness (HBM and° CDM) and layout area of the five different
power-rail ESD clamp circuits integrated in this“work: are listed in Table 2.7. In order to
provide a low impedance path between Vpp and Vg power lines to efficiently discharge ESD
current under chip-level ESD stresses conditions, the ESD-clamping NMOS has been drawn
with a large device dimension (W/L=2000 um/0.18 pm). Therefore, the layout area of five
different power-rail ESD clamp circuits is dominated by the ESD-clamping NMOS.
ESD-transient detection circuits only occupy smaller part in the whole layout area, as
compared with the layout area of ESD-clamping NMOS. The proposed power-rail ESD
clamp circuit with NMOS reset function and the aforementioned four different power-rail
ESD clamp circuits can pass HBM ESD stress of over #8 kV and CDM ESD stress of over
1 kV.

CDM test in this work was carried out according to ESDA CDM test standard and the
package type of test chip is 40-pin side braze package. Five different power-rail ESD clamp
circuits are all included in a test chip with separated Vpp and Vg pins, where the die size of
test chip is 1500 x 1500 pm?. During CDM ESD test on the test chip with different power-rail
ESD clamp circuits, the direct charging method in the ESDA CDM test standard was used.
The 1 kV ESD voltages are directly charged into the Vgss pin that is connected with the
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p-type substrate of the test chip, and then the corresponding separated Vpp pin of the selected
power-rail ESD clamp circuit is touched by external ground. After CDM test with ESD
voltage of +1 kV, the leakage current of power-rail ESD clamp circuits under 1.8-V bias was
re-checked to be within 20% variation of its initial value. CDM ESD characterization is
highly dependent on the package type, die size, and the adopted ESD test method. A chip
with large parasitic capacitance from the package or from the large die size often has a lower
CDM ESD robustness.

Table 2.7

Comparison on HBM Level, CDM Level, and Layout Area among Five Different Power-Rail
ESD Clamp Circuits in a 0.18-um CMOS Process

Layout Area
Power-Rail ESD | HBMESD | CDMESD |- TESD-Transient
Clamp Circuits Level Level -Llamping | o4 ction
NMOS fecti
Circuit
Typ'gi;;fif:sed Over#8KkV | Over#1kV |95pum x 80 um |35 um x 80 um
"!‘;2 d:“:gks Over#8KV | Over#1kV |95 um x 80 um |40 um x 80 um
W'thF"L'Z'S;‘;iMOS Over#8KkV | Over#1kV |95um x 80 um |40 um x 80 um
lmg‘sclf:::g:fk Over#8kV | Over#1kV |95 um x 80 um |40 um x 80 um
With NMOS+PMOS
F:&%bs“‘;'; :2:' Over#8 KV | Over#1kV |95 um x 80 um |40 um x 80 pm
Function

CDM test in this work was carried out according to ESDA CDM test standard and the
package type of test chip is 40-pin side braze package. Five different power-rail ESD clamp
circuits are all included in a test chip with separated Vpp and Vs pins, where the die size of
test chip is 1500 x 1500 pm?*. During CDM ESD test on the test chip with different power-rail
ESD clamp circuits, the direct charging method in the ESDA CDM test standard was used.
The £1 kV ESD voltages are directly charged into the Vs pin that is connected with the
p-type substrate of the test chip, and then the corresponding separated Vpp pin of the selected
power-rail ESD clamp circuit is touched by external ground. After CDM test with ESD
voltage of £1 kV, the leakage current of power-rail ESD clamp circuits under 1.8-V bias was
re-checked to be within 20% variation of its initial value. CDM ESD characterization is

highly dependent on the package type, die size, and the adopted ESD test method. A chip
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with large parasitic capacitance from the package or from the large die size often has a lower

CDM ESD robustness.

2.5. Conclusion

Some of advanced on-chip power-rail ESD clamp circuits with feedback loop have been
found to suffer the latchup-like failure after system-level ESD tests. A modified design on the
power-rail ESD clamp circuit with NMOS+PMOS feedback, by using NMOS reset function
to turn off the ESD-clamping NMOS after system-level ESD tests, has been successfully
verified in a 0.18-um CMOS process. The proposed power-rail ESD clamp circuit with
NMOS reset function can sustain the system-level ESD stress of over =10 kV without
causing latchup-like failure after system-level ESD tests. The proposed power-rail ESD
clamp circuit has the advantages of smaller RC area, high ESD robustness, and no

latchup-like failure, which is much suitable for CMOS ICs in system applications.
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Chapter 3

Transient-Induced Latchup in CMOS Integrated
Circuits under EFT Tests

3.1. Background

Transient-induced latchup (TLU) has been a primary reliability issue in
complementary-metal-oxide-semiconductor (CMOS) integrated circuit (IC) products
[51]-[77]. This TLU tendency is caused by several factors. First, aggressive scaling of both
device feature size, as well as the reduced clearance between p-channel
metal-oxide-semiconductor (PMOS) and n-channel metal-oxide-semiconductor (NMOS)
transistors, leads the inevitable parasitic silicon controlled rectifier (SCR) in CMOS ICs to
exhibit poor latchup immunity. The typical circuit structure and the device cross-sectional
view of a CMOS inverter in digital ICs are shown in Figs. 3.1(a) and Fig. 3.1(b), respectively.
The SCR structure in the inverter is formed by the.parasitic PNPN (P+/N-well/P-well/N+)
structure between Vpp and Vgg of EMOS cireuits. The equivalent circuit of the SCR structure
is formed by a vertical PNP bipolar_junction transistor (BJT) (Qpnp) coupled with a lateral
NPN BJT (Qnpn). When one of the BJTs is turned on, the mechanism of positive feedback
regeneration in the SCR structure will be initiated [52]. If the product of beta gains of these
two BJTs can be kept greater than one, the SCR structure will hold in a stable latching state.
When the parasitic SCR in CMOS ICs is triggered to cause latchup, it generates a
low-impedance path from Vpp to Vss with a high current that often burns out the chip. It has
been also reported that the latchup triggering current does not significantly increase with the
scaling rule of CMOS processes while the power supply voltage keeps decreasing. Second,
there are much more complicated implementations of CMOS ICs, such as mixed-signal,
multiple power supplies, radio frequency (RF), system-on-chip (SOC), etc. The environment
where these CMOS devices are located will suffer from considerable electrical transient
disturbances coming from both interior and exterior of CMOS ICs. Thus, such electrical
transients often unpredictably exist on power, ground, or input/output (I/O) pins of CMOS
ICs, which induces TLU much more often than before. Third, more and more ICs are rather
susceptible to TLU under the strict requirements of reliability test standards, such as the

electrical fast transient (EFT) test standard of IEC 61000-4-4 [78]-[80]. The /O, data, and
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control ports of electronic products must sustain the EFT peak voltage of 2 kV to achieve

the immunity requirement of “level 4” in the IEC 61000-4-4 test standard. It has been
reported that some CMOS ICs are very susceptible to electrical transients, even though they
have passed the component-level ESD specifications such as human-body-model (HBM) of
+2 kV, machine-model (MM) of +200 V, and charged-device-model (CDM) of +1 kV.

VDD
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\\ Path
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®
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Fig. 3.1 (a) Circuit structure, and (b) device cross-sectional view of a CMOS inverter.

-57 -



Figs. 3.2(a) and 3.2(b) show the emission microscope (EMMI) photographs of
EFT-induced TLU failure in a 0.5-um CMOS IC product with the power-supply voltage of
5V. The EMMI is a widely used technique for wafer level reliability and yield analysis for
semiconductor devices. In general, this analysis is performed by collecting the recombination
radiation emitted by recombination of electrons and holes. For NMOS transistors under high
electric fields and currents, the radiative intraband transitions of photons are the predominant
emission mechanism in EMMI analysis. Fig. 3.2(a) shows the hot spots of latchup locations
in the test chip after EFT test, and Fig. 3.2(b) show the corresponding zoomed-in latchup
location, which is located across the boundary between NMOS and PMOS transistors in a
digital logic block. From the test results shown in Figs. 3.2(a) and 3.2(b), under EFT tests, the
parasitic SCR structure located across the boundary between NMOS and PMOS transistors
can be initiated to cause latchup event. Due to mechanism of positive feedback regeneration,
the SCR structure can provide a low-impedance path to conduct high current from Vpp to
ground to burn out the IC. This result has demonstrated that the EFT test can trigger on the
parasitic SCR structure to cause TLU eVent ity real IC products. In this work, an SCR
structure is designed to clarify the TLU event and to investlgate the mechanism under EFT

tests with positive and or negative EFT Voltagés o i 3 3

. b =

(a) (b)
Fig. 3.2. Emission microscope (EMMI) photographs of EFT-induced TLU event in a 0.5-pum

CMOS IC product with power-supply voltage of 5V. (a) Hot spots of latchup locations in the
chip after EFT test, and (b) the corresponding zoomed-in latchup location, which is located

across the boundary between NMOS and PMOS transistors in a digital logic block.
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It has been clarified that the “sweep-back current” [26] caused by the electrical
transients on power (ground) pins of CMOS ICs is the major cause of TLU. TLU can be
initiated by the sweep-back current when an electrical transient on Vpp increases from its
negative peak voltage to a positive voltage. Such a sweep-back current is strongly dependent
on the parameters of the electrical transient voltage waveform, such as transient peak voltage,
damping frequency, and duration time [27]. In real situations, however, all these parameters
depend on the set voltage of EFT generator, metal traces of board-level (chip-level) layout,
board-level noise filter network, etc. To suppress the occurrence of TLU, a board-level noise
filter could be a solution to enhance the TLU immunity of CMOS ICs, because the
board-level noise filter network between the noise sources and CMOS ICs can decouple,
bypass, or absorb noise voltage (energy) [30]. Thus, the TLU immunity of CMOS ICs
strongly depends on the board-level noise filter network. However, how the board-level noise
filter network can enhance the TLU immunity of CMOS ICs against the EFT tests was not
investigated so far.

In this work, TLU induced in CMOS;ICs by EFT tests is clearly studied [81]. Another
purpose of this work is to investigate a highyefficiency board-level noise filter network for
TLU prevention under EFT tests. Different types.of noise filter networks are evaluated to find
their improvements to TLU immunity, 'including capacitor filter, ferrite bead, transient
voltage suppressor (TVS), and several high-order noise-filters such as LC-like (2"*-order) and
n-section (3"-order) filters. All the experimental'results have been verified with the SCR test

structure fabricated in a 0.18-um CMOS process.

3.2. SCR Test Structure

The SCR structure is used as the test structure for TLU measurements under EFT tests
because the occurrence of latchup is due to the inherent SCR in bulk CMOS ICs. The device
cross-sectional view and layout top view of the SCR structure are sketched in Figs. 3.3(a) and
3.3(b), respectively. The anode of the SCR is connected to the N+ and P+ diffusions in
N-well, whereas the cathode of the SCR is connected to the N+ and P+ diffusions in P-well.
The geometrical parameters such as Sa, Sc, and Sac represent the distances between the P+
diffusions in N-well, P+ and N+ diffusions in P-well, and P+ diffusion in N-well and N+
diffusion in P-well, respectively. In the SCR structure, the N+ and P+ diffusions in N-well are
connected to Vpp, whereas the N+ and P+ diffusions in P-well are connected to ground. Once

latchup occurs through the SCR structure, a huge current will be generated by the mechanism
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of positive-feedback regeneration [6]. As a result, the huge current will conduct through the

low-impedance path from Vpp to ground, and further probably burn out the chip due to
excess heat.
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Fig. 3.3 (a) Device cross-sectional view, and (b) layout top view, of the SCR test structure for

TLU measurements.
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In this work, to investigate the occurrence of TLU under EFT tests, the SCR structure
with the layout parameters of Sx=29.12 pm, Sc=14.25 pm, and Spc=4 pm in a 0.18-um
CMOS process with 3.3-V devices is used for the TLU measurements.

The equivalent circuit schematic of the SCR structure is shown in Fig. 3.4(a). The SCR
structure consists of a lateral NPN BJT (Qnpn) and a vertical PNP BJT (Qpnp) to form a
2-terminal/4-layer PNPN (P+/N-well/P-well/N+) structure. The switching voltage of the SCR
device is dominated by the avalanche breakdown voltage of the N-well/P-well junction,
which could be as high as ~19 V in a 0.18-um CMOS process. When the positive voltage
applied to the anode of the SCR is greater than the breakdown voltage of the N-well/P-well
junction with its cathode relatively grounded, the hole and electron currents will be generated
through the avalanche breakdown mechanism. The hole current will flow through the P-well
to the grounded P+ diffusion, whereas the electron current will flow through the N-well to N+
diffusion connected to the anode of SCR. As long as the voltage drop across the P-well
resistor (Rpwen) (N-well resistor (Rnwen)) 1s greater than the cut-in voltage of the PN junction,
the Qnpn (Qpnpe) transistor will be turned.oni to injeet the electron (hole) current to further bias
the Qpnp (Qnpn) transistor, which initiates the SCR latching action. Finally, the SCR will be
fully triggered into its latching staté-with the positive-feedback regenerative mechanism.

In CMOS ICs, the P+ anode (source. of PMOS) and the N+ well contact are connected to
Vpp, whereas the N+ cathode (source of NMOS) and ‘the P+ well contact are connected to
ground. Once latchup occurs inside the SCR structure, huge current will be generated through
a mechanism of positive-feedback regeneration. As a result, the huge current will conduct
through a low-impedance path from Vpp to ground, and further probably burn out the chip
due to excess heat.

The dc I-V characteristic of the fabricated SCR device is shown in Fig. 3.4(b). Once the
SCR is triggered on, the required holding current to keep the NPN and PNP transistor on can
be generated through the positive-feedback latchup mechanism without involving the
avalanche breakdown again. Therefore, the SCR has a lower holding voltage (Vioa) of
typically ~1.5 V in this 0.18-um CMOS process. If the negative voltage is applied on the
anode terminal of the SCR, the parasitic diode (N-well/P-well junction) inherent in the SCR
structure will be forward biased to clamp the negative voltage at the cut-in voltage of diode.
Whatever, the energy is, positive and negative, so the SCR device can sustain the highest

ESD robustness within a smaller layout area in CMOS ICs.
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Fig. 3.4 (a) Equivalent circuit schematic of SCR device. (b) I-V characteristics of SCR device

3.3. Experimental Measurements

The TLU measurement setup under EFT tests is sketched in Fig. 3.5. The EFT generator

can generate the positive and negative transient EFT pulses on power pins of the device under
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test (DUT). The SCR device shown in Figs. 3.3(a) and 3.3(b) is used as the DUT where the
anode (cathode) of SCR is connected to Vpp (ground). Ipp is the total current flowing into the
anode of SCR. The Ipp current waveform is monitored by a separated current probe. The
current-limiting resistance (5 ) is used to protect the DUT from electrical-over-stress (EOS)
damage during a high-current (low-impedance) latchup state. With both positive and negative
EFT voltages, the measured Vpp (Ipp) transient response is recorded through the voltage
(current) probe on the oscilloscope. This clearly indicates whether TLU occurs (Ipp

significantly increases) during the TLU tests with EFT pulses.

