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ABSTRACT

The scaling trend of the CMOS technology 1s toward the nanometer region to increase
the speed and density of the transistors in integrated circuits. Due to the reliability issue, the
power supply voltage is also decreased with-the advanced technologies. However, in an
electronic system, some circuits could be still.operated at high voltage levels. If the circuits
realized with low-voltage devices are operated at high voltage levels, the gate-oxide
breakdown and leakage issues will occur. Therefore, for the CMOS integrated circuits (ICs)
with the mixed-voltage I/O interfaces, the on-chip electrostatic discharge (ESD) protection
circuits will meet more design constraints and difficulties. The on-chip ESD protection circuit
for mixed-voltage I/O interfaces should meet the gate-oxide reliability constraints and
prevent the undesired leakage current paths during normal circuit operating operation. During
ESD stress condition, the on-chip ESD protection circuit should provide effective ESD
protection for the internal circuits. In high-voltage CMOS technology, high-voltage
transistors have been widely used for display driver ICs, power supplies, power management,
and automotive electronics. The high-voltage MOSFET was often used as the ESD protection
device in the high-voltage CMOS ICs, because it can work as both of output driver and ESD
protection device simultaneously. With an ultra-high operating voltage, the ESD robustness
of high-voltage MOSFET is quite weaker than that of low-voltage MOSFET. Hence, how to

improve the ESD robustness of HV NMOS with a reasonable silicon area is indeed an



important reliability issue in HV CMOS technology. In this thesis, some new ESD protection
structures are proposed to improve ESD robustness of the high-voltage IC products fabricated
in CMOS technology.

To protect the mixed-voltage I/O interfaces for signals with voltage levels higher than
VDD (over-VDD) and lower than VSS (under-VSS), ESD protection design with the
low-voltage-triggered PNP (LVTPNP) device in CMOS technology is proposed. The
LVTPNP is realized by inserting N+ or P+ diffusion across the junction between N-well and
P-substrate of the PNP device. The LVTPNP devices with different structures have been
investigated and compared in CMOS processes. The experimental results in a 0.35-pm
CMOS process have proven that the ESD level of the proposed LVTPNP is higher than that
of the traditional PNP device. Furthermore, layout on LVTPNP device for ESD protection in
mixed-voltage I/O interfaces is also optimized in this work. The experimental results verified
in both 0.35-um and 0.25-um CMOS processes have proven that the ESD levels of the
LVTPNP drawn in the multi-finger layout style are higher than that drawn in the single finger
layout style. Moreover, one of the LVTPNP devices drawn with the multi-finger layout style
has been used to successfully protect the input stage of an ADSL IC in a 0.25-pum salicided
CMOS process.

To increase the system-on-chip ESD immunity ‘of micro-electronic products against
system-level ESD stress, the chip-level ESD/EMC protection design should be enhanced.
Considering gate-oxide reliability, a new ESD protection scheme with ESD BUS and
high-voltage-tolerant ESD clamp circuit for 1.2/2.5 V mixed-voltage I/O interfaces is
proposed in this chapter. The devices used in the high-voltage-tolerant ESD clamp circuit are
all 1.2 V low-voltage NMOS/PMOS devices which can be safely operated under the 2.5 V
bias conditions without suffering from the gate-oxide reliability issue. The four-mode (PS,
NS, PD, and ND) ESD stresses on the mixed-voltage I/O pad and pin-to-pin ESD stresses can
be effectively discharged by the proposed ESD protection scheme. The experimental results
verified in a 0.13 um CMOS process have confirmed that the proposed new ESD protection
scheme has high human-body-model (HBM) and machine-model (MM) ESD robustness with
a fast turn-on speed. The proposed new ESD protection scheme, which is designed with only
low-voltage devices, is an excellent and cost-efficient solution to protect mixed-voltage 1/0
interfaces.

To greatly improve ESD robustness of the vacuum-fluorescent-display (VFD) driver IC

for automotive electronics applications, a new electrostatic discharge protection structure of



high-voltage P-type silicon controlled rectifier (HVPSCR) embedded into the high-voltage
PMOS device is proposed. By only adding the additional N+ diffusion into the drain region
of high-voltage PMOS, the TLP-measured secondary breakdown current (It2) of output
driver has been greatly improved greater than 6A in a 0.5-um high-voltage CMOS process.
Such ESD-enhanced VFD driver IC, which can sustain HBM ESD stress of up to 8kV, has
been in mass production for automotive applications in car without latchup problem.
Moreover, with device widths of 500um, 600um, and 800um, the MM ESD levels of the
HVPSCR are as high as 1100V, 1300V, and 1900V, respectively.

The dependences of drift implant and layout parameters on ESD robustness in a 40-V
CMOS process have been investigated in silicon chips. From the experimental results, the
HV MOSFETs without drift implant in the drain region have better TLP-measured It2 and
ESD robustness than those with drift implant in the drain region. Furthermore, the It2 and
ESD level of HV MOSFETs can be increased as the layout spacing from the drain diffusion
to polygate is increased. It was also demonstrated that a specific test structure of HV n-type
silicon controlled rectifier (HVNSCR) embedded:-into HV NMOS without N-drift implant in
the drain region has the excellent TleP-measured-1t2 and ESD robustness. Moreover, due to
the different current distributions «in. HV NMOS and HVNSCR, the dependences of the
TLP-measured It2 and HBM ESD levels on‘the spacing-from the drain diffusion to polygate
are different.

In this thesis, the novel ESD protection circuits have been developed for mixed-voltage
I/O interfaces and high-voltage CMOS process with high ESD robustness. Each of the ESD

protection circuits has been successfully verified in the testchips.
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CHAPTER 1

INTRODUCTION

1.1 Background

Electrostatic Discharge (ESD) has become the main reliability concern on
semiconductor products, especially for the system-on-a-chip (SOC) implementation in
nanoscale CMOS processes. The ESD specifications of commercial IC products are generally
required to be higher than 2kV in human-body-model (HBM) [1] ESD stress. Therefore,
on-chip ESD protection circuits have to be added between the input/output (I/O) pad and
VDD/VSS to provide the desired ESD robustness in CMOS integrated circuits (ICs) [2]-[4].
ESD stresses on an I/O pad have four pin-combination modes: positive-to-VSS (PS-mode),
negative-to-VSS (NS-mode), positive-to-VDD (PD-mode), and negative-to-VDD (ND-mode),
as shown in Figs. 1.1(a) ~ 1.1(d), respectively. The typical design of on-chip ESD protection
circuits in a CMOS IC is illustrated in Fig:' 1.2."To avoid the unexpected ESD damage in the
internal circuits of CMOS ICs [5]-[7], the tutn=on-efficient power-rail ESD clamp circuit was
placed between VDD and VSS power lines [8]. ESD current at the I/O pad under the
PS-mode ESD stress can be discharged through the parasitic diode of PMOS from /O pad to
VDD, and then through the VDD-to-VSS ESD clamp circuit to ground. Consequently, the
traditional I/O circuits cooperating with the VDD-to-VSS ESD clamp circuit can achieve a
much higher ESD level [8].

1.2 Issue of Mixed-Voltage I/O Interface

To improve circuit operating speed and performance, the device dimension of MOSFET
has been shrunk in the advanced CMOS ICs. With the scaled-down device dimension in
advanced CMOS technology, the power supply voltage is also scaled down to reduce the
power consumption and to meet the gate-oxide reliability. However, most microelectronic

systems nowadays consist of mix semiconductor chips fabricated in different CMOS
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technologies. Therefore, the microelectronic systems often require the interfaces between
semiconductor chips or sub-systems which have different internal power supply voltages.
With the different power supply voltages in a microelectronic system, chip-to-chip I/O
interface circuits must be designed to avoid electrical overstress across the gate oxide [9], to
avoid hot-carrier degradation [10] on the output devices, and to prevent the undesired leakage
current paths between the chips [11], [12]. For example, a chip which operates with internal
power supply voltage of 1.2V may have the I/O signals of 2.5V. The traditional CMOS /O
buffer with VDD of 1.2V and 1.2-V gate oxide devices is shown in Fig. 1.3(a) with both
input and output stages. When an external 2.5-V signal is applied to the I/O pad, the channel
of the pull-up PMOS and the parasitic drain-to-well junction diode in the pull-up PMOS will
cause the leakage current paths from I/O pad to VDD, as the dashed lines shown in Fig. 1(a).
Moreover, the 1.2-V gate oxides of the pull-down NMOS and the input inverter will be
over-stressed by the 2.5-V input signal to suffer the gate-oxide reliability issue. By using the
additional thick gate-oxide process (or called as dual gate-oxide CMOS process [13], [14]),
the gate-oxide reliability issue can be,avoided. However, the process complexity and
fabrication cost are increased.

To solve the gate-oxide reliability issue without using the additional thick gate-oxide
process, the stacked-NMOS configuration has been widely used in the mixed-voltage 1/0
circuits [15]-[21]. The typical 1.2V/2.5V-tolerant mixed-voltage I/O circuit is shown in Fig.
1.3(b). The independent control on the top‘and bottom gates of stacked-NMOS device allows
the devices to meet reliability limitations during normal circuit operation. Therefore, the
stacked-NMOS can be operated within the safe range for both dielectric and hot-carrier
reliability limitations. The pull-up PMOS, connected from the I/O pad to the VDD power line,
has the gate tracking circuits for tracking the gate voltage and the N-well self-biased circuits
for tracking N-well voltage, which are designed to ensure that the pull-up PMOS does not
conduct current when the 2.5-V input signals enter the I/O pad. In such mixed-voltage I/O
circuits, the on-chip ESD protection circuits will meet more design constraints and difficulty.