Voltage Probe

Current-Limiting
ReSIstance
Current
|DD A~ Probe

- N ~
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Generator (SCR) Supply Oscilloscope

(3.3V)
_ J V,
i l

Fig. 3.5 Measurement setup for TLU under EFT tests.

3.3.1. TLU Tests with EFT Generator

With a negative EFT voltage of -200 V, the measured Vpp and Ipp transient responses on
the SCR structure are shown in Fig. 3.6(a). In the beginning with normal power supply
(Vbp=3.3 V, Vgs=0 V), the SCR operates in the off state and Vpp is kept at the normal
operating voltage (+3.3 V). Within this duration before EFT pulse applied, the N-well/P-well
junction is in a normal reverse-biased state, and Ipp only comes from the negligible leakage
current in the reverse junction. When the EFT pulse is applied with a negative EFT voltage,
Vpp begins to decrease rapidly from +3.3 V and will eventually reach the negative peak

voltage. Within this duration, the N-well/P-well junction becomes forward biased when Vpp
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drops below OV. Thus, the forward-biased N-well/P-well junction can generate the forward
current. When Vpp increases from the negative peak voltage back to its normal operating
voltage (+3.3 V), the N-well/P-well junction will rapidly change from the forward-biased
state to the reverse-biased state. Meanwhile, inside the N-well (P-well) region, a large
number of stored minority holes (electrons) offered by the forward peak current will be
instantaneously “swept-back” to the P-well (N-well) region where they originally come from.
Therefore, such “sweep-back™ current, Is,, will produce a localized voltage drop and flow
through the parasitic P-well or N-well resistance. Once this localized voltage drop approaches
the cut-in voltage of the PN junction, the emitter-base junction of either the vertical PNP or
the lateral NPN BJT in the SCR structure will be forward biased to further trigger on latchup.
Afterwards, Ipp will greatly increase while Vpp returns to above 0V, which indicates the
occurrence of latchup. After EFT tests, Vpp will eventually be pulled down to the latchup
holding voltage (+1.5 V), as shown in Fig. 3.6(a). Finally, the Vpp (Ipp) waveform is locked
at a low voltage (high current) latchup state after this transition induced by the EFT pulse.
From the measured results in Fig. 3.6(a),sthe occurrence TLU in SCR under EFT test had
been observed because the huge Ipp of ~160-mA.can be found and Vpp finally pulls down to
the holding voltage (+1.5 V). TLU-will be triggered.on due to large enough Ig, while Vpp
returns from negative peak voltage to the positive voltage.

With a positive EFT voltage of +200 V, the measured Vpp and Ipp transient responses on
the SCR structure are shown in Fig. 3.6(b). Unlike the Vpp waveform with a negative EFT
voltage shown in Fig. 3.6(a), where Vpp begins decreasing rapidly, Vpp starts to increase and
reaches a positive peak voltage. Within this duration, the N-well/P-well junction is always
reverse biased within the SCR. Afterwards, Vpp decreases from the positive peak voltage to
the negative peak voltage. Within this duration, the N-well/P-well junction gradually changes
from the reverse-biased state to the forward-biased state, while more minority electrons
(holes) are injected into the P-well (N-well) region. When Vpp returns from the negative peak
voltage to the positive voltage, these minority electrons (holes) are subsequently swept back
to the N-well (P-well) regions where they originally come from and finally TLU is triggered
on. As a result, Ipp will considerably increase when Vpp returns from the negative peak
voltage to the positive voltage. After the EFT test, TLU occurs because the huge Ipp of ~160
mA can be found and Vpp eventually pulls down to its latchup holding voltage of +1.5 V, as
shown in Fig. 3.6(b).

The SCR structure in bulk CMOS processes is very susceptible to TLU under an EFT

pulse as low as £200 V. Due to such weak immunity against TLU under EFT tests, some
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latchup prevention methods should be provided to improve TLU immunity of CMOS ICs.
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Fig. 3.6 Measured Vpp and Ipp transient waveforms on SCR test structure under EFT tests

with EFT voltage of (a) -200 V, and (b) +200 V.
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3.3.2. Physical Mechanism

Under the EFT test with the negative voltage pulse, it has been proved that the
swept-back current, Igp, caused by the minority carrier stored within the parasitic PNPN
structure of CMOS ICs is the major cause of the TLU. For the sake of simplicity, two
reasonable assumptions are made. First, the N-well/P-well junction is treated as an ideal 1-D
diode with step junction profile, as in the inset figure shown in Fig. 3.7. Second, the storage
time of minority carriers is assumed to be negligible because Ipp can rapidly follow the
polarity variation of Vpp. Therefore, from the assumptions, the stored minority holes (Qstored)

inside the N-well region can be expressed as

Osiorea = J‘j: |:Pn (x,1)

o~ P, }dx, (1)

where Py« 1s the hole concentration in the N-well region and ts (tg) is the initial (final)
timing point of a specific duration when Ig}, exists. Qsiored represents the total stored minority
carriers (holes) causing Igsp (ta<t<tg) inside the N-well region. Compared with the quasi-static
latchup test, the specific duration (ta<t<tg) in the:EFT test is much shorter than that in the
quasi-static latchup test because the:EFT pulse duration is only several tens of nanoseconds
[19]. The rise time (fall) time for the 'quasi-static latchup test is much longer (~ps) than that
for the EFT test. Thus, once these Qsgoreq/aré-swept-back to the regions where they come from,

the averaged I, can be expressed as

I QSmred . (2)

Ave tB _ tA

In both TLU and quasi-static latchup conditions, if the initial (t=t) and the final (t=tg)
voltages during ty<t<tg are equal (i.e., with the same amount Qsoreq), the averaged Isp, in the
TLU case will be about 10°~10° times larger than that in the quasi-static latchup case. The
averaged Igp, is rather small and hard to trigger on latchup in the quasi-static latchup test.
Therefore, the averaged Ig;, is large enough to easily trigger on latchup in the SCR structure
under the EFT test.

The physical mechanism of TLU under the EFT tests can be well proved by comparing
the experimental results. As shown in Figs. 3.6(a) and 3.6(b), large enough Ig, caused by the
instantaneously forward-biased N-well/P-substrate junction can easily trigger on TLU under

EFT tests with positive and negative EFT voltages.
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Fig. 3.7 The total stored minority carriers, Qsiored, causing ISb (ta<t<tg) inside the N-well
region. The inset figure is an ideal 1-D diode used for deriving the 1-D analytical model of

the averaged Isp (Zlave).

3.4. Evaluation on Board-Level Noise Filters to Suppress Latchup
under EFT Tests

Different types of noise filter networks are investigated to find their effectiveness for
improving the TLU immunity of an SCR structure against EFT tests, including: (1) capacitor
filter, (2) LC-like filter, (3) m-section filter, (4) ferrite bead, (5) transient voltage suppressor
(TVS), and (6) hybrid type filters based on the combinations with TVS and ferrite bead. In
this measurement, the SCR structure for all test cases has the same layout parameters of
SA=29.12 pm, Sc=14.25 um, and Sac=4 pm.

The modified TLU measurement setup under EFT tests with noise filter network is
sketched in Fig. 3.8. Noise filter networks between the EFT generator and the DUT are used
to decouple, bypass, or absorb electrical transient voltage (energy) produced by the EFT
generator. The DUT in this work is the SCR structure shown in Figs. 3.6(a) and 3.6(b). The
anode of the SCR is connected together to Vpp, whereas the cathode of the SCR is connected

together to ground. Ipp is the total current flowing into the anode of the SCR.
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Fig. 3.8 Measurement setup for TLU combined with noise filter network under EFT tests.

3.4.1. Capacitor Filter, LC-Like Filter, and m-Section Filter

Three types of noise filter networks: capacitor filter, LC-like filter, and m-section filter
are depicted in Figs. 3.9(a), 3.9(b), and- 3.9(c), reéspectively. Fig. 3.10 shows their
improvements on both positive and:negative TLU levels of the SCR structure.

The ceramic disc capacitor with advantages such/as high rated working voltage (1 kV),
good thermal stability, and low loss over.a wide range of frequency is employed as the
decoupling capacitor in the noise filter of Fig. 3.9(a). Decoupling capacitances ranging from
1 nF to 0.1 pF are used to investigate their improvements on the TLU level of the SCR
structure. With the aid of the capacitor filter to reduce the electrical transient voltage on Vpp,
the positive TLU level can be significantly enhanced from +200 V (without decoupling
capacitor) to over +1000 V (with a decoupling capacitance of 0.1 uF), as shown in Fig. 3.10.
Similarly, the negative TLU level can be also greatly enhanced from -200 V (without
decoupling capacitor) to -800 V (with a decoupling capacitance of 0.1 uF). Thus, by choosing
a decoupling capacitor with proper capacitance value, a simple 1st-order decoupling capacitor
placed between Vpp and Vgg (ground) of CMOS ICs can be used to appropriately improve
the TLU immunity of DUT under the EFT tests.

The ferrite bead, which is commonly used for absorbing RF energy, substitutes for an
inductor as a 2"-order LC-like filter component, as shown in Fig. 3.9(b). A resistor-type
ferrite bead (part number: RH 3.5x9x0.8 with minimum impedance of 80 Q (120 Q) at 25
MHz (100 MHz)) is employed. Due to a higher insertion loss (2"-order filter), such an
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LC-like filter has more TLU level enhancements than the capacitor filter (1%-order filter) in
Fig. 3.9(a). For example, the negative TLU level can also be greatly enhanced from -200 V
(without decoupling capacitor) to over -1000 V (with a decoupling capacitance of 0.1 uF).
Thus, the LC-like filter can be used to achieve a higher negative TLU level.

A 3rd-order m-section filter is used to further enhance the TLU level of the SCR, as
shown in Fig. 3.9(c). This m-section filter consists of a ferrite bead (the same one in Fig.
3.9(b)) and two decoupling capacitors with equal decoupling capacitance. With the highest
insertion loss among the noise filter networks in Figs. 3.9(a), 3.9(b), and 3.9(c), the TLU
level of the SCR can be most improved. For example, the positive TLU level can be
significantly enhanced to over +1000 V (with a decoupling capacitance of 47 nF), as shown
in Fig. 3.10. Similarly, the negative TLU level can also be significantly enhanced to over
-1000 V (with decoupling capacitance of 47 nF). From the comprehensive measured results
in Fig. 3.10, the decoupling capacitance can be optimized according to the desired TLU level

and the type of board-level noise filter chosen.
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Fig. 3.9 Three types of noise filter network investigated for their improvements on the TLU

level of the SCR. (a) Capacitor filter, (b) LC-like filter, and (c) n-section filter.
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three types of noise filter networks: capacitorfilter, LC-like filter, and n-section filter.

3.4.2. Ferrite Bead, TVS, and-Hybrid Type Filters

Four other types of noise filter networks: ferrite bead, TVS, hybrid type I, and hybrid
type II are depicted in Figs. 3.11(a), 3.11(b), 3.11(¢); and 3.11(d), respectively. Fig. 3.12
shows their improvements on both positive ‘and negative TLU levels of the SCR test
structure.

The ferrite bead can absorb RF energy while the noise-induced transient current flows
through it. The resistor-type ferrite beads with three different minimum impedances at 25
MHz are employed in this work: 35 Q3, 50 Q, and 80 Q. However, a noise filter network with
only ferrite bead alone does not have an improvement on the TLU level due to a lesser
energy-absorbing ability at frequencies lower than 10 MHz. As shown in Fig. 3.12, the TLU
level of the SCR structure will not be efficiently improved (the magnitudes of both positive
and negative TLU levels are all equal to 200 V), even though the minimum impedance of the
ferrite bead at 25 MHz is as high as 80 Q.

TVS, which is commonly used to bypass/decouple the high-frequency transient noises,
is also considered for its improvement on the TLU immunity of the SCR. The
bidirectional-type TVS components (part number: P6KE series) with three different
breakdown voltages, Vgg, (£13 V, £82 V, and +200 V) are employed. As shown in Fig. 3.12,
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the TVS components with breakdown voltage of £82 V and +£200 V fail to efficiently
improve the TLU level of the SCR (the magnitudes of both positive and negative TLU levels
are all equal to 200 V), because TLU occurs prior to the breakdown of the high-Vgr TVS.
Only the TVS with a low Vgr can effectively enhance the TLU level. For example, the
positive TLU level can be enhanced to +520 V for TVS with breakdown voltage of £13 V.
Thus, to optimize the efficiency of TVS for TLU prevention, the correlations between Vgg of

TVS and the intrinsic TLU level of DUT should be clarified in advance.
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Fig. 3.11 Four types of noise filter networks investigated for their improvements on the TLU

level of the SCR. (a) Ferrite bead, (b) TVS, (c) hybeid type I, and (d) hybeid type II.

Hybrid type filters consisting of both ferrite bead (minimum impedance of 80 Q at 25
MHz) and TVS (with different Vgr) are also evaluated for their improvements on the TLU
level of the SCR, as shown in Figs. 3.11(c) and 3.11(d). Hybrid types I and II are the

counterparts of the LC-like and m-section filters where the TVS substitutes for the decoupling
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capacitor as a low-pass component. Because such higher-order hybrid type filters provide
higher insertion loss, they enhance the TLU level of SCR more significantly than ferrite bead
or TVS alone, as shown in Fig. 3. 12. For example, hybrid type I with a low-Vpr (13 V)
TVS can enhance the positive TLU level up to +550 V. For hybrid type II with a low-Vgr
(£13 V) TVS, the positive (negative) TLU level can be enhanced to over +1000 V (-780 V).
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Fig. 3.12 Relations among the TLU level'of SCR, minimum impedance of ferrite bead at

25MHz, and the breakdown voltage of TVS with four types of noise filter networks: ferrite
bead, TVS, hybrid type I, and hybrid type II.

3.4.3. Discussion

Through investigating different types of noise filter networks to find their improvements
on TLU levels in Figs. 3.10 and 3.12, it is found that TVS (hybrid type II) does not improve
the negative TLU level as greatly as the 1%-order capacitor filter (LC-like filter) does. For
example, the negative TLU level can be significantly enhanced to over -1000 V using an
LC-like filter with a decoupling capacitance of 0.1uF, while the TLU level is -780 V using
the hybrid type II with a low Vggr (£13 V) TVS. Thus, the decoupling capacitor is better than
TVS for being a noise-bypassing component in the noise filter networks, because it not only
can enhance the negative TLU level more efficiently, but also is compatible to CMOS
technology for integrating the noise filter into the CMOS chips. Especially for some TVS

components, the fabrication is made by modified processes with special materials. Therefore,
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it may be difficult to integrate the TVS into the silicon chip due to complex process
integration. To further improve the TLU immunity of electronic products, chip-level solutions
should be adopted to meet the applications with high EFT specification and reduce the cost of
electronic products. For example, an on-chip power-rail ESD clamp circuit between Vpp and
Vss power lines can provide a low impedance path to efficiently discharge ESD current
during ESD stress conditions. For CMOS ICs under EFT tests, it may be a solution to apply
an on-chip power-rail ESD clamp circuit to suppress electrical transients and avoid
unexpected current into the internal circuits. In the on-chip circuit design techniques, some
circuits have been also proposed to avoid latchup or to detect the electrical fast transients
under ESD stress conditions The chip-level solutions have the advantages of single chip
integration in nanoscale CMOS technology and substantially reduce the total cost of
microelectronic products. Therefore, the chip-level solutions to meet high EFT specification

for microelectronic products are highly requested by the IC industry.

3.5. Conclusion

The positive and negative EET veltage pulses have been identified as the realistic
TLU-triggering source under EFT tests. From experiimental measurements, the specific
“swept-back” current caused by the minority -carriers stored within the parasitic PNPN
structure of CMOS ICs has been proven to.be.the cause of TLU. Thus, TLU reliability may
still exist in qualified CMOS IC products through the quasi-static latchup test. With
understanding of the physical mechanism and experimental verification on TLU, circuit
design and layout techniques in CMOS ICs can be developed against TLU events under EFT
tests.

By choosing proper components in each noise filter network, the TLU immunity of
CMOS ICs under the EFT tests can be greatly improved. From the experimental results, the
decoupling capacitor is better than TVS as a noise-bypassing component in noise filter
networks, because it not only can enhance the negative TLU level more efficiently, but is also
compatible to CMOS technology for integrating the noise filter into chips. The optimal
design for enhancements of TLU immunity can be achieved through a clear characterization
of TLU prevention from different kinds of board-level noise filters. In addition, chip-level
solutions should be further developed to meet high EFT immunity requirement for

microelectronic products.
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Chapter 4

On-Chip Transient Detection Circuit Design for
Electrical Transient Disturbance Protection
(Scheme I)

A novel on-chip transient detection circuit I for system-level electrostatic discharge
(ESD) protection is proposed in this work. The circuit performance to detect positive and
negative electrical transients under system-level ESD and EFT zapping conditions has been
investigated by the HSPICE simulation and verified on silicon. The experimental results have
confirmed that the proposed on-chip transient detection circuit I can successfully memorize
the occurrence of the system-level ESD and EFT events. The detection output of proposed
on-chip transient detection circuit I can be used as the firmware index to execute system
recovery procedure to provide a hardware/firmware co-design to improve the immunity of

CMOS IC products against system-level ESD and EFT stress.

4.1. Background

In order to solve the electrical transient disturbance events, one effective method is to
add some discrete noise-bypassing components or board-level noise filters into the CMOS IC
products to decouple, bypass, or absorb the electrical transient voltage (energy) under
system-level ESD test. The system-level ESD immunity of CMOS ICs under system-level
ESD test can be significantly enhanced by choosing proper noise filter networks. As shown in
Fig. 4.1, some discrete components (such as the ferrite bead (FB), and RC low-pass filters)
are added into printed circuit board (PCB) of a keyboard product to restrain the electrical
transients from the system-level ESD and EFT tests. The electrical transient disturbance
immunity of CMOS ICs under system-level ESD and EFT tests can be significantly enhanced
by choosing proper noise filter networks. However, the additional discrete noise-bypassing
components also substantially increase the total cost of microelectronic products. Therefore,
the chip-level solutions to meet high electrical transient disturbance immunity specification
for microelectronic products without additional discrete noise-decoupling components added

on PCB are highly desired by IC industry.
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Fig. 4.1 The board-level solution for microelectronic products against electrical transient

disturbance.

4.2. On-Chip Transient Detection Scheme I Designed with 3.3-V

Devices

The proposed on-chip transient detection circuit I is designed to detect the positive and
negative fast electrical transients under thessystem-level ESD and EFT tests. Under the
normal power supply condition, the output state (Veur) of the proposed on-chip transient
detection circuit is designed to keep at initral logic state. Under the system-level ESD and
EFT tests, the output state (Vour) of the proposed on-chip transient detection circuit I is
designed to transit from initial logic state to conjugate logic state. Therefore the proposed
on-chip transient detection circuit I can be designed to memorize the occurrence of
system-level ESD and EFT events.

Fig. 4.2 shows the proposed on-chip RC-based transient detection circuit I. The
RC-based circuit structure is designed to realize the transient detection function. The
two-inverter latch (INV_2 and INV_3) is designed to memorize the logic state before and
after system-level ESD stress. The NMOS (M,,) is used to provide the initial reset function to
set the initial output voltage (Vour) level to 0 V. In Fig. 4.2, the node Vx is biased at Vpp and
the node Vg is biased at Vss during the normal operation condition. Under the system-level
ESD and EFT stresses, the electrical transient voltage has a fast rise time, on the order of a
nanosecond (ns). The voltage level of Vx has a much slower voltage response than the
voltage level at Vpp because the RC circuit has a time constant, on the order of a
microsecond (ps). Due to the longer delay of the voltage increase at the node Vx, the PMOS
device in the inverterl (INV_1) can be turned on by the overshooting ESD voltage and

conducts a voltage to the node Vg to further turn on the M,; device. The turned-on My,
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device can pull down the output voltage level at the node Va. Therefore, the logic level stored
in the two-inverter latch can be changed to detect the system-level ESD and EFT events. The
output voltage (Vour) of the proposed on-chip RC-based transient detection circuit I is finally

changed from OV to 3.3 V to memorize the occurrence of system-level ESD and EFT events.

Vop

INV_2

R
Vour
C Buffer
Vo M;.
X

INV_3
r{ Mnr
Vss
VReseT

Fig. 4.2 Schematic diagram of the proposed novel transient detection circuit I.

4.3. HSPICE Simulation Results
4.3.1. System-Level ESD Zapping -Conditions

Figs. 4.3(a) and 4.3(b) show the measured transient voltage waveform on the power line
of CMOS ICs inside the EUT with ESD voltages of +1 kV and -1 kV, respectively. The
power lines (pins) of the CMOS ICs no longer maintain their normal voltage levels, but acts
as an underdamped sinusoidal voltage instead.

From the measured electrical transient waveform shown in Figs. 4.3(a) and 4.3(b), the
underdamped sinusoidal voltage waveform on power line of CMOS IC during the
system-level ESD stress has been observed. There, a sinusoidal time-dependent voltage

source with damping factor parameter is given by

V(ty=V,+V, -sinxf(t—t,)) exp(—(t—t,)D,). (D)

It is used to simulate an underdamped sinusoidal voltage on the Vpp and Vg lines of the
proposed on-chip transient detection circuit I, as shown in Fig. 4.4. With the proper
parameters such as the applied voltage amplitude V7, initial dc voltage V), damping factor D,,

damping frequency f (=Dr,), and time delay ¢, the underdamped sinusoidal voltage can be
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used to simulate the electrical transient waveforms under system-level ESD tests. In the
HSPICE simulation with positive-going or negative-going underdamped sinusoidal
waveforms, the same parameters of D,=2x10"s™, /= 50 MHz, and #~= 500 ns are used (which
is corresponding to the measured transient waveform in Figs. 4.3(a) and 4.3(b)). For the
positive-going underdamped sinusoidal waveform, the polarity of V, parameter is positive.
For the negative-going underdamped sinusoidal waveform, the polarity of V, parameter is
negative. In addition, V) is 3.3 V (0 V) as the initial dc voltage on the Vpp (Vss) line of the

proposed on-chip transient detection circuit 1.
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Fig. 4.4 The specific time-dependent underdamped sinusoidal waveforms applied on the power

and ground lines to simulate the transient disturbance under system-level ESD zapping.

The simulated Vpp, Vss, and Voupavaveforms of the proposed on-chip transient detection
circuit I with a positive-going underdamped sinusoidal voltage on both Vpp and Vg are shown
in Fig. 4.5(a). The positive-going underdamped sinusoidal“voltage with V, of +8 V on Vpp and
with V, of +4 V on Vgg are used to.simulate-the-larger overshooting voltage coupled on Vpp
under the system-level ESD test, as shown:in Fig. 4.5(a). Under ESD stress, Vpp (Vss) begins to
increase rapidly from 3.3 V (0 V) to 11 V (4 V). Vour is disturbed simultaneously during the
Vpp and Vs disturbance. During this period, the proposed on-chip RC-based transient detection
circuit I can detect the occurrence of disturbances on Vpp and Vss. As a result, after Vpp finally
returns to its normal voltage level of 3.3 V, Vour will be changed from 0 V to 3.3 V, as shown in
Fig. 4.5(a).

The simulated Vpp, Vss, and Vour waveforms of the proposed on-chip transient detection
circuit I with a positive-going underdamped sinusoidal voltage on both Vpp and Vg are shown
in Fig. 4.5(b). The positive-going underdamped sinusoidal voltage with V, of +4 V on Vpp and
with V, of +8 V on Vgs are used to simulate the larger overshooting voltage coupled on Vg
under the system-level ESD test, as shown in Fig. 4.5(b). The Vour is influenced by the Vpp and
Vs disturbance through the coupling paths. Finally, the output (Vour) of the proposed on-chip

transient detection circuit is changed from 0 V to 3.3 V.
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Fig. 4.5 Simulated Vpp, Vss, and Vour waveforms of the proposed transient detection circuit |

under system-level ESD test with larger overshooting voltage coupled on (a) Vpp, and (b) Vss.

Under the negative system-level ESD zapping condition, the simulated Vpp, Vss, Vouri,
and Vour, waveforms of the proposed transient detection circuit with a negative-going
underdamped sinusoidal voltage on Vpp and Vss are shown in Figs. 4.6(a) and 4.6(b). The
negative-going underdamped sinusoidal voltages with V, of -8 V on Vpp and with V, of -4 V on

Vs are used to simulate the larger undershooting voltage coupled on Vpp under the system-level
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ESD test, as shown in Fig. 4.6(a). The negative-going underdamped sinusoidal voltages with V,
of -4 V on Vpp and with V, of -8 V on Vg are used to simulate the larger undershooting voltage
coupled on Vgg under the system-level ESD test, as shown in Fig. 4.6(b). In Figs. 4.6(a) and
4.6(b), the output voltage of the transient detection circuit I begins to decrease rapidly. The
Vouri and Vour; are influenced by the Vpp/Vss disturbance. Finally, the output voltages (Vouri
and Vours) of the transient detection circuit I are changed from OV to 3.3 V, as shown in Figs.

4.6(a) and 4.6(b).
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Fig. 4.6 Simulated Vpp, Vss, and Vour waveforms of the proposed transient detection circuit |

under system-level ESD test with larger undershooting voltage coupled on (a) Vpp, and (b) Vss.
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On the PCB design with CMOS IC products, the trace routing placements may be
different for power (Vpp) lines and ground (Vss) lines. This will cause different signal paths
from ESD source to Vpp and Vgs pins of the chip, as shown in Fig. 4.7(a). The different
signal paths may result in different signal delays between Vpp and Vgs waveforms. As shown
in Fig. 4.7(b), 5-ns signal delay has been observed between Vpp and Vsg pins of the chip.
Therefore, the different signal delays in the transient waveforms between Vpp and Vg should

be taken into consideration in the design of the proposed on-chip transient detection circuit
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Fig. 4.7 (a) Different signal coupling path from the ESD zapping source to Vpp and Vg pins
of CMOS IC on the PCB. (b) Time delay between the measured Vppand Vss waveforms is
due to the different coupling path.

The simulated Vpp, Vss, and Vour waveforms of the proposed transient detection circuit
I with signal delay between Vpp and Vgs waveforms are shown in Figs. 4.8(a) and 4.8(b). In
order to simulate the signal delay condition that Vpp signal leads the Vgg signal, different t4
parameters are used on Vpp (t4 =500 ns) and Vs (tq =505 ns) voltage sources. The positive V,
on Vpp and Vgg waveforms is used in this simulation for signal delay condition, as shown in
Fig. 4.8(a). The negative V, on Vpp and Vgs waveforms is used in this simulation for another
signal delay condition, as shown in Fig. 4.8(b). During the period with electrical transient
disturbance, Vour is influenced with the Vpp/Vgs waveforms and acts as underdamped
sinusoidal voltage waveform. After the simulated electrical transient disturbance, Vour is

pulled up to the voltage level of 3.3 V. With a signal delay between Vpp and Vgs, the
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proposed on-chip transient detection circuit I can still memorize the occurrence of electrical

transients on Vpp and Vg lines.
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Fig. 4.8 Simulated Vpp, Vss, and Vour waveforms of the proposed transient detection circuit
I under (a) positive, and (b) negative underdamped sinusoidal voltage on Vpp/Vss power

lines with signal delay condition.

4.3.2. EFT Zapping Conditions

For microelectronic products, the shielding plate is often designed into microelectronic
products to bypass or reduce the EFT-induced electrical transient disturbance. Therefore, the

electrical transients injected into CMOS ICs inside the microelectronic products can be
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degraded with smaller amplitude compared with the original testing voltage. Therefore, the
EFT-induced transients with different degraded amplitudes are taken into considerations in
HSPICE simulation on the novel proposed on-chip transient detection circuit I.