The ESD protection design of I/O pad cooperating with power-rail ESD clamp circuit is
shown in Fig. 1.4(a), where a PS-mode ESD pulse is applied to the I/O pad. The ESD current
paths (Igsp), including Igspi and Igspo, along the traditional CMOS output buffer are also
illustrated by the dashed lines in Fig. 1.4(a), where most of ESD current (Igsp;) is discharged
through the parasitic diode of the PMOS and the VDD-to-VSS ESD camp circuit to ground.
Therefore, the traditional CMOS output buffer can sustain a higher ESD stress with

cooperation of active power-rail ESD clamp circuit. But, due to the leakage current issue in
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the mixed-voltage I/O circuits, there is no diode connected from the I/O pad to VDD power
line in the mixed-voltage 1/O circuits. Without the diode connected from the I/O pad to VDD
in the mixed-voltage I/O circuits, the ESD current at I/O pad under PS-mode ESD stress
cannot be discharged from the I/O pad to VDD power line, and cannot be discharged through
the additional VDD-to-VSS ESD clamp circuit. Therefore, the power-rail ESD clamp circuit
did not help to pull up ESD level of the mixed-voltage I/O pad under the PS-mode ESD stress.
The ESD current path in the mixed-voltage I/O circuits with power-rail ESD clamp circuit
under PS-mode ESD stress in illustrated in Fig. 1.4(b). Such ESD current at the I/O pad is
mainly discharged through the stacked-NMOS by snapback breakdown. Besides, comparing
the single NMOS and the stacked-NMOS in the high-current snapback region, the
stacked-NMOS will have a higher trigger voltage (Vtl), a higher snapback holding voltage
(Vsb), slower turn-on speed, and a lower secondary breakdown current (It2), as shown in Fig.
1.5. Therefore, such mixed-voltage I/O circuits with stacked-NMOS often have much lower
ESD level under the PS-mode ESD stress, as compared to the traditional 1/O circuits with a
single NMOS [22], [23]. In addition, witheut the.diode connected from the I/O pad to VDD,
the mixed-voltage I/O circuit also has a lower-ESD level for I/O pad under PD-mode ESD
stress. The absence of the diode between I/O pad:and VDD power line in the mixed-voltage
I/O circuits will seriously degrade ESD performance of-the I/O pad under the PS-mode and
PD-mode ESD stresses. By using extra process modification such as ESD implantation, the
ESD robustness of stacked-NMOS device can be further improved [24], [25], but the process
complexity and fabrication cost are increased. In addition, the induced high voltage on the
gate of top NMOS transistor under ESD stress will cause high-current crowding effect in the
channel region to seriously degrade ESD robustness of stacked-NMOS device in the
mixed-voltage 1/O circuits [26]. Therefore, effective ESD protection design without
increasing process complexity is strongly requested by the mixed-voltage I/O circuits in the
scaled-down CMOS processes.

One of the mixed-voltage circuit applications, such as the interface in ADSL which has
input signals with voltage levels higher than VDD and lower than VSS, is shown in Fig. 1.6
The traditional on-chip ESD protection circuits are not suitable for such mixed-voltage
interfaces. The ESD diode D, (D,) will be forward biased when the input signal levels are
higher than VDD (lower than VSS). This ESD protection circuit will cause current leakage
between the chips of the mixed-voltage I/O interface. Moreover, traditional on-chip ESD
protection with NMOS/PMOS will also cause the same leakage issue and suffer the

gate-oxide reliability issue when the over-VDD or under-VSS external signals reach to the
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input pad. To meet such mixed-voltage I/O interface, the SCR device with floating P-well
structure in an N-substrate CMOS process had been used as on-chip ESD protection device
[27]. However, the SCR device with a floating well structure is very sensitive to latchup [28],
[29]. The mixed-voltage I/O interfaces in the system applications often have serious
overshooting or undershooting signal transition, which could trigger on the SCR device in the

ESD protection circuit of I/O pad to induce latchup troubles to the chip [27].

1.3 Issue of High-Voltage CMOS ICs

High-voltage (HV) CMOS process has been widely used in LCD driver circuits,
telecommunication, power switch, motor control systems, etc [30]. In the smart-power
technology, high-voltage MOSFET, silicon controlled rectifier (SCR) device, or bipolar
junction transistor were used as on-chip electrostatic discharge (ESD) protection devices
[31]-[38]. Some ESD protection designs used the lateral or vertical bipolar transistors as ESD
protection devices in smart power technology [36]:.[37]. However, fabrication cost and
process complexity are increased by adding bipolar modules into the high-voltage CMOS
process. The high-voltage MOSFET was often used as the ESD protection device because it
can work as both of output driver. and ESD“protection device simultaneously in the
high-voltage CMOS ICs. With an ultra-high operating voltage, the ESD robustness of
high-voltage MOSFET is quite weaker than that of low-voltage MOSFET [31]-[38]. To
increase ESD robustness, the conventional design with large device dimension still suffers the
non-uniform current distribution among the device. The HV NMOS has the extremely strong
snapback phenomenon during ESD stress, which often results in non-uniform turn-on
variation among the multi-fingers of HV NMOS [39]. To overcome the problem of
non-uniform turn-on phenomenon, the gate-coupling technique was applied to the HV NMOS
[32], [33]. However, the gate of HV NMOS must be in series with a large resistor, which
occupies a large layout area. Hence, how to improve the ESD robustness of HV NMOS with
a reasonable silicon area is indeed an important reliability issue in HV CMOS technology.

In some specific applications, such as the driver IC for vacuum fluorescent display
(VFD) [40] in automotive instrumentation [41], only high-voltage PMOS (HVPMOS) is
provided in a given CMOS process which is developed by adding a few additional masks and
process steps into the low-cost low-voltage CMOS process. To reduce the fabrication cost, no

high-voltage NMOS 1is used in such specific VFD driver IC. For safety concerns in
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automotive electronics, the ESD robustness was often requested much higher than that of
consumer electronics products. Thus, an additional protection device is necessary in the
high-voltage I/O pin to sustain a high enough ESD robustness of the VFD driver IC for safe

automotive applications.

1.4 Thesis Organization

To overcome the ESD design constraints in mixed-voltage I/O interfaces, and
high-voltage CMOS process, the novel on-chip ESD protection designs are developed and
verified in this thesis.

This thesis contains seven chapters. Chapter 1 presents the basic design concept of ESD
protection design for commercial IC products in CMOS technology. Moreover, ESD
protection design for mixed-voltage 1/O interfaces should be concerned about the gate-oxide
reliability issue and leakage current path. ESD protection design for high-voltage CMOS
process should be concerned about the quite weak ESD robustness due to the ultra-high
operating voltage.

In chapter 2, presents an overview on thé design concept and circuit implementations of
the ESD protection designs for mixed-voltage~1/O interfaces without using the additional
thick gate-oxide process. To improve ESD level of the mixed-voltage I/O circuits, the ESD
protection design without increasing the process complexity is strongly requested by the
mixed-voltage 1/O circuits in consumer IC products. Such ESD protection design in the
mixed-voltage 1/O circuits still meets the gate-oxide reliability constraints, and needs to
prevent the undesired leakage current paths during normal circuit operating condition. Under
ESD stress condition, the ESD protection circuit should be quickly triggered on to discharge
ESD current.

In chapter 3, presents a new ESD protection design with the low-voltage-triggered PNP
(called as LVTPNP) device to protect the I/O interfaces with input voltage levels higher than
VDD or lower than VSS. Comparing to the traditional PNP device in CMOS process, the
new proposed LVTPNP with a low breakdown voltage, by avalanche breakdown across the
P+/N-well or N+/P-sub junctions, provides effective discharging path to protect the
mixed-voltage I/O interfaces against ESD stresses. Under normal circuit operation conditions,
the LVTPNP device is kept off without causing current leakage between the chips.

Furthermore, layout optimization on the LVTPNP device to increase its ESD robustness per
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silicon area has been also studied. The multi-finger layout style is used to improve ESD
robustness of the LVTPNP device. Moreover, the input stage of ADSL protected by the
LVTPNP device has been practically implemented in a 0.25-um salicided CMOS process to
achieve a better ESD robustness.

In chapter 4, presents a new ESD protection scheme with an ESD BUS and a
high-voltage-tolerant ESD clamp circuit, which is designed to protect the mixed-voltage I/O
interfaces against ESD stresses without suffering the gate-oxide reliability issue. The
proposed high-voltage-tolerant ESD clamp circuit, which combines the stacked-NMOS of
1.2-V gate oxide with the substrate-triggered technique, is designed to protect the 1.2/2.5 V
mixed-voltage I/O interfaces. This high-voltage-tolerant ESD clamp circuit has higher ESD
robustness and a faster turn-on speed, which has been successfully verified in a 0.13-um
1.2-V CMOS process.

In chapter 5, presents a new ESD protection structure with the embedded high-voltage
p-type SCR (HVPSCR) into the high-voltage PMOS device to protect the vacuum fluorescent
display (VFD) in automotive instrumentation. Only an additional N+ diffusion is added into
the HVPMOS to form the HVPSCR*for ESDiprotection. The HVPSCR device structure can
greatly improve HBM ESD robustness-of the VEBR driver.IC up to 8kV in the specific 0.5-um
high-voltage CMOS process for automotive-electronics applications without suffering latchup
issue.