From the measured electrical transient waveforms shown in Figs. 1.9(a) and 1.9(b), the
approximated exponential voltage pulse waveforms during the EFT tests have been observed.
There, an exponential pulse time-dependent voltage source with rise/fall time constant
parameters is used to simulate EFT-induced transient disturbance on the novel proposed
on-chip transient detection circuit I. The rising edge of this exponential time-dependent

voltage pulse is expressed as

t—t
Vp(rising edge) (t) = Vl * (V2 B Vl ) X |:1 ) exp(_ ’ ]} , When tdl <t < tdz : (2)

41

The falling edge of this exponential time-dependent voltage pulse is expressed as

Vo @ =V +(V, —Vl){l—exp(_f—rtdl ]}(V] —Vz){l—exp(_t;ﬂﬂ H whent>1,,. (3)
I 2

With the proper parameters (including the rise time-constant z,, fall time constant 7, rise time
delay ¢, fall time delay ¢,, initial d¢ voltage value V%, and exponential pulse voltage value
V,), the exponential voltage pulse can be constructed to simulate the EFT-induced disturbance
under EFT tests as shown in Fig. 4.9. In HSPICE simulation with positive or negative
exponential voltage pulse waveforms, the same parameters of 7;= 3 ns, 7,= 25 ns, and #,, - 4
=10 ns are used (which is corresponding to the measured transient waveforms in Figs. 1.9(a)
and 1.9(b)). For the positive exponential voltage pulse, the value of V, parameter is larger
than the value of V; parameter. For the negative exponential voltage pulse, the polarity of V> -
V; parameter is negative. In addition, V; is 3.3 V as the initial dc voltage on the Vpp line of

the novel proposed on-chip transient detection circuit .
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Voltage
A

ov

Fig. 4.9 The specific time-dependent exponential pulse waveform applied on the power lines to

simulate the disturbance under EFT zapping.

The simulated Vpp and Vour waveforms of, the novel proposed on-chip transient
detection circuit I with a positive ¢xponential pulse transient disturbance on Vpp line are
shown in Fig. 4.10(a). The exponential voltage pulse with amplitude of +10 V is used to
simulate the coupling positive transient 'diSturbance under the EFT test. From the simulated
waveforms, Vpp begins to increase rapidly from 3:3:'V and Vour also acts with a positive
exponential voltage pulse waveform during the simulated transient disturbance on Vpp line.
After the transient disturbance duration, Vpp returns to its normal voltage level of 3.3 V and
the output state (Vour) of the novel proposed on-chip transient detection circuit I transits
from OV to 3.3 V, as shown in Fig. 4.10(a). As a result, the novel proposed on-chip transient
detection circuit I can detect the occurrence of positive EFT-induced exponential pulse
transient disturbance.

The simulated Vpp and Vour waveforms of the novel proposed on-chip transient
detection circuit I with a negative exponential pulse transient disturbance on Vpp line are
shown in Fig. 4.10(b). The exponential voltage pulse with amplitude of -10 V is used to
simulate the coupling negative transient disturbance under the EFT test. From the simulated
waveforms, Vpp begins to decrease rapidly from 3.3 V and Vour also acts with a negative
exponential voltage pulse during the simulated transient disturbance on Vpp line. After the
transient disturbance duration, Vpp returns to its normal voltage level of 3.3 V and the output

state (Vour) of the novel proposed on-chip transient detection circuit I transits from 0 V to
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3.3V, as shown in Fig. 4.10(b). As a result, the novel proposed on-chip transient detection
circuit I can detect the occurrence of negative EFT-induced exponential pulse transient
disturbance.

From the aforementioned simulation results in Figs. 4.10(a) and 4.10(b), after the positive
or negative EFT-induced transient disturbance on Vpp line, the output state of the novel
proposed on-chip transient detection circuit I can be changed from 0 V and kept at 3.3 V.
Therefore, the novel proposed on-chip transient detection circuit I can successfully memorize

the occurrence of positive or negative EFT-induced exponential pulse transient disturbance.
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Fig. 4.10 Simulated Vpp and Voyr waveforms of the proposed on-chip transient detection
circuit I under EFT tests with (a) positive, and (b) negative exponential pulse voltage

waveforms coupled on Vpp.
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The novel proposed on-chip transient detection circuit I has been designed and
fabricated in a 0.18-um 1P5M CMOS process with 3.3-V devices. The fabricated chip for
transient disturbance tests is shown in Fig. 4.11. The TLU measurement method, the
system-level ESD gun, and the EFT generator are used to evaluate the detection function of
the novel proposed on-chip transient detection circuit I after ESD-induced or EFT-induced

electrical transient disturbance.

:rrahsignt
Detection
Circuit

2] (]
VRESET

K
4.4. Experimental Results ?:r

4.4.1. TLU Tests
A Transient-induced latchup (TLU) test has been used to investigate the susceptibility of

device under test (DUT) to the noise transient or glitch on the power lines under normal
circuit operating condition. The component-level TLU measurement setup with bipolar
trigger waveform can accurately simulate the ESD-induced noises on the power lines of
CMOS ICs under system-level ESD test. The measurement setup for TLU test is shown in
Fig. 4.12. The charging voltage Vcpaee has two different polarities, which are positive
(Vcharee>0) and negative (Vcnarge<0). The positive (negative) Vcnarge can generate the
positive-going (negative-going) bipolar trigger noise on the power pins of the DUT. A 200-pF
capacitor used in the machine model (MM) ESD test is employed as the charging capacitor.
The proposed on-chip RC-based transient detection circuit is placed as the DUT in Fig. 4.12.
The supply voltage of 3.3 V is used as Vpp and the noise trigger source is directly connected

to DUT through the relay in the measurement setup. The current-limiting resistance is used to
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avoid electrical-over-stress (EOS) damage in the DUT under a high-current latch-up state.
The voltage and current waveforms on the DUT (at Vpp node) after the TLU test are

monitored by the oscilloscope.
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Fig. 4.12 Measurement setup for transient-induced latchup (TLU).

Figs. 4.13(a) and 4.13(b) show the measured Vpp and Vour transient responses of the
proposed on-chip RC-based transient detection circuit I under the TLU test with Vcharge of +9
V and -2 V, respectively. As shown in Fig. 4.13(a), under the TLU test with Vcparge 0f 19V,
Vpp begins to increase rapidly from 3.3 V. Voyur is disturbed simultaneously with positive
underdamped sinusoidal voltages on the Vpp power line. After the TLU test with an initial
Vcharge 0f 9 'V, the output (Vour) of the proposed on-chip RC-based transient detection
circuit I is changed from 0 V to 3.3 V. As shown in Fig. 4.13(b), under the TLU test with
Vcharge 0f -2 'V, Vpp begins to decrease rapidly from 3.3 V. Vour is disturbed simultaneously
with negative underdamped sinusoidal voltages on Vpp power line. After the TLU test with
an initial Vcpage of -2 'V, the output voltage (Vour) of the proposed on-chip RC-based

transient detection circuit I is increased from 0 V to a stable voltage of 3.3 V.
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Fig. 4.13 Measured Vpp and Vouyr waveforms on the proposed on-chip transient detection

circuit I under TLU test with Vparge of (a) +9 'V, and (b) -2 V.

4.4.2. System-level ESD Tests

In the IEC 61000-4-2 standard, two test modes have been specified, which are the
air-discharge test mode and the contact-discharge test mode. Contact discharge is further
divided into direct discharge to the system under test, and indirect discharge to horizontal or
vertical coupling planes. Fig. 4.14 shows the standard measurement setup of the system-level

ESD test in the indirect contact-discharge test mode. The measurement setup for system-level
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ESD test consists of a wooden table on the grounded reference plane (GRP). In addition, an
insulation plane is used to separate the EUT from the horizontal coupling plane (HCP). The
HCP are connected to the GRP with two 470 kQ resistors in series. When the ESD gun zaps
the HCP, the EMI coming from ESD will be coupled into all CMOS ICs inside EUT. The
power lines of CMOS ICs inside EUT will be disturbed by the ESD-coupled energy.
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Fig. 4.14 Measurement setup of system-level ESD test with indirect contact discharge mode.

With such a standard measurement setup, the circuit performance of the proposed
on-chip RC-based transient detection circuit I under system-level ESD tests can be evaluated.
By using the digital oscilloscope, the transient responses on power lines of CMOS IC
products can be recorded and analyzed. Before each system-level ESD zapping, the initial
output voltage (Vour) of the proposed on-chip RC-based transient detection circuit I is reset
to 0 V. After each system-level ESD zapping, the output voltage (Vour) level is measured to
check the final voltage level and to verify the detection function. Thus, the circuit
performance of the proposed on-chip RC-based transient detection circuit I can be directly
evaluated with this measurement setup.

The measured Vpp and Voyr waveforms of the proposed on-chip RC-based transient
detection circuit I under a system-level ESD test with the ESD voltage of +0.2 kV zapping on
the HCP is shown in Fig. 4.15(a). Vpp begins to increase rapidly from the normal voltage (+3.3
V). Meanwhile, Vour begins to change under such a high-energy ESD stress. During the fast

transient disturbance, Vpp and Voyr are influenced simultaneously. Finally, the output voltage of
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the proposed on-chip RC-based transient detection circuit I has been changed from 0 Vto 3.3 V.
The measured Vpp and Vour transient waveforms of the proposed on-chip RC-based
transient detection circuit with an ESD voltage of -0.2 kV zapping on the HCP under
system-level ESD test are shown in Fig. 4.15(b). During the Vpp disturbance, Vour is disturbed
simultaneously. Vour is finally pulled up to 3.3 V after the system-level ESD test. Therefore, the

proposed on-chip RC-based transient detection circuit I can sense the fast electrical transient on

the power lines and memorize the occurrence of system-level ESD events.
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Fig. 4.15 Measured Vpp and Voyr transient responses of the proposed transient detection
circuit I under system-level ESD test with ESD voltage of (a) +0.2 kV, and (b) -0.2 kV
zapping on the HCP.
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4.4.3. EFT Tests

4.4.3.1. With Attenuation Network

In order to simulate the EFT-induced transient disturbance on CMOS ICs inside the
microelectronic products, the attenuation network with 200 dB degradation is used in this
work. The amplitude of EFT-induced transients can be adjusted through the attenuation
network.

The measurement setup for EFT test combined with attenuation network is shown in Fig.
4. 16. A supply voltage of 3.3 V is used as Vpp and EFT generator is connected to the DUT
through the attenuation network. The Vpp and Vour transient responses of the novel proposed
on-chip transient detection circuit I are monitored by the digital oscilloscope. With such a
measurement setup, the circuit function of the novel proposed on-chip transient detection
circuit [ after EFT tests can be evaluated. Before each EFT testing, the initial output voltage
(Vour) of the novel proposed on-chip transient detection circuit I is reset to 0 V. After each
EFT testing, the output voltage (Vour).devel is measured to check the final voltage level and
to verify the detection function. Thus, the detection function of the novel proposed on-chip
transient detection circuit I can be directly evaluated with:the measurement setup of EFT tests
combined with attenuation network:

Voltage Probe

Attenuation

Network
D ® Vbp
100 : 1
Voltage
( ) Probe—(—1
Power Vou7<£_@ @
EFT Supply| | DUT CH2 CHI
Generator
(3.3V) Oscilloscope

| —

Fig. 4.16 Measurement setup for EFT test combined with attenuation network.

As shown in Fig. 4.17(a), under the EFT test with input EFT voltage of +500 V, Vpp
begins to increase rapidly from 3.3 V and acts like positive exponential voltage pulse. During

the EFT test, Vour is influenced simultaneously with positive exponential voltage pulse

-91] -



coupled to Vpp power line. After the EFT test with the input EFT voltage of +500 V, the
output voltage (Vour) of the novel proposed on-chip transient detection circuit I transits from
0 V to 3.3 V. As shown in Fig. 4.17(b), under the EFT test with input EFT voltage of -500 V,
Vpp begins to decrease rapidly from 3.3 V and acts like negative exponential voltage pulse.
During the EFT test, Vour is influenced simultaneously with negative exponential voltage
pulse coupled to Vpp power line. After the EFT test with the input EFT voltage of -500 V, the
output voltage (Vour) of the novel proposed on-chip transient detection circuit I transits from

OVto33V

2.00V__JCh2] 2.00V M 200ns] A| Chl1 /7 _ 3.96 V|

Voltage (2 V/div.)

SO0V ICha[ 2007 W[ 200ns] Al ChT % 1.96 V)
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(b)

Fig. 4.17 Measured Vpp and Vour waveforms on the proposed on-chip transient detection

circuit I under EFT tests with (a) positive, and (b) negative EFT voltages.
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4.4.3.2. With Capacitance Coupling Clamp

In standard of IEC 61000-4-4, the capacitive coupling clamp has been recommended as
another measurement setup to couple the EFT testing voltages into the EUT.

The capacitive coupling clamp provides the ability of coupling the fast transients and
bursts to the circuit under test without any galvanic connection to the terminals of the EUT,
shielding of the cables or any other part of the EUT. The coupling capacitance of the clamp
depends on the diameter, material of the cables, and shielding. The typical coupling
capacitance between the cable and clamp ranges from 50 pF to 200 pF. The capacitive
coupling clamp is composed of a clamp unit (made of galvanizes steel, brass, copper, or
aluminium) for housing the cables (flat or round) connected to the circuit under test and
should be placed on the ground plane with minimum area of 1 m”. The line should be
provided at both ends with a high-voltage coaxial connector for the connection of EFT
generator at either end. EFT generator is connected to the end of the clamp which is nearest
to the EUT. The capacitive coupling clamp itself should be closed as much as possible to
provide maximum coupling capacitance between the cable and the clamp.

The measurement setup for EFT:test combined. with capacitive coupling clamp is shown
in Fig. 4.18. A supply voltage of 3.3 V is used as Vpp and the capacitive coupling clamp is
connected with EFT generator to directly 'couple the EFT testing voltages into the Vpp cable
line. The Vpp and Vour voltage waveforms of the novel proposed on-chip transient detection
circuit I are monitored by the digital oscilloscope during the EFT tests. With such a
measurement setup, the circuit function of the novel proposed on-chip transient detection
circuit [ under EFT tests combined with capacitive coupling clamp can be evaluated.
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EFT
Generator
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Fig. 4.18 Measurement setup for EFT test combined with capacitive coupling clamp.
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Figs. 4.19(a) and 4.19(b) show the measured Vpp and Vouyr transient responses of the
novel proposed on-chip transient detection circuit I under the EFT test with input EFT

voltages of +200 V and -200 V, respectively.
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Fig. 4.19 Measured Vpp and Vour transient voltage waveforms of the proposed on-chip transient
detection circuit [ under EFT tests with EFT voltage of (a) +200 V, and (b) -200 V by combining

with capacitive coupling clamp.

As shown in Fig. 4.19(a), under the EFT tests with input EFT voltage of +200 V, Vpp
begins to increase rapidly from 3.3 V and acts like positive-going underdamped sinusoidal

voltage waveform. During the EFT test, Vour is influenced simultaneously with
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positive-going underdamped sinusoidal voltage coupled to Vpp power line. After the EFT test
with the input EFT voltage of +200 V, the output voltage (Vour) of the novel proposed
on-chip transient detection circuit I transits from 0 V to 3.3 V.

As shown in Fig. 4.19(b), under the EFT test with EFT voltage of -200 V, Vpp begins to
decrease rapidly from 3.3 V and acts like negative-going underdamped sinusoidal voltage
waveform. During the EFT test, Vour is influenced simultaneously with negative-going
underdamped sinusoidal voltage coupled to Vpp power line. After the EFT test with the input
EFT voltage of -200 V, the output voltage (Vour) of the novel proposed on-chip transient
detection circuit I transits from 0 V to 3.3 V.

From the EFT test results shown in Fig. 4.19(a) and 4.19(b), with positive-going or
negative-going underdamped sinusoidal voltage waveforms coupled to Vpp power line, the
output voltages (Vour) of the novel proposed on-chip transient detection circuit I can be changed
from OV to the voltage level of 3.3 V. Therefore, the novel proposed on-chip transient detection
circuit I can successfully memorize the occurrence of positive-going or negative-going

EFT-induced underdamped sinusoidal transient disturbance.

4.5. Hardware/Firmware:Co-design Application

The proposed transient detection citeuit-ean+be co-designed with firmware to provide a
system solution to solve the system-level. ESD issue of microelectronic products realized with
CMOS ICs. It has been proven that the hardware/firmware can be co-designed can be used to
effectively improve the system-level ESD robustness of the CMOS IC products.

As shown in the flowchart in the Fig. 4.20, the detection results (Vour) from the on-chip
transient detection circuits can be temporarily stored as a firmware index for system check. The
output states of the transient detection circuit I and the firmware index are initially cleared to
logic 0 by the power-on reset circuit. The reset procedure is executed through the normal
firmware reset procedure when the firmware index has a state of logic 0. When the fast electrical
transient happens, the on-chip transient detection circuit can detect the fast electrical transient to
change the output states from logic 0 to logic 1. At the same time, the firmware index is
re-stored at logic 1, and the system executes the recover procedure to recover all system
functions to a stable state as soon as possible. After recover procedures, the output state of the
proposed on-chip transient detection circuit I and the firmware index are re-set to logic 0 again

for detecting the next ESD and EFT events.
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Fig. 4.20 The hardware/firmware co-design flowchart to execute reset or recover procedures.

For example, to realize system-level ESD protection function, a hardware/firmware
co-design solution combined with the transient detection circuit and the power-on reset circuit
has been analyzed. Under the normal power-oneondition, the Vpp power-on voltage waveform
has a rise time in the order of millisecond (ms). As.there is:no input signal except Vpp power-on
voltage waveform, the power on reset circuit-should.be designed with the same internal delay as
the order of millisecond. Thus, the output signal of power-on reset circuit can set the firmware
index to logic 0, as shown in Fig. 4.21(a). However, there are some mis-triggered conditions in
power-on reset circuit. For example, fast power-up time (in the range of microsecond) may
create difficult situations for the power-on reset circuit to work properly. Therefore a transient
detection circuit is designed to sense fast electrical transients on power lines and combined with
the power-on reset circuit in order to provide hardware/firmware co-design solution for
system-level ESD issues.

Due to the difference in the rise times between the ESD voltage and the Vpp power-on
voltage, the on—chip transient detection circuit is designed to sense fast electrical transients and
set the flag signal to logic 1, as shown in Fig. 4.21(b). Then, the firmware can execute the
recover procedure to recover all the electrical functions to a stable state as soon as possible.
After the reset and recover procedures, the firmware index is reset to logic 0 again for detecting
next electrical transient disturbance events.

By including the on-chip transient detection circuit and an additional firmware index into
the chip, the firmware flowchart shown in Fig. 4.20 can be used to improve the system-level

ESD and EFT robustness of microelectronic products. Such hardware/firmware co-design
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method can provide an effective system solution to solve the system-level ESD and EFT issues

in microelectronics system realized with CMOS ICs.

g VDD : """""""""""""" :
On-Chip | set Set | §
Detection [|< Reset : EIrein i
Circuit Circuit 5 ;

Power-On vV ' :
Condition ;(Iﬁ) ;l_) ; l ;
Vss “Execute Normal
Reset Procedure

(a)

x VDD """"""""""""" '
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Transient Power-on ; 5

Index=1: :
ESD | petection Reset -l In.terr!al :
Stress Circuit Circui Circuits ;
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(Vout) E
< — 3 . 5
= Execute Recover
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Fig. 4.21 Hardware/firmware operation during (a) power-on reset condition, and (b)

system-level ESD stress.

4.6. Conclusion

A novel RC-based on-chip transient detection circuit I have been proposed and verified

on silicon. The detection performance under different positive and negative electrical

transients had been investigated by HSPICE. The experimental results have verified that the

proposed on-chip transient detection circuit I can detect and memorize the occurrence of

electrical transients due to system-level ESD and EFT zapping. In the system applications,

the proposed on-chip transient detection circuit I can be further used as firmware recover

index and combined with firmware design to provide an effective solution against the

malfunction caused by system-level ESD or EFT zapping on microelectronic products.
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Chapter 5

On-Chip Transient Detection Circuit Design for
Electrical Transient Disturbance Protection
(Scheme II)

A new on-chip transient detection circuit II is proposed to detect the electrical transient
under the system-level ESD or EFT tests. It had been reported that the hardware/firmware
co-design can effectively improve the transient disturbance susceptibility of CMOS ICs in
microelectronic products. As the conceptual hardware/firmware co-design, when the
electrical transient disturbance happens, the detection results from the on-chip transient
detection circuit II can be stored as a firmware index to start the system recovery procedure
after the disturbance. The circuit function to detect different positive or negative electrical
transients has been investigated by: HSPICE simulation and verified by silicon chip. The
transient-induced latchup (TLU) measurement method, the system-level ESD gun, and the
EFT generator are used to evaluate the detection function of the new proposed on-chip
transient detection circuit. The experimental results in a 0.18-um CMOS process have
verified that the new proposed on-chip transient detection circuit II can successfully detect
and memorize the occurrence of electrical transients during system-level ESD or EFT testing

conditions.

5.1. Background

In order to protect microelectronic system against transient disturbance events, the
traditional solution used in microelectronic products is to add some discrete noise-bypassing
components or board-level noise filters into the printed circuit board (PCB) to decouple,
bypass, or absorb the electrical transient energy under system-level electrical transient
disturbance conditions. However, the additional discrete noise-bypassing components
substantially increase the total cost of microelectronic products. Therefore, the chip-level
solutions to meet high transient disturbance immunity specification for microelectronic
products without additional discrete noise-decoupling components added on PCB are highly

desired by IC industry.
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5.2. On-Chip Transient Detection Scheme II Designed with 1.8-V

Devices

The new on-chip transient detection circuit II is designed to detect the positive or negative
fast electrical transients after the system-level ESD or EFT tests. Under the normal power
supply condition (Vpp=1.8 V), the output state (Vour) of the new proposed on-chip transient
detection circuit II is kept at OV as logic “0.” After the transient disturbance, the output state
(Vour) of the new proposed on-chip transient detection circuit II will transit from 0 V to 1.8
V as logic “1.” Therefore, the new proposed on-chip transient detection circuit II can
memorize the occurrence of transient disturbance events.

Fig. 5.1 shows the new proposed on-chip transient detection circuit II. The NMOS (M)
is used to provide the initial reset function to set the initial voltage level to 0 V at the node V,
and the output node (Vour). In Fig. 5.1, the node Vx is biased at Vpp during the normal
operating condition. Under the system-level ESD: or EFT tests, the transient voltage coupled
to Vpp line has a fast rise time in the order ef nanosecond (ns). The voltage level of Vx has
much slower voltage response than‘the voltage level at Vpp because the RC circuit has a time
constant in the order of microsecond (us). Due to'the longer delay of the voltage increase at
the node Vx, the PMOS device (Mp;).¢an be turned on by the overshooting transient voltage
at Vpp to pull up the voltage level at the node V. Therefore, the logic level stored at the node
V; can be changed during transient disturbance events. Finally, the output voltage of the new
proposed on-chip transient detection circuit II can transit from 0 V to 1.8 V to memorize the

occurrence of electrical transient disturbance after system-level ESD or EFT tests.

VDD
R
VOUT
Vy >O—E
i Buffer
C__
INV_1

VSS
Reset

Fig. 5.1 The new proposed on-chip transient detection circuit II.
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5.3. HSPICE Simulation Results
5.3.1. System-Level ESD Zapping Conditions

From the measured electrical transient waveforms shown in Fig. 1.6, the underdamped
sinusoidal voltage waveform on power line of CMOS IC during the system-level ESD stress
has been observed. There, a sinusoidal time-dependent voltage source with damping factor

parameter given by

V(t)y=V,+V, -sinRz f(t—t,))-exp(—(t—1t,)D,) (D)

is used to simulate an underdamped sinusoidal voltage on the power lines of the new
proposed on-chip transient detection circuit II. With the proper parameters (including the
applied voltage amplitude V,, initial dc voltage V), damping factor D, frequency f, and time
delay t,), the underdamped sinusoidal voltage can be used to simulate the electrical transient
waveforms under system-level ESD tests. In HSPICE simulation with positive-going or
negative-going underdamped sinusoidal waveforms,'the same parameters of D,= 2x10"s™, f
= 50 MHz, and #; = 300 ns are used (which:jis corresponding to the measured transient
waveforms in Fig. 1.6). For the positive-going (negative-going) underdamped sinusoidal
waveform, the polarity of V, parameter is positive (negative). In addition, V) is 1.8 V as the
initial dc voltage on the Vpp line of the new proposed on-chip transient detection circuit II
this work, which is fabricated in a 0.18-um CMOS process.

The simulated Vpp and Vouyr waveforms of the new proposed on-chip transient detection
circuit II with a positive-going underdamped sinusoidal voltage on Vpp line are shown in Fig.
5.2(a). The positive-going underdamped sinusoidal voltage with amplitude of +10 V is used
to simulate the coupling ESD transient noise under the system-level ESD test. From the
simulated waveforms, Vpp begins to increase rapidly from 1.8 V and Voyr also acts with a
positive-going underdamped sinusoidal voltage waveform during the simulated transient
disturbance on Vpp line. After this disturbance duration, Vpp returns to its normal voltage
level of 1.8 V and the output state (Vour) of the new proposed on-chip transient detection
circuit II is changed from 0 V to 1.8 V, as shown in Fig. 5.2(a). As a result, the new proposed
on-chip transient detection circuit II can detect the occurrence of positive-going ESD-induced
underdamped sinusoidal transient disturbance on Vpp line.

The simulated Vpp and Vouyr waveforms of the new proposed on-chip transient detection

circuit II with a negative-going underdamped sinusoidal voltage on Vpp are shown in Fig.
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5.2(b). The negative-going underdamped sinusoidal voltage with amplitude of -10 V is used
to simulate the coupling ESD transient noise under the system-level ESD test with negative
voltage. From the simulated waveforms, Vpp begins to decrease rapidly from 1.8 V and Vour
also acts with a negative-going underdamped sinusoidal voltage waveform during the
simulated transient disturbance on Vpp line. After this disturbance duration, Vpp returns to its
normal voltage level of 1.8 V and the output state (Vour) of the new proposed on-chip
transient detection circuit II is changed from 0 V to 1.8 V, as shown in Fig. 5.2(b). Therefore,
the new proposed on-chip transient detection circuit II can detect the occurrence of

negative-going ESD-induced underdamped sinusoidal transient disturbance on Vpp line.
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Fig. 5.2 Simulated Vpp and Voyr waveforms of the transient detection circuit II under

system-level ESD test with (a) positive, and (b) negative underdamped sinusoidal voltages.
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From aforementioned simulation results, the output state of the new proposed on-chip
transient detection circuit II can be changed and kept at 1.8 V after the system-level ESD
events. Therefore, the new proposed transient detection circuit can memorize the occurrence

of system-level ESD events.

5.3.2. EFT Zapping Conditions

For microelectronic products, the shielding plate is often designed into microelectronic
products to bypass or reduce the EFT-induced electrical transient disturbance. Therefore, the
electrical transients injected into CMOS ICs inside the microelectronic products can be
degraded with smaller amplitude compared with the original testing voltage. Therefore, the
EFT-induced transients with different degraded amplitudes are taken into considerations in
HSPICE simulation on the new proposed on-chip transient detection circuit II.

From the measured electrical transient waveforms shown in Figs. 5.3(a) and 5.3(b), the
approximated exponential voltage pulse waveforms during the EFT tests have been observed.
There, an exponential pulse time-dependent voltage source with rise/fall time constant
parameters is used to simulate EET-inducéd transient disturbance on the new proposed
on-chip transient detection circuit-II; The rising  edge -of this exponential time-dependent

voltage pulse is expressed as

(3

Vs @) =1, +(V2 —Vl)x{l—exp[—ﬂﬂ ,whent, <t<t¢,. )

The falling edge of this exponential time-dependent voltage pulse is expressed as
r—t, r—t,
Vp(fa”)(t):Vl+(V2—Vl)>< 1—exp " +(V,—7,)| 1—exp " ,whent>1¢,,.(3)
1 2

With the proper parameters (including the rise time constant z,, fall time constant z,, rise time
delay ¢4, fall time delay ¢4, initial dc voltage value V;, and exponential pulse voltage value
V), the exponential voltage pulse can be constructed to simulate the EFT-induced disturbance
under EFT tests. In HSPICE simulation with positive or negative exponential voltage pulse
waveforms, the same parameters of 7;= 3 ns, 7,= 25 ns, and #;, - t;;= 10 ns are used (which is

corresponding to the measured transient waveforms in Figs. 1.9(a) and 1.9(b)). For the
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positive exponential voltage pulse, the value of V, parameter is larger than the value of V;
parameter. For the negative exponential voltage pulse, the polarity of V, - V; parameter is
negative. In addition, V; is 1.8 V as the initial dc voltage on the Vpp line of the new proposed
on-chip transient detection circuit II.