In chapter 6, presents ESD robustness of MOSFETs in a 40-V CMOS process with or
without drift implant. In addition, the layout spacing from the drain diffusion to polygate is
split to find its dependence on ESD robustness. To improve ESD robustness of HV NMOS in
a limit layout area, a specific structure of HV n-type SCR (HVNSCR) can be built in the HV
NMOS by replacing part of the drain region with P+ diffusion. ESD robustness of HVNSCR
is also verified with or without the N-drift implant under different layout spacings from the
drain region to polygate. All test chips have been fabricated in a 0.35-um 40-V CMOS
technology.

Finally, the main results of this thesis are summarized in chapter 7. Some suggestions

for the future works are also addressed in this chapter.
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CHAPTER 2

OVERVIEW ON ESD PROTECTION DESIGN
FOR MIXED-VOLTAGE I/0 CIRCUITS

ESD protection design for mixed-voltage I/O interfaces has been one of the key
challenges of SOC implementation in nanoscale CMOS processes. The on-chip ESD
protection circuit for mixed-voltage I/O interfaces should meet the gate-oxide reliability
constraints and prevent the undesired leakage current paths. In this chapter, an overview on
the design concept and circuit implementations of ESD protection designs is presented for
mixed-voltage I/O interfaces with only low-voltage thin-oxide CMOS transistors. The ESD
design constraints in mixed-voltage /O interfaces, the classification, and analysis of ESD

protection designs for mixed-voltage /O interfaces are presented and discussed.

2.1 Substrate-Triggered Stacked-NMOS Device

The snapback operation of the parasitic n-p-n BJT in the stacked-NMOS structure can
be controlled by its substrate potential. The substrate-triggered technique [42] can be used to
generate the substrate current (Ig) in ESD protection circuits. With the substrate-triggered
current (Iuig), the trigger voltage of the stacked-NMOS device in mixed-voltage 1/O circuits
can be reduced for more effective ESD protection.

The finger-type layout pattern and the corresponding cross-sectional view of the
substrate-triggered stacked-NMOS device are shown in Figs. 2.1(a) and 2.1(b), respectively.
As shown in the layout top view, an additional p+ diffusion is inserted into the center drain
region of stacked-NMOS device as the substrate-triggered node. The trigger current is
provided by the substrate-triggered circuit. An n-well structure is further diffused under the
source region, which is also surrounding the whole device, to form a higher equivalent
substrate resistance (Rgyp) for improving turn-on efficiency of the parasitic lateral BJT in the

stacked-NMOS device. The substrate-triggered circuit should be designed to avoid electrical
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overstress on the gate oxide and to prevent the undesired leakage current paths during normal
circuit operating condition. During ESD stress condition, the substrate-triggered circuit
should generate large enough trigger current to effectively improve the turn-on efficiency of
parasitic n-p-n BJT in stacked-NMOS device.

The substrate-triggered circuit I for stacked-NMOS device in the mixed-voltage 1/0
circuits is shown in Fig. 2.2 [43]. The substrate-triggered circuit I is composed of the diode
string, a PMOS Mpl, and an NMOS Mnl, to provide the substrate current for triggering on
the parasitic n-p-n BJT in the stacked-NMOS device during ESD stress. Under normal circuit
operating condition, the turn-on voltage of the substrate-triggered circuit roughly equals to
Vpad = Vuing(D)+Vtp[+VDD, where Ving(I) is the total voltage drop across the diodes and
Vtp is the threshold voltage of the PMOS. To satisfy the requirement in the 2.5V/3.3V
mixed-voltage application, the number of the diodes in the diode string should be adjusted to
make the turn-on voltage greater than 3.3V. When a 3.3-V input voltage is applied at I/O pad,
Mpl is kept off, and the local substrate of the stacked NMOS is biased at VSS by the
turned-on Mnl. With the diode string to bleckithe:3.3-V input voltage at the 1/O pad, the Mp1
with thin gate oxide has no gate-exide reliability issue under normal circuit operating
condition. The Mp1 in conjunctionwith the diode'string 1s used to reduce the leakage current
through the substrate-triggered circuit in normal operating condition. If a lower input leakage
is desired, the numbers of the diodes+n the diode string should be increased. Under PS-mode
ESD stress condition, the gate of the Mp1+has an‘initial voltage level of ~0V, while the VSS
pin is grounded but the VDD pin is floating. The substrate-triggered circuit will provide the
trigger current flowing through the diode string and the Mp1 into the p-substrate, when Vpad
= Vring(D)+ [Vtp|. The trigger current provided by the substrate-triggered circuit is
determined by the diode string and the size of Mpl. Once the parasitic n-p-n BJT in the
stacked-NMOS device is triggered on, the ESD current will be discharged from the I/O pad to
VSS.

Another substrate-triggered circuit II for stacked-NMOS device in the mixed-voltage
I/O circuits is shown in Fig. 2.3 [44]. The substrate-triggered circuit II is composed of the
PMOS Mpl, PMOS Mp2, NMOS Mnl, and NMOS Mn2, to provide the substrate current for
triggering on the parasitic n-p-n BJT in the stacked-NMOS device during ESD stress. In the
2.5V/3.3V mixed-voltage IC application, the gates of Mpl and Mp2 are biased at 2.5-V VDD
supply through a resistor Rd under normal circuit operating condition. When the input
voltage transfers from OV to 3.3V at the I/O pad, the gate voltage of Mnl could be increased
through the coupling capacitor C. However, the Mn2 and Mp2 can clamp the gate voltage of

-12 -



Mnl between VDD-Vtn and VDD+|Vtp|, where Vin is the threshold voltage of NMOS. Once
the gate voltage of Mnl is over VDD+|Vtp|, the Mp2 will turn on to discharge the
over-coupled voltage and to keep the gate voltage within VDD+|Vtp|. Since the upper
boundary on the gate voltage of Mnl is within VDD+|Vtp|, the source voltage of Mpl is
clamping below VDD, which keeps the Mpl always off under normal circuit operation
condition. The Mn2 and Mp2 can further clamp the gate voltage of Mnl to avoid gate-oxide
reliability issue in the substrate-triggered circuit, even if the I/O pad has a high input voltage
level. Under PS-mode ESD-stress condition, the gates of Mpl and Mp2 have an initial
voltage level of ~0V, while the VSS pin is grounded but the VDD pin is floating. The
positive ESD transient voltage on the I/O pad is coupled through the capacitor C to the gate
of Mnl. In this situation, both of the Mnl and Mpl are operated in the turned-on state.
Therefore, the substrate-triggered circuit II will conduct some ESD current flowing from 1/O
pad through Mnl and Mpl into the p-substrate. The trigger current provided by the
substrate-triggered circuit II is determined by the size of Mnl, Mpl, and the capacitor C.
Once the parasitic n-p-n BJT in the stackedsNMOS device is triggered on, the ESD current
can be mainly discharged from the /@ pad to-VSS:

Both two substrate-triggered -designs can significantly reduce the trigger voltage and
ensure effective ESD protection= for , the*mixed-voltage 1/O circuits. By using such
substrate-triggered designs, the gates<of stacked-NMOS in the mixed-voltage I/O circuits can
be fully controlled by the pre-driver of I/O'circuits without conflict to the ESD protection
circuits. The main ESD discharge device is the parasitic n-p-n BJT in the stacked-NMOS
device. Therefore, the ESD robustness of mixed-voltage I/O circuits can be effectively
improved without occupying extra silicon area to realize the additional stand-alone ESD

protection device into the mixed-voltage I/O cells.

2.2 Extra ESD Protection Device Between I/O Pad and VSS

To improve ESD level of the mixed-voltage I/O circuits, the extra ESD device was
added between I/O pad and VSS power line [45], [46]. The ESD current at the I/O pad under
PS-mode ESD stress is designed to be directly discharged through this additional ESD device
to the grounded VSS. The ESD current at the I/O pad under the PD-mode ESD stress can be
discharged through this ESD device to VSS power line, and then through the parasitic diode
of power-rail ESD clamp circuit to the grounded VDD.
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One ESD protection design with the additional substrate-triggered lateral n-p-n BJT
device has been used to protect the mixed-voltage I/O circuits in a fully salicided, 0.35-um,
thin-epi CMOS process [45]. The ESD protection design with substrate-triggered circuit and
the lateral n-p-n BJT device for the mixed-voltage 1/O circuits is re-drawn in Fig. 2.4(a). The
substrate-triggered circuit should meet the design constraints for providing effective ESD
protection to the mixed-voltage I/O circuits, but without suffering the gate-oxide reliability
issue. In this design, the substrate-triggered circuit is mainly composed of the diode string
and a PMOS Mpl to provide the substrate current for triggering on the lateral n-p-n BJT
during ESD stress. A positive feedback network is formed with Mp2, Mnl, and R1, which
maintains Mp1 in a highly conductive state to provide the substrate current during ESD stress.
Moreover, to improve the turn-on efficiency of lateral n-p-n BJT device in a thin-epi CMOS
process with much smaller substrate resistance (Rsub), the device structure of lateral n-p-n
BJT is specifically designed in Fig. 2.4(b). The lateral n-p-n BJT device consists of an n+
diffusion (emitter), an n-well (collector), and a p+ diffusion as its base. A dummy gate is
formed between the p+ base and n+ emitter regions. The collector n-well encloses a portion
of the p+ base region. In this design; the HBM-ESD level of the mixed-voltage I/O circuits
has been verified greater than 2kV i a fully-salicided thin-epi CMOS process.