The simulated Vpp and Vouyr waveforms of the new proposed on-chip transient detection
circuit II with a positive and negative exponential pulse transient disturbance on Vpp line are

shown in Fig. 5.3(a) and 5.3(b), respectively.
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Fig. 5.3 Simulated Vpp and Vout waveforms of the new proposed on-chip transient detection

circuit II under EFT tests with (a) positive, and (b) negative exponential voltage pulse

waveforms coupled to Vpp.
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The simulated Vpp and Vouyr waveforms of the new proposed on-chip transient detection
circuit IT with a positive exponential pulse transient disturbance on Vpp line are shown in Fig.
5.3(a). The exponential voltage pulse with amplitude of +10 V is used to simulate the
coupling positive transient disturbance under the EFT test. From the simulated waveforms,
Vpp begins to increase rapidly from 1.8 V and Vour also acts with a positive exponential
voltage pulse waveform during the simulated transient disturbance on Vpp line. After the
transient disturbance duration, Vpp returns to its normal voltage level of 1.8 V and the output
state (Vour) of the new proposed on-chip transient detection circuit II transits from 0 V to 1.8
V, as shown in Fig. 5.3(a). As a result, the new proposed on-chip transient detection circuit II
can detect the occurrence of simulated positive EFT-induced exponential pulse transient
disturbance.

The simulated Vpp and Vour waveforms of the new proposed on-chip transient detection
circuit II with a negative exponential pulse transient disturbance on Vpp line are shown in Fig.
5.3(b). The exponential voltage pulse with amplitude of -10 V is used to simulate the
coupling negative transient disturbance under the EFT test. From the simulated waveforms,
Vpp begins to decrease rapidly from-1.8 Vsand Voupralso acts with a negative exponential
voltage pulse during the simulated transient disturbance on Vpp line. After the transient
disturbance duration, Vpp returns to its, normal voltage-level of 1.8 V and the output state
(Vour) of the new proposed on-chip transient detection circuit II transits from 0 Vto 1.8 V, as
shown in Fig. 5.3(b). As a result, the new ‘proposed on-chip transient detection circuit II can
detect the occurrence of simulated negative EFT-induced exponential pulse transient
disturbance.

From the aforementioned simulation results, after the positive or negative EFT-induced
transient disturbance on Vpp line, the output state of the new proposed on-chip transient
detection circuit II can be changed from 0 V and kept at 1.8 V. Therefore, the new proposed
on-chip transient detection circuit II can successfully memorize the occurrence of simulated
positive or negative EFT-induced exponential pulse transient disturbance.

The new proposed on-chip transient detection circuit II has been designed and fabricated
in a 0.18-um 1P5SM CMOS process. The fabricated chip for transient disturbance tests is
shown in Fig. 5.4. The TLU measurement method, the system-level ESD gun, and the EFT
generator are used to evaluate the detection function of the new proposed on-chip transient

detection circuit II after EFT-induced electrical transient disturbance.
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Fig. 5.4 Die photo of the new proposed on-chip transient detection circuit II.

5.4. Experimental Results

5.4.1. TLU Tests

In the TLU measurement setup shown in Fig; 5.5, a charging capacitance of 200pF is used
to store charges offered by the TLU'_—fr"i..g.éer'in;g sou:r(;é;. Vcharge, and then these stored charges
are discharged to the device under .t'es;t (DU’H fhﬁdligh‘ -t']glle relay. The intended underdamped
sinusoidal voltage can be produce:glil-_to simudl-eité the 'tran:sient voltage on the power pins of
CMOS ICs under the system-level ESDtestjno -'fherlttéﬁr\)vhich polarity (positive or negative)
the ESD voltage is. Moreover, a smali’diirrent—limi"tiﬁg resistance of 5Q) is recommended to
protect the DUT from electrical-over-stress (EOS) damage during a high-current
(low-impedance) latchup state. The supply voltage of 1.8 V is used as Vpp and the trigger

source is directly connected to DUT through the relay in the measurement setup.
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VCharge Power .
| Il m
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\. J \ J

® ) |

Fig. 5.5 Measurement setup for transient-induced latchup (TLU).
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Figs. 5.6(a) and 5.6(b) show the measured Vpp and Voyr transient responses of the new
proposed on-chip transient detection circuit II under the TLU test with Vcparge of +8 V and -1

V, respectively.

................................ VCharge=+8 V L

@@l 1.00V__JCh2[ 1.00V__|M[400ns] A| Chl 7 1.82 V|

Time (400 ns/div.)

@] 1.00v__Jch2[ 1.00V__JM[400ns] Al Chi 7 1.82V|

Time (400 ns/div.)
(b)

Fig. 5.6 Measured Vpp and Vour waveforms on the new proposed on-chip transient detection

circuit IT under TLU tests with Vcparge 0f (2) +8 V, and (b) -1 V.

As shown in Fig. 5.6(a), under the TLU test with Vcparge 0f +8 V, Vpp begins to increase
rapidly from 1.8 V and acts like positive-going underdamped sinusoidal voltage waveform.
During the TLU test, Vour is influenced simultaneously with positive-going underdamped
sinusoidal voltage coupled to Vpp power line. After the TLU test with the Vcharge of +8 V, the

output voltage (Vour) of the new proposed on-chip transient detection circuit II can transit
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from 0 V to 1.8 V. As shown in Fig. 5.6(b), under the TLU test with Vcharge 0f -1 V, Vpp
begins to decrease rapidly from 1.8V and acts like negative-going underdamped sinusoidal
voltage waveform. During the TLU test, Vour is influenced simultaneously with
negative-going underdamped sinusoidal voltage coupled to Vpp power line. After the TLU
test with the Vparge 0f -1 V, the output voltage (Vour) of the new proposed on-chip transient
detection circuit II can transit from 0 Vto 1.8 V.

From the TLU test results, the new proposed on-chip transient detection circuit II can
successfully memorize the occurrence of electrical transients. With positive or negative
underdamped sinusoidal voltages coupled to Vpp power line, the output voltages (Vour) of
the new proposed on-chip transient detection circuit II can be changed from 0V to 1.8V after

TLU tests.

5.4.2. System-level ESD Tests

Fig. 5.7 shows the standard measurement setup of the system-level ESD test with indirect
contact-discharge test mode. The measuremeént setup of system-level ESD test consists of a
wooden table on the grounded reference plane (GRP). In addition, an insulation plane is used
to separate the EUT from the horizontal coupling plane (HCP). The HCP are connected to the
GRP with two 470 kQ resistors in series. When the ESD gun zaps the HCP, the
electromagnetic interference (EMI) ¢oming from ESD gun will be coupled into all CMOS
ICs inside EUT. The power lines of CMOS "ICs inside EUT will be disturbed by the
ESD-coupled energy.

Oscilloscope
—————— Heorizontal Coupling Plane (HCP)

EIOEEEE
] Eég Eg Insulation Plane
Power Supply—| 5FI5°fc @QRE® ‘//
C— 1@ ™
g288a 28
o 0000 EA ESD Gun
EUT

Fig. 5.7 Measurement setup for system-level ESD test with indirect contact-discharge test

mode to evaluate the detection function of the fabricated on-chip transient detection circuit II.
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Figs. 5.8(a) and 5.8(b) show the measured Vpp and Voyr transient responses of the new
proposed on-chip transient detection circuit II under system-level ESD test with the ESD

voltage of +0.2 kV and -0.2 kV zapping on the HCP, respectively.
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Voltage (1 V/div.)

I 100V Jchal 100V IM[d00ns] Al Chi 7 1.82V
Time (400 ns/div.)
(b)

Fig. 5.8 Measured Vpp and Voyr transient voltage waveforms of the new proposed on-chip

transient detection circuit II under system-level ESD tests with ESD voltage of (a) +0.2 kV,
and (b) -0.2 kV.

The measured Vpp and Vour waveforms of the new proposed on-chip transient detection
circuit II under system-level ESD test with the ESD voltage of +0.2 kV zapping on the HCP

are shown in Fig. 5.8(a). Vpp begins to increase rapidly from the normal voltage of +1.8 V.
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Meanwhile, Vour is disturbed under such a high-energy ESD stress. During the period with
positive-going ESD-induced electrical transient disturbance, Vpp and Vour are influenced
simultaneously. Finally, the output voltage (Vour) of the new proposed on-chip transient
detection circuit II transits from 0 V to 1.8 V. Therefore, the new proposed on-chip transient
detection circuit II can sense the positive-going electrical transient on the power line and
memorize the occurrence of system-level ESD event.

The measured Vpp and Vour transient voltage waveforms of the new proposed on-chip
transient detection circuit II with the ESD voltage of -0.2 kV zapping on the HCP under
system-level ESD test are shown in Fig. 5.8(b). During the negative-going ESD-induced
electrical transient disturbance on Vpp power line, Vour is disturbed simultaneously. After the
system-level ESD test with the ESD voltage of -0.2 kV, Voyr transits from 0 V to 1.8 V.

From the experimental results, the new proposed on-chip transient detection circuit II can
indeed detect and memorize the occurrence of positive or negative electrical transients after

system-level ESD tests.

5.4.3. EFT Tests

5.4.3.1. With Attenuation Network

The measurement setup for EFT teést combined with attenuation network is shown in Fig.
5.9. A supply voltage of 1.8 V is used as Vpp and EFT generator is connected to the DUT
through the attenuation network. The Vpp and Vour transient responses of the new proposed
on-chip transient detection circuit II are monitored by the digital oscilloscope.

Voltage Probe

Attenuation
Network
D ® Vbp
100 : 1
Voltage
Probe
EFT o @
DUT CH2 CH1
Generator

Oscilloscope

Fig. 5.9 Measurement setup for EFT test combined with attenuation network.
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Figs. 5.10(a) and 5.10(b) show the measured Vpp and Voyr transient responses of the new
proposed on-chip transient detection circuit II under the EFT tests with input EFT voltages of

+200 V and -300 V, respectively.

Voltage (1 V/div.)

.00V JCh2[ 1.00V M 200ns] Al Ch1 J 2.22V

Time (200 ns/div.)

Voltage (1 V/div.)

1.00V__Jch2[ 1.00V__ M| 200ns] A| Chi 7.38 V]

Time (200 ns/div.)
(b)

Fig. 5.10 Measured Vpp and Vour waveforms on the new proposed on-chip transient
detection circuit IT under EFT tests with (a) positive, and (b) negative EFT voltages combined

with attenuation network.

As shown in Fig. 5.10(a), under the EFT test with input EFT voltage of +200 V, Vpp
begins to increase rapidly from 1.8 V and acts like positive exponential voltage pulse. During

the EFT test, Vour is influenced simultaneously with positive exponential voltage pulse
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coupled to Vpp power line. After the EFT test with the input EFT voltage of +200 V, the
output voltage (Vour) of the new proposed on-chip transient detection circuit II transits from
0 V to 1.8 V. As shown in Fig. 5.10(b), under the EFT test with input EFT voltage of -300 V,
Vpp begins to decrease rapidly from 1.8 V and acts like negative exponential voltage pulse.
During the EFT test, Vour is influenced simultaneously with negative exponential voltage
pulse coupled to Vpp power line. After the EFT test with the input EFT voltage of -300 V, the
output voltage (Vour) of the new proposed on-chip transient detection circuit II transits from
OVtol.8V.

From the EFT test results shown in Figs. 5.10(a) and 5.10(b), with positive or negative
exponential voltage pulses coupled to Vpp power line, the output voltages (Vour) of the new
proposed on-chip transient detection circuit can be changed from 0 V to 1.8 V. Therefore, the
new proposed on-chip transient detection circuit II can successfully memorize the occurrence

of EFT-induced exponential pulse transient disturbance.

5.4.3.2. With Capacitance Coupling Clamp

The measurement setup for EFT:test combined. with capacitive coupling clamp is shown
in Fig. 5.11. A supply voltage of 1.8V is used as Vpp and the capacitive coupling clamp is
connected with EFT generator to directly 'couple the EFT testing voltages into the Vpp cable
line. The Vpp and Vour voltage waveforms of the new proposed on-chip transient detection
circuit II are monitored by the digital oscilloscope during the EFT tests. With such a
measurement setup, the circuit function of the new proposed on-chip transient detection
circuit IT under EFT tests combined with capacitive coupling clamp can be evaluated.

Capacitive Coupling Voltage Probe

Clamp
|' __________ ]
o |
| CC_L |
Tr : —— — Vbp
I ;
Voltage
Probe
Vour| @
EFT DUT CH2 CH1
Generator
Oscilloscope

Fig. 5.11 Measurement setup for EFT test combined with capacitive coupling clamp.
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Figs. 5.12(a) and 5.12(b) show the measured Vpp and Voyr transient responses of the new
proposed on-chip transient detection circuit II under the EFT test with input EFT voltages of

+200 V and -200 V, respectively.
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Fig. 5.12 Measured Vpp and Vgur transient voltage waveforms of the new proposed on-chip
transient detection circuit II under EFT tests with EFT voltage of (a) +200 V, and (b) -200 V

combined with capacitive coupling clamp.

As shown in Fig. 5.12(a), under the EFT tests with input EFT voltage of +200 V, Vpp

begins to increase rapidly from 1.8V and acts like positive-going underdamped sinusoidal
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voltage waveform. During the EFT test, Vour is influenced simultaneously with
positive-going underdamped sinusoidal voltage coupled to Vpp power line. After the EFT test
with the input EFT voltage of +200 V, the output voltage (Vour) of the new proposed on-chip
transient detection circuit II transits from 0 V to 1.8 V. As shown in Fig. 5.12(b), under the
EFT test with EFT voltage of -200 V, Vpp begins to decrease rapidly from 1.8 V and acts like
negative-going underdamped sinusoidal voltage waveform. During the EFT test, Vour is
influenced simultaneously with negative-going underdamped sinusoidal voltage coupled to
Vpp power line. After the EFT test with the input EFT voltage of -200 V, the output voltage
(Vour) of the new proposed on-chip transient detection circuit II transits from 0 V to 1.8 V.
From the EFT test results shown in Fig. 5.12(a) and 5.12(b), with positive-going or
negative-going underdamped sinusoidal voltage waveforms coupled to Vpp power line, the
output voltages (Vour) of the new proposed on-chip transient detection circuit II can be
changed from 0 V to the voltage level of 1.8 V. Therefore, the new proposed on-chip transient
detection circuit II can successfully memorize the occurrence of positive-going or

negative-going EFT-induced underdampedssinusoidal transient disturbance.

5.5. Conclusion

A new on-chip transient detection cirCuitH-has been proposed and successfully verified
in a 0.18-um CMOS process. The detection function under different positive or negative
ESD-induced and EFT-induced electrical transient disturbance has been investigated by
HSPICE simulation. The experimental results have verified that the new proposed on-chip
transient detection circuit II can detect and memorize the occurrence of electrical transients
under system-level ESD or EFT testing conditions. With hardware/firmware co-design, the
new proposed on-chip transient detection circuit II can be further used as firmware index to
provide an effective solution against the malfunction in microelectronic products caused by

ESD-induced and EFT-induced electrical transient disturbance.
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Chapter 6

On-Chip Transient-to-Digital Converter

A novel on-chip transient-to-digital converter composed of four transient detection
circuits and four different RC filter networks has been successfully designed and verified in a
0.18-um complementary-metal-oxide-semiconductor (CMOS) process with 3.3-V devices.
The output digital thermometer codes of the proposed on-chip transient-to-digital converter
correspond to different electrical transient voltages under system-level ESD and EFT tests.
These output digital codes can be used as the firmware index to execute different
auto-recovery procedures in microelectronic systems. Thus, the proposed on-chip
transient-to-digital converter can be further combined with firmware design to provide an
effective solution to solve the system-level ESD and EFT protection issue in microelectronic

systems equipped with CMOS integrated circuits (ICs).

6.1. Background

In order to solve the locked or frozensstates caused by system-level ESD and EFT
zapping conditions, microelectronic products system functions can be manually reset with
operator intervention, which meets “class C” criterion defined in the standard. However, most
microelectronic products are required at least to automatically recover the system functions
without operator intervention to meet ‘“class B” criterion. Therefore, to meet high
system-level ESD or EFT specifications for microelectronic system products, the chip-level
solutions which can help the microelectronic system to execute auto-recovery procedure
without using additional discrete noise-decoupling components on the printed circuit board
(PCB) are highly desired by the IC industry.

In this work, a novel on-chip transient-to-digital converter composed of on-chip
RC-based transient detection circuits has been proposed to detect the fast electrical transients
and convert them to digital thermometer codes under system-level ESD and EFT stresses.
The proposed on-chip transient-to-digital converter can be coordinated with firmware to
provide a hardware/firmware co-design solution for system-level ESD and EFT protection.

The experimental results in a 0.18-um CMOS process with 3.3-V devices have verified that
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the proposed on-chip transient-to-digital converter can successfully convert the fast electrical
transients with different electrical transient voltage levels into digital codes during

system-level ESD and EFT zapping conditions.

6.2. Evaluation on Board-Level Noise Filter Networks

During system-level ESD tests, the bi-polar transient voltages (underdamped sinusoidal
waveforms) disturbed on the Vpp/Vss lines of CMOS ICs inside the EUT often cause
malfunction or hardware damage of microelectronic products. It has been reported that the
different types of board-level noise filter network can impact the dominant parameters of
bi-polar transient voltage, such as transient peak voltage, frequency and damping factor, by
suppress the ESD-induced voltage efficiently. Therefore, four types of board-level noise
filters have been investigated in this section and the experimental measurement results are
shown below. The measurement setup combined noise filter network with TLU test

measurement instruments is shown in Fig. 6.1.

Voltage Probe

Current-Limiting

Relay VDD Resistance
o] W—
Ioo | [ ‘
VCharge Power ]

+ Noise Supply| | L
— —L_ | Filter | | DUT e
200pF|  [Network (3.3V) e
Oscilloscope
\_ J J

o . >
—
Fig. 6.1 Measurement setup for TLU test combined with noise filter network.

Different types of noise filter networks are investigated to find their effectiveness for
improving the detection range of proposed transient detection circuit I under TLU tests,
including: (1) capacitor filter, (2) type-I RC filter, (3) type-II RC filter, and (4) m-section
filters based on the combinations with TVS and ferrite bead.
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6.2.1. Board-Level Noise Filter Networks

It has been shown that noise filter networks can enhance immunity of CMOS ICs to

system-level ESD test by decoupling, bypassing, or absorbing ESD-induced noise voltage

(energy). It has also been reported that the noise filter networks have strong impact to the

parameters of the underdamped sinusoidal voltage such as transient peak voltage, damping

frequency, and damping factor. Four types of noise filter networks: capacitor filter, type-I RC

filter, type-II RC filter, and m-section filter are depicted in Figs. 6.2(a), 6.2(b), 6.2(c), and

6.2(d), respectively. Figs. 6.3, 6.4, 6.5, and 6.6 shows their improvements on both positive

and negative detection range enhancement of the proposed on-chip RC-based transient

detection circuit 1.
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Fig. 6.2 Four types of noise filter network investigated for their improvements on the

detection range of the proposed on-chip RC-based transient detection circuit I. (a) Capacitor

filter, (b) Type-I RC filter, (c) Type-II RC filter, and (d) m-section filter.
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6.2.2. Experimental Results of System-Level ESD Tests

The ceramic disc capacitor with advantages such as high rated working voltage (1 kV),
good thermal stability, and low loss over a wide range of frequency is employed as the
decoupling capacitor in the noise filter of Fig. 6.2(a). Decoupling capacitances ranging from
1 nF to 0.1 pF are used to investigate their improvements on the detection range of proposed
on-chip RC-based transient detection circuit I. With the aid of the capacitor filter to reduce
the electrical transient voltage on Vpp, the positive detection range can be significantly
enhanced from +9 V (without decoupling capacitor) to over +28 V (with a decoupling
capacitance of 0.1 puF), as shown in Fig. 6.3 Similarly, the negative detection level can be also
greatly enhanced from -2 V (without decoupling capacitor) to -37 V (with a decoupling
capacitance of 0.1puF). Thus, by choosing a decoupling capacitor with proper capacitance
value, a simple 1%-order decoupling capacitor placed between Vpp and Vss (ground) of
CMOS ICs can be used to appropriately improve the detection range of proposed on-chip

RC-based transient detection circuit I under the TLU tests.

Positive
Level

<)

Negative

® "'VCharge
O—-Vcharge

o
L DL LN DL LA LA LA L

B -37V
ETTTT AT EARTTTT BRI IR BETE T B AT
1E-3 0.01 0.1 1 10 100

Decoupling Capacitor (nF)

Fig. 6.3 Relations between the decoupling capacitance and the detection range of the

proposed on-chip RC-based transient detection circuit I with capacitor filter.

The resistor, which is commonly used for degrading transient disturbance energy,
sometimes substitutes for inductor as a 2™-order type-1 RC filter component, as shown in Fig.
6.2(b). Due to a higher insertion loss (2"-order filter), such type-I RC filter has better

detection range enhancements than capacitor filter (1%-order filter) in Fig. 6.2(a). For
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example, with 5-Q resistor on the type-I RC filter, the positive detection range can be
significantly enhanced from +9 V (without decoupling capacitor) up to +25 V (with
decoupling capacitance of 0.1 pF) , as shown in Fig. 6.4. Similarly, the negative detection
range can be also greatly enhanced from -2 V (without decoupling capacitor) to -32 V (with
decoupling capacitance of 0.1 uF). Thus, in order to achieve higher detection range, the

type-I RC filter can be used to avoid an excessively or unreasonably large decoupling

+36V
+25V

capacitance in a simple 1%-order capacitor filter.

40
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o
] I L] l ! l ] I ] I ] I ] l ]

E

Fig. 6.4 Relations between the decoupling capacitance and the detection range of the

proposed on-chip RC-based transient detection circuit I with Type-I RC filter.

The resistor, which is commonly used for degrading transient disturbance energy,
sometimes substitutes for inductor as a 2™-order type-II RC filter component, as shown in
Fig. 6.2(c). Due to a higher insertion loss (2"-order filter), such type-II RC filter has better
detection range enhancements than capacitor filter (1%-order filter) in Fig. 6.2(a). For
example, the positive detection range can be significantly enhanced from +5 V (with resistor
of 5 Q) up to +13 V (with resistor of 150 Q), as shown in Fig. 6.5. Similarly, the negative
detection range can be also greatly enhanced from -2 V (with resistor of 5 Q) to -4 V (with
resistor of 150 Q).

A 3"-order n-section filter is used to further enhance the detection range of the proposed
on-chip RC-based transient detection circuit I, as shown in Fig. 6.2(d). This m-section filter

consists of a resistor and two decoupling capacitors with equal decoupling capacitance. With
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the highest insertion loss among the noise filter networks in Figs. 6.2(a), 6.2(b), 6.2(c), and
6.2(d), the detection range of the proposed on-chip RC-based transient detection circuit I can
be most improved. For example, the positive detection level can be significantly enhanced to
over +400 V (with a decoupling capacitance of 0.1 uF), as shown in Fig. 6.6. Similarly, the
negative detection range can also be significantly enhanced to over -63V (with decoupling
capacitance of 0.1 uF). From the comprehensive measured results in Fig. 6.6, the decoupling
capacitance can be optimized according to the desired detection level and the type of

board-level noise filter chosen.
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Fig. 6.5 Relations between the decoupling capacitance and the detection range of the

proposed on-chip RC-based transient detection circuit I with Type-II RC filter.
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Fig. 6.6 Relations between the decoupling capacitance and the detection range of the

proposed on-chip RC-based transient detection circuit I with n-section filter.
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6.3. Transient detection Circuit Designed with Noise Filter

Network

6.3.1. On-Chip Noise Filter Network

Fig. 6.7 shows the proposed on-chip RC-based transient detection circuit I combined with
on-chip RC filter network, which is realized with one decoupling capacitor and two resistors
with equal value to provide the noise filter function during system-level ESD stresses. The
RC noise filter network can suppress the transient peak voltages on Vpp and Vss, which
influences positive and negative system-level ESD voltages to cause transition at the output
(Vour) of the proposed on-chip RC-based transient detection circuit I. Therefore, in
combination with different on-chip RC noise filter networks, the proposed on-chip RC-based
transient detection circuit I can be designed to detect different voltage levels under

system-level ESD tests.

: INV_1

\|§S 150Q | Ve
On-Chip Filter Vreser [K—w—

Network

Buffer

Fig. 6.7 The proposed on-chip RC-based transient detection circuit I combined with on-chip

noise filter network.

6.3.2. Experimental Results of System-Level ESD Tests

The proposed on-chip RC-based transient detection circuit I combined with a RC filter
network has been designed and fabricated in a 0.18-um 1P5M CMOS process with 3.3-V
devices. The fabricated chip in a package for system-level ESD test is shown in Fig. 6.8. The
silicon area of the proposed on-chip RC-based transient detection circuit combined with a

noise filter network is 266 um x 254 um.
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Fig. 6.8 Die photo of the proposed on-chip RC-based transient detection circuit I combined with

on-chip noise filter network.

With the aid of the on-chip filter network to.reduce the noise voltage on power lines, the

also enhanced from -0.2 kV (without on-chip filter network) to -1.6 kV (with on-chip filter
network), as shown in Fig. 6.9(b). Thus, by choosing proper capacitance and resistance, the
on-chip filter network placed between Vpp and Vg can be used to appropriately adjust the
detection voltage level of the proposed on-chip RC-based transient detection circuit I under
system-level ESD test, both for the positive or the negative electrical fast transients. With
different system-level ESD voltage zapping, the proposed on-chip RC-based transient
detection circuit I can be designed to detect different the strength of system-level ESD stress.
Therefore, a novel transient-to-digital converter can be built up by using the proposed on-chip

RC-based transient detection circuit [ with different RC filter networks.
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Fig. 6.9 Measured Vpp and Voyr transient voltage waveforms of the proposed on-chip

2.00 V

RC-based transient detection circuit I combined with on-chip noise filter network under a

system-level ESD test with an ESD voltage of (a) +1.8 kV, and (b) -1.6 kV.

6.4. On-Chip Transient-to-Digital Converter

A novel on-chip 4-bit transient-to-digital converter composed of four transient detection
circuits and four different on-chip RC filter networks have been designed and verified in a
0.18-um CMOS process with 3.3-V devices. The output digital thermometer codes

correspond to different electrical transient voltages under system-level ESD and EFT tests.
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6.4.1. Circuit Structure

Fig. 6.10 shows the proposed on-chip 4-bit transient-to-digital converter. The 4-bit
on-chip 4-bit transient-to-digital converter consists of four transient detection circuit I with
four different on-chip RC filter networks. With different resistance and capacitance values in
the filter networks, different ESD-induced and EFT-induced energy on Vpp and Vsg will
reach each transient detection circuit. Therefore, under the system-level ESD and EFT
zapping conditions with different electrical transient voltages, the four transient detection

circuits will have different output responses.
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Fig. 6.10 Proposed on-chip 4-bit transient-to-digital converter.
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6.4.2. System-Level ESD Tests

The proposed on-chip 4-bit transient-to-digital converter has been designed and fabricated
in a 0.18-um 1P5SM CMOS process with 3.3-V devices. The fabricated chip in a package for
system-level ESD test is shown in Fig. 6.11. The silicon area of proposed on-chip 4-bit

transient-to-digital converter is 1030 um x 188.5 pm.

- =N I L1
|
Lt ESET rVOUT3 =

Fig. 6.11 Die photo of the proposed on-chip 4-bit transient-to-digital converter.

The measured Vouri, Vour2, Vours, and Vours waveforms of the proposed on-chip 4-bit
transient-to-digital converter under system-level ESD test with ESD voltage of +0.2 kV
zapping on the HCP are shown in F1%ﬁ16;12(a_) During,,the fast transient of ESD stress, Vouri,
Voutz2, Vours, and Vours are dlsturf)ed slﬂ; ltam0u§1y during Vpp and Vg disturbance.
Finally, Vour; will be changed from '0 \a tlo 3. 33\; Wlth V@UTQ, Vours, and Vours are still kept
_tesumih ESD voltage of +0.2 kV zapping, the

at OV. Therefore, under system-lev&l‘ES _
output voltages of the proposed on- chlp 4-b1t—tran§ieht to-digital converter can be transferred
into a thermometer digital code of “0001.”