Another ESD protection design, by-using. the 'additional stacked-NMOS triggered
silicon controlled rectifier (SNTSCR), has been reported to protect the mixed-voltage 1/0
circuits [46]. The ESD protection design with the ‘additional SNTSCR device for protecting
the mixed-voltage I/O circuits is shown in Fig. 2.5(a). The device structure of SNTSCR and
the corresponding ESD detection circuit are shown in Fig. 2.5(b). The ESD detection circuit,
designed by using the gate-coupled technique with consideration of the gate-oxide reliability
issue, is used to provide suitable gate bias to trigger on the SNTSCR device under ESD stress
condition. On the contrary, this ESD detection circuit must keep the SNTSCR off when the
IC is under normal circuit operating condition. During normal circuit operating condition, the
Mn3 in Fig. 2.5(b) acts as a resistor to bias the gate voltage (Vgl) of Mnl at VDD. But, the
gate of Mn2 is grounded through the resistor R2 and Mn4. So, all the devices in the ESD
protection circuit can meet the electrical-field constraint of gate-oxide reliability under
normal circuit operating condition. Under PS-mode ESD stress condition, the Mp1 is turned
on but Mn3 is off since the initial voltage level on the floating VDD line is ~0V. The
capacitors C1 and C2 are designed to couple ESD transient voltage from the I/O pad to the
gates of Mnl and Mn2, respectively. The coupled voltage should be designed greater than the
threshold voltage of NMOS to turn on Mnl and Mn2 for triggering on the SNTSCR device,
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before the devices in the mixed-voltage I/O circuit are damaged by ESD stress. With the
gate-coupled circuit technique, the trigger voltage of SNTSCR can be significantly reduced,
so the SNTSCR can be quickly triggered on to discharge ESD current. By changing the
connection of the ESD protection circuit from the I/O pad to the floating n-well of the pull-up
PMOS in the mixed-voltage I/O circuit, the SNTSCR device can have a high enough noise
margin to the overshooting glitch on the I/O pad, during the normal circuit operating
condition. From the experimental results in a 0.35-pum CMOS process, the HBM ESD level
of the mixed-voltage /O circuits with this ESD protection design has been greatly improved
up to 8kV, as compared with that (~2kV) of the original mixed-voltage I/O circuits with only
stacked NMOS device.

2.3 Extra ESD Protection Device Between I/O Pad and VDD

To improve ESD level of the mixed-yoltage I/O circuits, the extra ESD device was
added between 1/0 pad and VDD power line [47]-[49]. The ESD current at the I/O pad under
PS-mode ESD stress is designed to be discharged through this additional ESD device to VDD
power line, and then through the power-rail ESD clamp circuit to the grounded VSS. The
ESD current at the I/O pad under the PD=mode-ESD stress can be directly discharged through
this additional ESD device to the grounded VDD;

Because the diode in forward-biased condition can sustain much higher ESD current,
the diode string has been used for protecting the mixed-voltage 1/O circuits [47], [48], or used
to realize the power-rail ESD clamp circuit [50]. The ESD protection design with the diode
string connected between the I/O pad and VDD power line for the mixed-voltage I/O circuits
is shown in Fig. 2.6. The number of diodes in the diode string is determined by the voltage
difference between the maximum input voltage at I/O pad and the VDD supply voltage. To
reduce the turn-on resistance from I/O pad to VDD during ESD stress, the area of such diodes
has to be scaled up by the number of the diodes in stacked configuration. The major concern
of using the diode string for ESD protection in the mixed-voltage I/O circuits is the leakage
current. While the mixed-voltage I/O circuit is operating at a high-temperature environment
with a high-voltage input signal, the forward-biased leakage current from the I/O pad to VDD
through the stacked diodes could trigger on the parasitic vertical p-n-p BJT devices in the
diode string. The Darlington bipolar amplification of these parasitic p-n-p BJT devices in the

diode string will induce a large leakage current into the substrate. In Fig. 2.6, an additional
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snubber diode (SD) was used to reduce the leakage current due to the Darlington bipolar
amplification in the diode string [47], [48].

Another ESD protection design, by using the gated p-n-p BJT as the additional ESD
device connected between 1/O pad and VDD, has been designed to protect the mixed-voltage
I/O circuits [49], as that shown in Fig. 2.7. In this ESD protection design, the PMOS Mpl
acting as ESD clamp device should be kept off to avoid the leakage current path during
normal circuit operating condition. Under PD-mode ESD stress condition, the parasitic lateral
p-n-p BJT in the device structure of Mpl is turned on to discharge ESD current. In the
3.6V/5V mixed-voltage IC application, when the input voltage at I/O pad is 0V, the n-well
voltage and gate voltage of Mpl is clamped at VDD (3.6V) through the turn-on of Mp2 and
Mp4. When the input voltage at I/O pad is 5V, the n-well voltage of Mp1 is maintained at
5-Vd (where Vd is the cut-in voltage of the parasitic drain-to-well diode), and the gate
voltage of Mpl is clamped at 5V through the turn-on of Mp3. Therefore, this design can meet
the gate-oxide reliability constraints without leakage current path from I/O pad to VDD
during normal circuit operating condition.s Undes ESD stress condition, the parasitic lateral
p-n-p BJT in Mpl is turned on to discharge-ESD. current by avalanche breakdown. Such a
gated p-n-p BJT should be designed to effectively clamp the overstress ESD pulse without

causing ESD damage in the mixed-voltage I/O circuits.

2.4 ESD Protection Design with ESD Bus

The ESD protection scheme by using the additional ESD bus for the IC with
power-down-mode application has been reported in [51]. Such design concept with ESD bus
can be used to form the ESD protection network for the mixed-voltage I/O circuits, as shown
in Fig. 2.8. The additional ESD bus line is realized by a wide metal line in CMOS IC [51],
[52]. To save layout area, the ESD bus can be realized by the different metal layer, which
overlaps the VDD power line. The ESD bus is not directly connected to an external power
pin, but initially biased to VDD through the diode D1 in Fig. 2.8. The diode D1 connected
between the VDD power line and ESD bus is also used to block the leakage current path from
the 1/0 pad to VDD during normal circuit operating condition with a high-voltage input
signal. The diode Dp is connected between I/O pad and ESD bus, whereas the diode Dn is
connected between VSS power line and I/O pad. One (the first) power-rail ESD clamp circuit

is connected between VDD power line and VSS power line. Another (the second) power-rail
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ESD clamp circuit is connected between the ESD bus and VSS power line. The second
power-rail ESD clamp circuit connected between ESD bus and VSS power line should be
designed with high-voltage-tolerant constraints without suffering the gate-oxide reliability
issue. The ESD current at the I/O pad under PS-mode ESD stress can be discharged through
the diode Dp to the ESD bus, and then through the second power-rail ESD clamp circuit to
the grounded VSS. The ESD current at the I/O pad under the PD-mode ESD stress can be
discharged through the diode Dp to the ESD bus, the second power-rail ESD clamp circuit to
VSS power line, and then through the parasitic diode of the first power-rail ESD clamp
circuit to the grounded VDD. With the turn-on-efficient power-rail ESD clamp circuits, high
ESD level for the mixed-voltage I/O circuits can be achieved by this ESD protection scheme
with ESD bus. Here, the design key point is how to design such a high-voltage-tolerant

power-rail ESD clamp circuit with only low-voltage thin-oxide CMOS devices.

2.5 Special Applications

For high-frequency and analog circuit ‘applications, the high-voltage-tolerant ESD
protection design should meet the constraint of low parasitic capacitance. The traditional
analog ESD protection with double diodes:connected between I/O pad and VDD/VSS power
lines [53] cannot meet the high-voltage tolerant requirement. A high-voltage-tolerant ESD
protection design, by using the forward-biased diode in series with the stacked-NMOS device,
has been reported for analog ESD protection to reduce the input parasitic capacitance [54], as
shown in Fig. 2.9. The equivalent capacitance of analog pin in this design is approximate the
junction capacitance of D1 plus the junction capacitance of D2. The diodes D1 and D2 can be
drawn with small layout area, because the ESD current is discharged through these diodes
under forward-biased condition. Therefore, the total parasitic input capacitance seen by the
analog pin was reduced. The gates of Mnl and Mn3 are connected to VDD to meet the
gate-oxide reliability. The gates of Mn2 and Mn4 are grounded by the dynamic-floating-gate
technique [55] to improve turn-on uniformity among the multiple fingers of the stacked
NMOS device. The ESD current at the I/O pad under PS-mode ESD stress can be discharged
through the diode D1 and the parasitic n-p-n BJT of stacked-NMOS (Mn3 and Mn4) to the
grounded VSS. The ESD current at the I/O pad under PD-mode ESD stress can be discharged
through the diode D1 and the parasitic n-p-n BJT of stacked-NMOS (Mnl and Mn2) to the
grounded VDD. Because the ESD current is discharged through the stacked-NMOS device by
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snapback breakdown in this design, the turn-on efficiency and ESD robustness of
stacked-NMOS devices (Mnl-Mn4) need to be further improved by the additional
ESD-implantation process [56].