The measured Vouri, Vour2, Vours, and Vours waveforms of the proposed on-chip 4-bit
transient-to-digital converter under system-level ESD test with ESD voltage of +0.4 kV
zapping on the HCP are shown in Fig. 6.12(b). During the fast transient of ESD stress, Vouri,
Vourz, Vours, and Vours are disturbed simultaneously during Vpp and Vgg disturbance.
Finally, Vout: and Voutz will be changed from 0 V to 3.3 V, with Vours and Voury are still
kept at OV. Therefore, under system-level ESD test with ESD voltage of +0.4 kV zapping, the
output voltages of the proposed on-chip 4-bit transient-to-digital converter can be transferred
into a thermometer digital code of “0011.”

The measured Vouri, Vour2, Vours, and Vours waveforms of the proposed on-chip 4-bit
transient-to-digital converter under system-level ESD test with ESD voltage of +0.5 kV
zapping on the HCP are shown in Fig. 6.12(c). During the fast transient of ESD stress, Vouri,
Vourz2, Vours, and Vours are disturbed simultaneously during Vpp and Vgg disturbance.

Finally, Vouri, Vour, and Vours will be changed from 0 V to 3.3 V with Vourys is still kept at
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OV. Therefore, under system-level ESD test with ESD voltage of +0.5 kV zapping, the output
voltages of the proposed on-chip 4-bit transient-to-digital converter can be transferred into a
thermometer digital code of “0111.”

The measured Vouri, Vourz, Vours, and Vours waveforms of the proposed on-chip 4-bit
transient-to-digital converter under system-level ESD test with ESD voltage of +0.7 kV
zapping are measured in Fig. 6.12(d). During the high-energy fast transient of ESD stress, all
transient detection circuits can detect the occurrence of disturbance on Vpp and VSS. Finally,
when Vpp finally returns to its normal stable voltage level, Vouri, Vour2, Vours, and Vours
have been changed from 0 V to 3.3 V. Therefore, under system-level ESD test with ESD
voltage of +0.7 kV zapping, the output voltages of the proposed on-chip 4-bit

transient-to-digital converter can be transferred into a thermometer digital code of “1111.”
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Fig. 6.12 Measured Vouri, Vour2, Vours, and Vours transient voltage waveforms of the
proposed on-chip 4-bit transient-to-digital converter under a system-level ESD test with an

ESD voltage of (a) +0.2 kV, (b) +0.4 kV, (c) +0.5 kV, and (d) +0.7 kV, zapping on the HCP.
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The measured Vouri, Vourz, Vouts, and Vours waveforms of the proposed on-chip 4-bit
transient-to-digital converter under system-level ESD test with ESD voltage of -0.2 kV
zapping on the HCP are shown in Fig. 6.13(a). During the fast transient of ESD stress, Vouri,
Vout2, Vours, and Vours are disturbed simultaneously during Vpp and Vss disturbance.
Finally, Vouri will be changed from 0 V to 3.3 V with Voura, Vours, and Vours are still kept
at OV. Therefore, under system-level ESD test with ESD voltage of -0.2 kV zapping, the
output voltages of the proposed on-chip 4-bit transient-to-digital converter can be transferred
into a thermometer digital code of “0001.”

Similarly, Figs. 6.13(b), 6.13(c), and 6.13(d) show the measured Vouti, Vour2, Vours,
and Vouts waveforms of the proposed on-chip 4-bit transient-to-digital converter under EFT
tests with ESD voltages of -0.3 kV, -0.5 kV, and -1.4 kV zapping, and transferred into digital
thermometer codes of “0011,” “0111,” and “1111,” respectively.
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Fig. 6.13 Measured Vouri, Vour2, Vours, and Vours transient voltage waveforms of the
proposed on-chip 4-bit transient-to-digital converter under a system-level ESD test with an

ESD voltage of (a) -0.2 kV, (b) -0.3 kV, (¢) -0.5 kV, and (d) -1.4 kV, zapping on the HCP.
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Fig. 6.14 depicts the characteristic between ESD zapping voltages and the converted
codes. With the proposed on-chip 4-bit transient-to-digital converter, different ESD voltages
under system-level ESD tests can be detected and transferred into different thermometer
digital codes. With larger ESD voltage level, the thermometer digital code goes higher, as
listed in Table 6.1.

Digital

Code

A
........... L] I
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§ L oot § §
i o001 i
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: L i : - : » Voltage
» 0 » © g
NI N S N N R R R (V)

Fig. 6.14 The relationship between thé ESD zapping voltage and the digital code in the

proposed on-chip 4-bit transient-to-digital converter.

Table 6.1
ESD Voltage to Digital Code Characteristic of Proposed On-Chip 4-Bit transient-to-digital
Converter
ESD Voltage ESD Voltage Digital
(kV) (kV) Codes
<+0.2 >-0.2 0000
+0.2 ~+0.4 -0.2~-0.3 0001
+0.4 ~ +0.5 -0.3~-0.5 0011
+0.5 ~+0.7 -0.5~-14 0111
> +0.7 <-14 1111

6.4.3. EFT Tests

The EFT generator combined with attenuation network shown in Fig. 4.16 is used to

evaluate the detection function of the transient-to-digital converter under EFT tests.
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The measured Vouri, Vourz, Vouts, and Vours waveforms of the proposed on-chip 4-bit

transient-to-digital converter under EFT test with an EFT voltage of +0.7 kV are shown in

Fig. 6.15(a). During the EFT-induced fast transient, Vouti, Vour2, Vours, and Vours are

disturbed simultaneously during the Vpp and Vgg disturbance. Finally, Vour; will be changed

from OV to 3.3V while Vout, Vouts, and Vouts remain 0V. Therefore, under EFT test with

an EFT voltage of +700V zapping, the output voltages of the proposed on-chip 4-bit

transient-to-digital converter can be transferred into a digital thermometer code of “0001.”

Similarly, Figs. 6.15(b), 6.15(c), and 6.15(d) show the measured Vouti, Vour2, Vours,

and Vours waveforms of the proposed on-chip 4-bit transient-to-digital converter under EFT

tests with EFT voltages of +1.8 kV, +2.4 kV, and +3.4 kV, and transferred into digital

thermometer codes of “0011,” “0111,” and “1111,” respectively.
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Fig. 6.15. Measured Vouri, Vour2, Vours, and Vours transient voltage waveforms of the

proposed on-chip 4-bit transient-to-digital converter under EFT test with EFT voltage of (a)
+0.7 kV, (b) +1.8 kV, (¢) +2.4 kV, and (d) +3.4 kV.
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The measured Vouri, Vourz, Vouts, and Vours waveforms of the proposed on-chip 4-bit

transient-to-digital converter under EFT test with an EFT voltage of -0.6 kV are shown in Fig.

6.16(a). During the EFT-induced fast transient, Vouri, Vout2, Vours, and Vours are disturbed

simultaneously during the Vpp and Vg disturbance. Finally, Vour; will be changed from 0 V

to 3.3 V while Vourz, Vours, and Vouts remain 0 V. Therefore, under EFT test with EFT

voltage of -600 V =zapping, the output voltages of the proposed on-chip 4-bit

transient-to-digital converter can be transferred into a digital thermometer code of “0001.”

Similarly, Figs. 6.16(b), 6.16(c), and 6.16(d) show the measured Vouti, Vour2, Vours,

and Vours waveforms of the proposed on-chip 4-bit transient-to-digital converter under EFT

test with EFT voltages of -0.65 kV, -0.7 kV, and -0.8 kV, and transferred into digital

thermometer codes of “0011,” “0111,” and “1111,” respectively.
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Fig. 6.16. Measured Vouri, Vour2, Vours, and Vours transient voltage waveforms of the

proposed on-chip 4-bit transient-to-digital converter under EFT test with EFT voltage of (a)
-0.6 kV, (b) -0.65 kV, (¢) -0.7 kV, and (d) -0.8 kV.
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Fig. 6.17 depicts the relationship between the EFT zapping voltages and the converted
codes. With the proposed on-chip 4-bit transient-to-digital converter, different EFT voltages
under EFT tests can be detected and transferred into different digital thermometer codes.
With a larger EFT voltage level, the digital thermometer code goes higher, as listed in Table
6.2.

Digital
Code
A
....................... e
: 0111 :
.—. -------------------------------------------------- ﬁ
P 0011 P
g o SR A — :
§ P 0001 E i §
: I e e : ;
E . § 5 5 | EFT Voltage
: I R (¢ I (A (G !
» Before
) ) )) ))
o° 9’\ @ o° B o N2 ¥ &Y Attenuation
‘ Network
(kV)

Fig. 6.17. The relationship between'the EET voltage level and the digital code in the proposed

on-chip 4-bit transient-to-digital converter.

Table 6.2
EFT Voltage to Digital Code Characteristic of Proposed On-Chip 4-Bit transient-to-digital
Converter
Positive EFT Negative EFT Digital
Voltage (kV) Voltage (kV) Codes
<+0.7 >-0.6 0000
+0.7 ~ +1.8 -0.6 ~ -0.65 0001
+1.8 ~+2.4 -0.65 ~ -0.7 0011
+2.4 ~ +3.4 -0.7 ~-0.8 0111
>+3.4 <-0.8 1111
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6.5. Applications in CMOS ICs with Firmware Co-Design

It had been reported that the hardware/firmware can be co-designed to effectively
improve the system-level ESD and EFT robustness of CMOS IC products. The proposed
on-chip 4-bit transient-to-digital converter can be co-designed with firmware to provide a
system solution to solve the system-level ESD and EFT events to microelectronic products
equipped with CMOS ICs.

For example, to realize a system-level ESD protection of a function against upset or
freeze after transition, a hardware/firmware co-design solution combined with the proposed
on-chip 4-bit transient-to-digital converter and the power-on reset circuit can be built up.
Under the normal power-on condition, the Vpp power-on voltage waveform has a rise time on
the order of a millisecond (ms). The power on reset circuit should be designed with the longer
rise time on the order of millisecond. Thus, the output signal of the power-on reset circuit can
send the power-on firmware index for a microelectronic system to execute a normal reset
procedure, as shown in Fig. 6.18(a).

Due to the difference in the rise times between the ESD zapping voltage and the Vpp
power-on voltage, the proposed on=chip transientsto-digital converter is designed to sense
fast electrical transients and send different output digital codes under the system-level ESD
zapping conditions with different ESD voltagess-as shown in Figs. 6.18(b) and 6.18(c). For
example, under the system-level ESD zapping witha low ESD voltage, the output digital
code of the proposed on-chip 4-bit transient-to-digital converter becomes “0001.” Then, the
firmware can execute the partial system recover procedure to check and to recover partial
electrical functions of microelectronic system. Under the system-level ESD zapping with
high enough ESD voltage, the output digital code of the proposed on-chip 4-bit
transient-to-digital converter becomes “1111.” Then, the firmware can execute the recover
procedure to recover all the electrical functions to a desired stable state as soon as possible.
The firmware can be designed to execute different recover procedures with different output
digital codes of the proposed on-chip 4-bit transient-to-digital converter. After the reset and
recover procedures, the output digital code of the proposed on-chip 4-bit transient-to-digital
converter is again reset to “0000” for detecting the next transient ESD events.

By including the proposed on-chip transient-to-digital converter and an additional
firmware index into the chip, the firmware flowchart shown in Figs. 6.18(a)-(c) can be used
to improve the system-level ESD and EFT robustness of microelectronic products. Such a

hardware/firmware co-design method can provide an effective system solution against
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system-level ESD and EFT events in microelectronic systems.
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Fig. 6.18. Hardware/firmware operation during (a) power-on reset condition, (b) low

system-level ESD zapping, and (c) high system-level ESD zapping.
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6.6. Conclusion

A novel on-chip 4-bit transient-to-digital converter composed of four transient detection
circuits and four different RC filter networks has been successfully designed and verified.
The output digital thermometer codes of the proposed on-chip 4-bit transient-to-digital
converter correspond to different electrical transient voltages under system-level ESD and
EFT tests. These output digital codes can be used as the firmware index to execute different
auto-recovery procedures in microelectronic products. Thus, the new proposed on-chip 4-bit
transient-to-digital converter can be further combined with firmware design to provide an
effective solution against upset or freeze malfunctions after system-level ESD and EFT

zapping on microelectronic systems.
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Chapter 7

Conclusions and Future Works

This chapter summarizes the specific new results of this dissertation. Future works for

system-level ESD topics are also addressed in this chapter.

7.1. Specific New Results of This Dissertation

The specific new results of this dissertation are summarized below:

(1) This dissertation investigates the latchup-like failure of power-rail ESD clamp
circuits under system-level ESD and EFT tests. Furthermore, a novel power-rail
ESD clamp combined with NMOS resét function is proposed to solve such
latchup-like failure and provide high enough chip-level ESD robustness.

(2) This dissertation clarifies- the TLU physical mechanism under EFT tests by
experimental verification: Furthérmore,this “dissertation evaluates different
board-level noise filter networks to find their effectiveness for TLU prevention
under the system-level ESD test. The related technical know-how can provide
the printed circuit board (PCB) designers useful references to optimize PCB
designs for TLU prevention.

(3) This dissertation proposes two on-chip transient detection circuits. The detection
performance of the proposed on-chip transient detection circuits has been
evaluated under the system-level ESD or EFT tests. The detection results can be
used as system recover index and provide the IC industry a hardware/firmware
solution for improving the system-level ESD immunity of CMOS ICs.

(4) This dissertation proposes on-chip transient-to-digital converter. The output
digital thermometer codes correspond to different system recover procedures
and provide another efficient hardware/firmware solution.

The proposed inventions in this dissertation, such as on-chip transient detection
circuits and transient-to-digital converters, can inspire system or IC designers to develop

novel techniques for system-level ESD prevention.
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7.2. Future Works

In addition to using the on-chip transient detection circuits and transient-to-digital
converters proposed in this dissertation, some other techniques could be the useful candidates
to further improve the susceptibility of the CMOS ICs against the system-level ESD or EFT
tests. These future works are listed below.

(1) Linear Relationship between the ESD/EFT Zapping Voltages and Digital Codes
(2) Hardware and Firmware Co-Design with System-Auto-Reset Function

(3) Latchup Auto-Detection, Self-Stop, and Auto-Reset Circuit

(4) Layout Optimization

(5) Other Specific Advanced Process Technologies

With the developments of future system-level ESD and EFT prevention techniques, it is
anticipated that electrical transient disturbance events can be efficiently suppressed in the

continual-scaling CMOS technologies.
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