2.6 Summary

A comprehensive overview on the ESD protection designs have been discussed for the
mixed-voltage /O circuits without suffering the gate-oxide reliability issue. To improve ESD
level of the mixed-voltage 1/O circuits, the ESD protection design without increasing the
process complexity is strongly requested by the mixed-voltage I/O circuits in consumer IC
products. Such ESD protection design in the mixed-voltage I/O circuits still meets the
gate-oxide reliability constraints, and needs to prevent the undesired leakage current paths
during normal circuit operating condition. Under ESD stress condition, the ESD protection
circuit should be quickly triggered on to discharge ESD current. To design the efficient ESD
protection circuit for the mixed-voltage 1/O_circuits with low parasitic capacitance for
high-speed /O applications and low: standby leakage. current for low-power applications will
continually be an important challenge to SOC implementation in the nanoscale CMOS

technology.
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Fig. 2.1  (a) Finger-type layout pattern, and (b) the corresponding cross-sectional view, of

the substrate-triggered stacked-NMOS device for mixed-voltage I/O circuits.
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CHAPTER 3

ESD PROTECTION DESIGN WITH
LOW-VOLTAGE-TRIGGERED PNP (LVTPNP)
DEVICES FOR MIXED-VOLTAGE I/O
INTERFACE

In this chapter, ESD protection design for mixed-voltage I/O interfaces with the
low-voltage-triggered PNP (LVTPNP) device in CMOS technology is proposed [57]. The
LVTPNP, by inserting N+ or P+ diffusion across the junction between N-well and P-substrate
of the PNP device, is designed to pretect the mixed-voltage I/O interfaces for signals with
voltage levels higher than VDD (over-VDD) and lower than VSS (under-VSS). The LVTPNP
devices with different structures have been investigated -and compared in CMOS processes.
The experimental results in a 0.35-um CMOS process have proven that the ESD level of the
proposed LVTPNP is higher than that of the traditional PNP device. Furthermore, layout on
LVTPNP device for ESD protection in mixed-voltage I/O interfaces is also optimized in this
work. The experimental results verified in both 0.35-pum and 0.25-um CMOS processes have
proven that the ESD levels of the LVTPNP drawn in the multi-finger layout style are higher
than that drawn in the single finger layout style. Moreover, one of the LVTPNP devices
drawn with the multi-finger layout style has been used to successfully protect the input stage

of an ADSL IC in a 0.25-pum salicided CMOS process [57].

3.1 ESD Protection with LVTPNP Device

Due to the limitation on placing ESD diode between the input pad and VDD/VSS
power lines for the mixed-voltage I/O interface with over-VDD and under-VSS signal levels,
a new ESD protection design with LVTPNP device is shown in Fig. 3.1. The LVTPNP device

is connected between the input pad and VSS power line, which provides ESD protection for
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such mixed-voltage 1/O interface. With the help of power-rail ESD clamp circuit [8], the
positive-to-VSS (PS-mode), negative-to-VSS (NS-mode), positive-to-VDD (PD-mode), and
negative-to-VDD (ND-mode) ESD stresses on the input pin can be discharged through the
LVTPNP to VSS or VDD with the cooperation of power-rail ESD clamp circuit.

3.1.1 Device Structures and TLP-Measured I-V Characteristics

The cross-sectional view of the traditional PNP device in N-well/P-substrate CMOS
process is shown in Fig. 3.2(a), where the N-well is floating in this structure to avoid the
leakage path from the pad to grounded P-substrate. The P+ diffusion (emitter) in the floating
N-well is connected to the I/O pad for ESD protection. By inserting N+ or P+ diffusion
across the junction between N-well and P-substrate of the traditional PNP device, five new
different structures of LVTPNP devices in Figs. 3.2(b) ~ 3.2(f) are proposed and investigated
to find the optimized design for ESD protection [57]-[59].

Compared to the breakdown voltage of gate oxide, the junction between P+ diffusion
and N-well in the traditional PNP device has a low breakdown voltage since the P+ diffusion
region is heavily doped. But, the junction -between. N-well and P-substrate has high
breakdown voltage since both of them are lightly doped. The junction between N-well and
P-substrate with high breakdown voltage is disadvantageous to ESD protection. In Fig. 3.2(b),
an N+ diffusion is inserted across the junction between the N-well and P-substrate. This
structure is similar to the traditional PNP device but with a lower breakdown voltage across
the base-collector junction, which is called as the typel LVTPNP. The inserted N+ diffusion
is floated to avoid the leakage current paths from the pad to VSS or VDD for application in
the mixed-voltage 1/O interfaces. Thus, under the normal circuit operation condition, only
one of the P/N or N/P junctions in the LVTPNP device could be forward biased to eliminate
current leakage path. The inserted N+ diffusion with n-type heavily doped region to the
P-substrate has a lower breakdown voltage, which avalanches earlier than the junction
between N-well and P-substrate to discharge ESD current.

In Fig. 3.2(c), the P+ diffusion instead of N+ diffusion is inserted in the PNP structure
to become the type2 LVTPNP, where the P+ diffusion across the N-well/P-substrate junction
is used to reduce the breakdown voltage across the base-collector junction of the LVTPNP.
Because of the floating base (N-well), the two separated P+ diffusions in Fig. 3.2(c) can be
further merged into one single P+ diffusion to form the type3 LVTPNP in Fig. 3.2(d). The
heavily doped P+ diffusion across the N-well/P-substrate junction in Fig. 3.2(d) is also used
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as the contact region for P-substrate.

In Fig. 3.2(e), compared with the typel LVTPNP in Fig. 3.2(b), the field-oxide region
between N+ diffusion and P+ diffusion in P-substrate is replaced by a floating polygate to
become the gatedl LVTPNP. In general CMOS process, the minimum design rule of the
polygate is shorter than that of the field oxide isolation. With the dummy polygate, the
clearance (marked as L;) between the N+ and P+ diffusions can be realized with the
minimum design rule. Moreover, the replacement of field oxide with polygate can change the
current path from the bottom of field oxide to the surface of the channel under the polygate.
This will result in a smaller turn-on resistance to quickly discharge ESD current. In Fig. 3.2(f),
compared with the gatedl LVTPNP in Fig. 3.2(e), the field oxide between N+ diffusion and
P+ diffusion in N-well is replaced by another floating polygate (marked with a gate length of
L,) to become the gated2 LVTPNP. The replacement of field oxide with polygate between
the base and emitter will obtain a smaller turn-on resistance for ESD protection.

With the same device dimension of 30umx30um (the width is defined as 30um) for all
devices, the corresponding TLP-measuredtl+V' c¢uryes among those devices under PS-mode
and NS-mode ESD-stress conditionstare shown.in Fig. 3.3(a) and 3.3(b), respectively. The
first breakdown voltage (Vtl), the first breakdown: current (Itl), the second breakdown
voltage (Vt2), and the second breakdown cutrrent (It2) of these devices are summary at Table
3.1. Under PS-mode ESD-stress condition, the Vtl ofithe LVTPNP devices is indeed lower
than that of the traditional PNP device. The 1t2 of LVTPNP devices is indeed higher than that
of the traditional PNP device. Under NS-mode ESD-stress condition, the Vtl of the LVTPNP
devices and the traditional PNP device are almost the same because the breakdown region of
all the devices occurs at the E-B junction (P+/N-well). The It2 among theses devices are
somewhat different, which could be caused from the different current distribution along the
devices of different structures during ESD stress. Basically, the device with the more
effective device width will present a higher ESD robustness. To further improve ESD level of
such LVTPNP devices, the layout to increase effective device width will be studied and

optimized in the next section.

3.1.2 Layout Parameters of LVTPNP Devices on HBM ESD Levels

Under 0.35-um CMOS process without any extra mask layer, the ESD levels among the
proposed LVTPNP devices with different layout parameters are compared in Figs. 3.4(a) ~
3.4(g). The layout parameters include the width or spacing, Lg, L¢, X, Y, S, L, and L,, which
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have been indicated in Figs. 3.2(a) ~ 3.2(f). For the gated2 LVTPNP device, the L, and L, are
changed simultaneously in the layout.

In Figs. 3.4(a) and 3.4(b), as the width of the LVTPNP devices increasing, the HBM
ESD levels are improved under both positive-to-VSS and negative-to-VSS ESD-stress
conditions. This confirms that when the area of effective ESD current flow from emitter to
collector is increased, the heat will be dissipated through the larger region. Therefore, the
device can sustain a higher ESD level.

In Fig. 3.4(c), as the spacing X of the typel LVTPNP or the spacing Y of the type2
LVTPNP increasing, the HBM ESD level is improved under the positive-to-VSS ESD-stress
condition. Here, the LVTPNP devices with the increase of X or Y will have a wider field
oxide region in the device structures, but the N+ or P+ diffusion across the N-well/P-substrate
junction is kept to have the same diffusion layout spacing of 1.2 um. The TLP-measured I-V
curves of the typel LVTPNP with different X spacings and the type2 LVTPNP with different
Y spacings are shown in Figs. 3.5(a) and 3.5(b), respectively. As these spacings increase, the
clamped voltage across the devices will betincreased due to the increased turn-on resistances.
The voltage drop across the basescollectorm(B=C) junction will increase to cause the
emitter-base (E-B) potential barrier-to-be lowered. The lowering potential barrier at the E-B
junction produces a large increase m current-with a very small increase in B-C voltage. This
effect is the so-called punch-through’breakdown phenomenon [60], which will occur before
the avalanche breakdown. In Fig. 3.4(d), ‘as the 'spacing S of the LVTPNP increasing, the
HBM ESD level is improved under the negative-to-VSS ESD-stress condition. In this
ESD-stress condition, however, the parameters S play the same role as parameters X and Y in
positive-to-VSS ESD-stress condition. Because these spacings increase, the voltage drop
across the base-emitter (B-E) junction will increase to cause the collector-base (C-B)
potential barrier to be lowered. Therefore, the lowering potential barrier at the C-B junction
produces a large increase in current but with a very small increase in B-E voltage. From such
results, these spacings in LVTPNP devices can be further optimized in layout to improve
ESD robustness for applications in such mixed-voltage I/O interfaces.

In Fig. 3.4(e), as the Lg of the LVTPNP devices increasing, the HBM ESD level is
improved under negative-to-VSS ESD-stress condition. Because the heat will be located
around the B-E junction, as the emitter junction area is increased, the heat will be dissipated
through the larger region. However, under positive-to-VSS ESD-stress condition, this

parameter has no influence to ESD level, because the heat will be located around the B-C
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junction with the same area in the test chips.

The parameter L¢ of the LVTPNP devices almost has no influences to HBM ESD level.
Under both positive-to-VSS and negative-to-VSS ESD-stress conditions, the heat will be
located around B-C junction and B-E junction, respectively. However, the heat will not be
located around the P+ diffusion in P-substrate.

In Fig. 3.4(f), as L, of the gatedl LVTPNP (L, and L, of the gated2 LVTPNP)
increasing, the ESD level is improved under the positive-to-VSS ESD-stress condition. In Fig.
3.4(g), as L, and L, of the gated2 LVTPNP increasing, the ESD level is improved under the
negative-to-VSS ESD-stress condition. However, in such ESD stress mode, the L; has no
influence to ESD level of both gatedl LVTPNP and gated2 LVTPNP. Such layout
parameters L; (L,) in the gated LVTPNP play the same role as that of the parameters X (S) in
the typel LVTPNP, so as the parameters Y (S) in the type2 LVTPNP. By correctly adjusting
the layout parameters, the desired ESD level of the mixed-voltage 1/O interface can be

achieved by the proposed LVTPNP devices with the optimized layout parameters.

3.1.3 Multi-Finger Layout Style forilVITPNP

The ESD robustness of LVTPNP device with the single finger layout style, which is
shown in Fig. 3.6(a) and its cross-sectional view shown in Fig. 3.6(b), can’t meet the ESD
specification of 2-kV HBM ESD level in. a limited silicon area. Therefore, based on the
dependence of ESD levels on the layout parameters (including the width, Lg, L¢, X, Y, and S)
of LVTPNP devices, the ESD level mainly depends on the effective device width from its
emitter to its collector in both PS- and NS- mode ESD stresses. On the other hand, Lg affects
only NS-mode ESD level and L¢ doesn’t affect the ESD level. However, comparing the PS-
and NS-mode ESD levels, the PS-mode ESD level is critical. Considering the parameters of
effective device width, Lg, and L¢, Lg and L¢ are less sensitive to ESD level than the
effective device width. Therefore, a more compact realization of the LVITPNP can be
implemented by using the minimum spacing of the design rules for Lg and L in each finger
layout. The LVTPNP realized by the multi-finger layout style is shown in Fig. 3.7(a), and its
cross-sectional view is shown in Fig. 3.7(b), which will have more effective current flow for
ESD protection. Here, due to complicated layout structure, the gatedl and gated2 LVTPNP
devices are difficult to realize with multi-finger layout style. Hence, only the type 1, 2, and 3
LVTPNP devices were chosen to realize the multi-finger layout style

The LVTPNP devices drawn with the single finger layout style and the new proposed
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multi-finger layout style have been fabricated in both 0.35-um polycided and 0.25-pum
salicided CMOS processes without any extra additional mask layer. Under the
positive-to-VSS ESD-stress condition, the HBM ESD levels of the LVTPNP devices with the
singer finger layout style and the multi-finger layout style are compared in Table 3.2. In
almost the same layout area (36pumx32um v.s. 33.6umx36.5um), the LVTPNP devices with
the multi-finger layout style have much higher ESD robustness than those with the single
finger layout style in both 0.35-um polycided and 0.25-um salicided CMOS processes.
Especially, the type3 LVTPNP with multi-finger layout has the highest ESD robustness,
which can sustain HBM ESD stress of 3.6kV in the 0.35-um polycided CMOS process and
1.4kV in the 0.25-um salicided CMOS process. Furthermore, within unit layout area, the
ESD robustness of type3 LVTPNP is increased from 0.5 V/um? to 2.94V/um? in the 0.35-pum
polycided CMOS process and from 0.68 V/um® to 1.14 V/um® in the 0.25-um salicided
CMOS process.

Under the negative-to-VSS ESD-stress condition, the HBM ESD levels of the LVTPNP
devices with the single finger layout style and the new multi-finger layout style are compared
in Table 3.3. In almost the same layout area, the- LV EPNP devices with the multi-finger layout
style have much higher ESD robustness than those with the single finger layout style in both
0.35-um polycided and 0.25-um salicided CMOS processes. Especially, the type3 LVTPNP
with multi-finger layout has the highest' ESD robustness, which can sustain HBM ESD stress
of a 3.3kV in the 0.35-um polycided CMOS process and 3.8kV in the 0.25-um salicided
CMOS process. Furthermore, within unit layout area, the ESD robustness of type3 LVTPNP
is increased from 0.59 V/um® to 2.69V/um’ in the 0.35-pm polycided CMOS process and
from 1.71 V/um? to 3.10 V/um?® in the salicided 0.25-um CMOS process. With suitable
selection on the LVTPNP devices and layout style, the overall ESD robustness of the
mixed-voltage I/O interfaces can be designed to meet the ESD specification of 2-kV HBM
ESD level within a smaller silicon area. Especially, the LVTPNP in the type3 device structure
with multi-finger layout style has the excellent ESD performance.

Because the doping concentration in the 0.25-um salicided CMOS process is higher
than that in the 0.35-um polycided CMOS process, the junctions have slightly lower
breakdown voltages in the 0.25-um CMOS process than that in the 0.35-um CMOS process.
With the single finger layout style, HBM ESD levels of the LVTPNP devices in the 0.25-um
CMOS process are higher than those of the LVTPNP devices in the 0.35-um CMOS process
under both positive-to-VSS and negative-to-VSS ESD-stress conditions. Moreover, HBM
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ESD levels of the LVTPNP devices in the 0.25-um CMOS process are higher than those of
the LVTPNP devices in the 0.35-um CMOS process under negative-to-VSS ESD-stress
condition, when they are drawn with the multi-finger layout style. However, HBM ESD
levels of the LVTPNP devices in the 0.25-um salicided CMOS process are lower than those
of the LVTPNP devices in the 0.35-um polycided CMOS process under positive-to-VSS
ESD-stress condition for the multi-finger layout style. The silicided diffusion in the 0.25-um
salicided CMOS process causes degradation on ESD robustness of the LVTPNP device
drawn in multi-finger layout style [61]. Under ESD stress condition, the silicide diffusion on
the device will cause the current crowded on the surface of the device and the heat will be
located in the local area. To further increase ESD level of the LVTPNP device in the 0.25-um
salicided CMOS process, the optional silicide-blocking mask layer can be used to block the
silicide formation around the perimeter of emitter region of the LVTPNP device.

Moreover, the TLP-measured I-V curves of LVTPNP devices with the single finger
layout style and the multi-finger layout style in 0.25-pm salicided CMOS process under
PS-mode and NS-mode stress conditions are compared in Figs. 3.8(a) and 3.8(b), respectively.
Due to the increase of total effective device width, and the decrease of the length from its
emitter to its collector, the LVTPNP devices with the multi-finger layout style have lower
turn-on resistances than those with the singlefinger layout style in the same layout area.
Hence, the It2 of LVTPNP devices with multi-finger layout style is higher than those with
single finger layout style. For single finger layout style, however, because the turn-on
resistance of the type3 LVTPNP is lower than those of the typel and type2 LVTPNP, there
will be a factor differences in the improved ESD levels of different types of LVTPNP in
multi-finger layout. Hence, correlating with the same increase of effective device fingers will

result in different increase factors of It2 of the typel (type2) LVTPNP and type3 LVTPNP.

3.2 Application in ADSL Interface

3.2.1 ESD Protection Design with the LVTPNP for the Input Stage of ADSL

The LVTPNP devices are used in the input ESD protection circuit for the ADSL
interface, which has a high-voltage signal level of 5V and a low-voltage signal level of -1V.
The ESD protection design for such ADSL input stage is shown in Fig. 3.9(a), where the

single-ended operational amplifier (opamp) with divider resistors is the input stage of ADSL.
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The schematic of the single-ended opamp is shown in Fig. 3.9(b), which is composed with
input differential stage (M;~My), output stage (Mg, M7, R, and Cc), and bias circuit (Mg~M g
and Ryjias). In the 0.25-um CMOS process with VDD of 2.5V, the voltage divider (R and Ry)
with a ratio of thirty to one is used to scale down the ADSL input signals, when the input
signals (between 5V and -1V) transmitted into ADSL IC. The Vj, is biased at the common
reference voltage of 1.25V, which is half of VDD. The voltage divider is formed by R and Ry,
which are designed to keep Vj; at the scaled-down voltage level and to make the single-ended
opamp correct operation.

The TLP measurement of gate oxide breakdown voltage of NMOS is about 13V in the
0.25um CMOS process. On the other hand, for LVTPNP devices, the breakdown voltages are
about 7~9V. During TLP testing, no snapback characteristics are found due to the inefficient
parasitic p-n-p bipolar gain, and the Vt2 will be higher than the gate oxide breakdown voltage,
especially the typel and type2 LVTPNP, shown in Fig. 3.8. In Fig. 3.9, for ADSL input stage,
because the input signal will flow from R and R¢ to V,, the voltage level at the differential
input will be divided by R and Ry. Duting ESD: stress, if the divided voltage level on the
differential input is larger than the gate oxiderbreakdown voltage of the input NMOS, the
ESD stress will damage the gate oxide of the input NMOS. By using the proposed ESD
protection design with LVTPNP, the ESD/current will discharge through the LVTPNP device
to VSS. Because the Vt2 of the LVTPNP is lower than.the voltage drop on R pulsing the gate
oxide breakdown voltage of NMOS, the gate oxide of the input NMOS can be successfully
protected in this ADSL interface. By the way, the input node (Vj;) of the opamp in Fig. 3.9(a)
is also connected to its output (V,) through the feedback resistor Ry, which will also help to
clamp the overshooting voltage on the gate oxide of the input stage. To reduce the Vt2 at a
given current level, the device width should be further increased to have a lower turn-on
resistance. Among the LVTPNP devices, the type3 LVTPNP is selected for input ESD
protection design in ADSL interface due to its highest HBM ESD level. In Fig. 10, the type3
LVTPNP device is connected between input pad and VSS power line, and the power-rail ESD
clamp circuit is realized by the RC-inverter-NMOS circuit [8]. The layout views of the ADSL
input stage without and with ESD protection circuit are shown in Figs. 3.10(a) and 3.10(b),
respectively. When ESD stress occurs to the input pin, the type3 LVTPNP will break down
with a lower trigger voltage to discharge ESD current. With power-rail ESD clamp circuit,
the PS, NS, PD, and ND ESD stresses can be discharged through the type3 LVTPNP to VSS
or VDD. Under PS-mode ESD-stress condition, the ESD current will flow from input pad
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through LVTPNP to VSS. Under NS-mode ESD-stress condition, the ESD current will flow
from VSS through LVTPNP to the input pad. Under PD-mode ESD-stress condition, the ESD
current will flow from input pad through LVTPNP to VSS, and then through power-rail ESD
clamp circuit to VDD. Under ND-mode ESD-stress condition, the ESD current will flow
from VDD through power-rail ESD clamp circuit to VSS, and then through LVTPNP to the
input pad. Therefore, under PS-mode and PD-mode ESD-stress conditions, HBM ESD levels
will mainly determined by the LVTPNP in PS-mode ESD-stress condition. Under NS-mode
and ND-mode ESD-stress conditions, HBM ESD levels will mainly determined by the
LVTPNP in NS-mode ESD-stress condition.

3.2.2 HBM ESD Levels of ADSL with the Type3 LVTPNP

When applying a positive bias (with VSS grounded and VDD floating) to the input pad
of ADSL, the current will flow from R and R¢ to V,, and then from V, through the parasitic
diode (drain-Nwell PN junction) of Mg in the single-ended opamp to VDD, finally from the
VDD through the path of M3-M;-M;s t6 V'SS or through the bias circuit to VSS. Due to the
turn-on bias circuit, M7 will turn on Therefore,-before ESD stress, there is current flow from
input through the internal circuits to VSS when applying-a signal to the input pad. Due to the
reason of initial current, to compare the ESD protection ability, the input stage of ADSL
without and with the ESD protection cireuit has-been tested in HBM ESD stress with the
failure criterion of 30% shifting on the voltage at 1-pA current bias from its original I-V
curve [62]-[64]. The typical I-V curves of the input stage of ADSL with ESD protection
circuit before and after the HBM PS-mode ESD stress of 1.5kV are shown in Fig. 3.11, which
was measured by applying a swept voltage from -1 to 5V on the input pad with VSS
grounded and VDD floating. Before ESD stress, while the input pad is swept from 0 to 5V
with grounded VSS (VDD floating), the signal paths will flow into the opamp circuit.
Therefore, the I-V curve will become a straight line with a slope of reciprocal of R+R¢, which
starts at the voltage drop of internal circuits. Moreover, before ESD stress, while the input
pad is swept from 0 to -1V with grounded VSS (VDD floating), the input current will flow
from VSS through the parasitic diode of M7 in the single-ended opamp, and then through R¢
and R to input pad. Therefore, the I-V curve will become a straight line with a slope of
reciprocal of R+Ry, which starts at the cut-in voltage of the parasitic diode of M;. However,
after HBM ESD stress of 1.5kV, the type3 LVTPNP is burned out to cause a short circuit line

in the I-V curve.
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The input stage of ADSL protected by the type3 LVTPNP devices in the single finger
layout style or the multi-finger layout style and the power-rail ESD clamp circuit has been
fabricated in a 0.25-um salicided CMOS process. The HBM ESD levels of ADSL input stage
under PS-mode, NS-mode, PD-mode, and ND-mode ESD-stress conditions are shown in
Table 3.4. The LVTPNP in single finger layout style is drawn with a device size of
36umx32um, whereas the LVTPNP in the multi-finger layout style is drawn with a device
size of 33.6umx36.5um. As seen in Table 3.4, with the type3 LVTPNP and the power-rail
ESD clamp circuit, the input stage of ADSL indeed can be protected from ESD stress.
Moreover, HBM ESD levels of input stage of ADSL protected by the LVTPNP in
multi-finger layout style are higher than those of input stage of ADSL protected by the
LVTPNP in single finger layout style. To further increase ESD level, the layout area of
LVTPNP should be increased with the multi-finger layout style. Or, the silicide-blocking
mask layer should be used to block the silicide formation around the perimeter of emitter

region of the LVTPNP device.

3.2.3  Failure Analysis

The EMMI (photon emission: microscope) picture=of ADSL input stage without ESD
protection circuit after HBM PS-mode ESD stress 0of SO0V is shown in Fig. 3.12. The ESD
damage, indicated by the arrow, is located on the opamp of ADSL input stage.

In the layout of ADSL input stage protected by LVTPNP, the type3 LVTPNP is fully
covered by the metal layers on the top. The ESD damage on the device junction can’t be
observed by the EMMI picture. Here, the OBIRCH (optical beam induced resistance change)
[65], [66] is used to find the ESD damage location on the input stage of ADSL with ESD
protection circuit after HBM PS-mode ESD stress. The OBIRCH picture shown in Fig. 3.13
indicates the ESD damage located on the type3 LVTPNP device after 1.5-kV HBM PS-mode
ESD stress. From the failure location in Fig. 3.13, the type3 LVTPNP indeed is triggered on
to conduct ESD current to effectively protect the mixed-voltage 1/O interface of ADSL input

stage.

3.3 Summary
ESD protection design for the mixed-voltage /O interfaces with new proposed
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LVTPNP devices has been successfully verified to achieve a good ESD protection in a
0.35-um CMOS process. The proposed LVTPNP devices have the higher ESD level than that
of the traditional PNP device. Moreover, the multi-finger layout style has been used to
increase the effective device width among the LVTPNP device for improving ESD
robustness in both 0.35-um and 0.25-um CMOS processes. Comparing among these
LVTPNP devices, the type3 LVTPNP in the multi-finger layout style can sustain the highest
ESD stress for application in the mixed-voltage I/O interfaces. ESD protection co-designed
with the LVTPNP device and the power-rail ESD clamp circuit has been successfully
implemented to protect the ADSL input stage in a 0.25-um salicided CMOS process.
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Table 3.1

Breakdown voltage and breakdown current of the LVTPNP devices under both
positive-to-VSS and negative-to-VSS ESD-stress conditions.

PS-mode NS-mode

Device (positive-to-VSS) (negative-to-VSS)

e va V| 1A [ vem) | @) | va vy | 1@ | vz vy | 12 )
PNP 31 0.01 80 0.08 10 0.01 27 0.65
Typel 10 0.02 24 0.14 10 0.01 24 0.6
Type2 9 0.03 24 0.17 9 0.02 16 0.46
Type3 9 0.02 12 0.24 8 0.01 12 0.33
Gated1 10 0.03 20 0.18 8 0.02 22 0.56
Gated2 10 0.02 21 0.21 8 0.01 21 0.55
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Table 3.2

HBM ESD Levels of the LVTPNP devices with different layout styles under positive-to-VSS
ESD-stress condition.

Device

Layout
Style

Typel
Single
Finger

Layout

Type2
Single
Finger

Layout

Type3
Single
Finger

Layout

Typel
Multi-Finger
Layout

Type2
Multi-Finger
Layout

Type3
Multi-Finger
Layout

Layout Area
(upmxpum)

36x32

36x32

36x32

33.6x36.5

33.6x36.5

33.6x36.5

HBM ESD
Level (V)
in a 0.35-um
CMOS

Process

250

350

550

950

1050

3.6k

HBM ESD
Level (V)
in a 0.25-um
CMOS

Process

350

350

750

850

900

1.4k

VEesp/Area
(V/pm?)
in a 0.35-um
CMOS

Process

0.22

0.3

0.5

0.77

0.86

2.94

VEesp/Area
(V/pm?)
in a 0.25-um
CMOS

Process

0.3

0.3

0.68

0.69

0.73

1.14
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Table 3.3

HBM ESD Levels of the LVTPNP devices with different layout styles under negative-to-VSS
ESD-stress condition.

Device
Layout
Style

Typel
Single
Finger

Layout

Type2
Single
Finger

Layout

Type3
Single
Finger

Layout

Typel
Multi-Finger
Layout

Type2
Multi-Finger
Layout

Type3
Multi-Finger
Layout

Layout Area
(umxpm)

36x32

36x32

36x32

33.6x36.5

33.6x36.5

33.6x36.5

HBM ESD
Level (V)
in a 0.35-pm
CMOS
Process

1.2k

700

650

2.6k

2.4k

3.3k

HBM ESD
Level (V)
in a 0.25-um
CMOS
Process

2.4k

2.2k

1.9k

2.7k

2.8k

3.8k

VEesp/Area
(V/pm?)
in a 0.35-um
CMOS
Process

1.04

0.61

0.59

2.12

1.96

2.69

VEesp/Area
(V/pm?)
in a 0.25-um
CMOS
Process

2.08

1.91

1.71

2.20

2.28

3.10
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Table 3.4

HBM ESD Levels of ADSL input stage with different ESD protection designs under PS-mode,
NS-mode, PD-mode, and ND-mode ESD-stress conditions.

PS-Mode NS-Mode PD-Mode ND-Mode
(Positive-to-VSS) | (Negative-to-VSS) | (Positive-to-VDD) | (Negative-to-VDD)

ADSL
Only

450V 350V 450V 400V

ADSL Including
the Type3
LVTPNP with 750V 1.9kV 750V 1.9kV
Single Finger
Layout Style

ADSL Including
the Type3
LVTPNP with 1.4kV 3.8kV 1.3kV 3.8kV
Multi-Finger
Layout Style
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Fig.3.1 The new proposed ESD protection design with LVTPNP device for the
mixed-voltage 1/O interface with input Voltage levels higher than VDD and lower
than VSS.
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Fig. 3.2  The device structures of (a) the traditional PNP, (b) the typel LVTPNP, (c) the
type2 LVTPNP, (d) the type3 LVTPNP, (e) the gatedl LVTPNP, and (f) the
gated2 LVTPNP.
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Fig. 3.3  The TLP-measured I-V curves among traditional PNP and different LVTPNP
devices under (a) the positive-to-VSS (PS-mode), and (b) the negative-to-VSS

(NS-mode), stress conditions.
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Fig. 3.4
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(a) The ESD level v.s. deviece! width under the positive-to-VSS ESD-stress
condition. (b) The ESDZlevel .v.s. device width under the negative-to-VSS
ESD-stress condition. (¢) The ESDilevel v.s.'the spacing X of the typel LVTPNP
or the spacing Y of the type2 LVTPNP under the positive-to-VSS ESD-stress
condition. (d) The ESD leveliwisrthe spacing S under the negative-to-VSS
ESD-stress condition, respectively. (e)The ESD level v.s. device LE under the
negative-to-VSS ESD-stress condition. (f) The ESD level v.s. L1 or L2 of the
gatedl LVTPNP and the gated2 LVTPNP under the positive-to-VSS ESD-stress
condition. (g) The ESD level v.s. L1 or L2 the gatedl LVTPNP and the gated2
LVTPNP under the negative-to-VSS ESD-stress condition.
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Fig.3.5 The TLP-measured I-V curves of (a) the typel LVTPNP with different X
spacings, and (b) the type2 LVTPNP with different Y spacings, under the

positive-to-VSS stress condition.
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Fig. 3.6  (a) The single finger layout style of the LVTPNP, and (b) the cross-sectional view
along the line AA’ in the single finger layout of LVTPNP.

-48 -



B'.mflnﬂ.cnncm?

FHEE
SR

TTETVITTPPrTET FPETTYTTTY

¢ THAeAr s lr e R sk H Erae AR R ] |

muwﬂ_ﬂﬂﬂmﬁﬁ.a_ﬂﬂﬁ_mﬁﬂ- ]

AEAOED OO E Hat

”...EE O 1008 3 1L 0.1 D 00 G D 1 B

_Hﬁumgﬁmnﬁﬁgmdﬂ#nﬂﬂﬁnmﬂﬁna g -

HEnEhaa e AR E e £ 25 T:E -6 CR C D £ CEEVCH 8 OF DR 0 B0 )

o

Emitter Collector

P+

4

Field-Oxide

IN+

P+
Cu rrent Flow

'
RS

N+

N-well

P+
Current Flow

C
I

[

}

"EEEEEIEmEEEEERREY

Isolation

P-substrate

(b)

and (b) the cross-sectional view

b

(a) The multi-finger layout style of the LVTPNP

Fig. 3.7

along the line BB’ in the multi-finger layout of LVTPNP.

-49-



Fig. 3.8

1.0

0.8

0.6

04

Current (A)

0.2

0.0

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Current (A)

———— Type1 with Single Finger Layout

------- <------ Type2 with Single Finger Layout
——-v—— Type3 with Single Finger Layout
—-—w-—-  Type1 with Multi-Finger Layout

— —a — - Type2 with Multi-Finger Layout

—-—o—— Type3 with Multi-Finger Layout

0 10 20 30 40
Voltage (V)

(a)

——— Type1 with Single Finger Layout

------ 2 Type2 with Single Finger Layout
——--v-- Type3 with Single Finger Layout
——v—  Typel with Multi-Finger Layout
— —a — - Type2 with Multi-Finger Layout

— —o—— Type3 with Multi-Finger Layout

0 2 4 6 8 10 12 14 16
Voltage (V)

(b)

The TLP-measured I-V curves of the LVTPNP devices realized with the single
finger layout style or the multi-finger layout style in a 0.25-um salicided CMOS

process under (a) the positive-to-VSS, and (b) the negative-to-VSS, stress
conditions.
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Fig.3.9 (a) ESD protection design for the ADSL input stage with single-ended
operational amplifier and voltage divider in a 0.25-pum salicided CMOS process.

(b) The schematic of the two-stage operational amplifier.
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Fig. 3.11 The I-V curves of the ADSL n age with ESD protection circuit before and
after PS-mode HBM ESD , ress 1.5kV, which was measured by applying a
swept voltage from -1 1t 5!V on the'input-pad with VSS grounded and VDD
floating. e

Fig. 3.12 The EMMI picture on the ADSL input stage without ESD protection circuit after
HBM PS-mode ESD stress of 500V.
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device of ESD protection circuit.
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CHAPTER 4

HIGH-VOLTAGE-TOLERANT ESD CLAMP
CIRCUIT IN LOW-VOLTAGE THIN-OXIDE
TECHNOLOGY

To increase the system-on-chip ESD immunity of micro-electronic products against
system-level ESD stress, the chip-level ESD/EMC protection design should be enhanced.
Considering gate-oxide reliability, a new electrostatic discharge (ESD) protection scheme
with ESD BUS and high-voltage-tolerant ESD clamp circuit for 1.2/2.5 V mixed-voltage I/O
interfaces is proposed in this chapter. The devices used in the high-voltage-tolerant ESD
clamp circuit are all 1.2 V low-voltage NMOS/PMOS devices which can be safely operated
under the 2.5 V bias conditions without suffering from the gate-oxide reliability issue. The
four-mode (PS, NS, PD, and ND) ESD stresses on-the mixed-voltage 1/0 pad and pin-to-pin
ESD stresses can be effectively discharged by the proposed ESD protection scheme. The
experimental results verified in a 0.13 um"CMOS process have confirmed that the proposed
new ESD protection scheme has high human-body-model (HBM) and machine-model (MM)
ESD robustness with a fast turn-on speed. The proposed new ESD protection scheme, which
is designed with only low-voltage devices, is an excellent and cost-efficient solution to

protect mixed-voltage I/O interfaces [67].

4.1 New ESD Protection Scheme for Mixed-Voltage 1/0

Interfaces

Giving consideration to gate-oxide reliability, the proposed ESD protection scheme with
an ESD BUS and a high-voltage-tolerant ESD clamp circuit for 1.2/2.5 V mixed-voltage 1/O
interfaces [67]-[70] is shown in Fig. 4.1. To receive the input signals with 2.5 V voltage level,
the direct diode connection from the I/O pad to the VDD of 1.2 V is forbidden. Hence, to
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avoid the leakage current path from the I/O pad to the VDD, the new ESD scheme is realized
with the diodes Dp, Dn, D1, the ESD BUS line, and the high-voltage-tolerant ESD clamp
circuit, as shown in Fig. 4.1.

The additional ESD BUS line is realized by a wide metal line in the CMOS IC [51],
[52]. To save layout area, the ESD BUS can be realized by a different metal layer, which
overlaps the VDD power line. The ESD BUS is not directly connected to an external power
pin, but is initially biased at VDD of 1.2 V through the diode D1 after the chip has been
powered on. When the input signals of 2.5 V reach to the I/O pad, the ESD BUS line will be
charged up to 2.5 V through the diode Dp. Therefore, during normal circuit operating
conditions with 2.5 V input signals, the diode D1 connected between the VDD power line
and ESD_BUS line is used to block the leakage current path from the I/O pad to VDD.

The PS-mode, NS-mode, PD-mode, and ND-mode ESD stresses on the mixed-voltage
I/O pad have the corresponding ESD discharge paths in the proposed ESD protection scheme.
The Rgsp is used to avoid damage on the stacked-NMOS before the ESD current is
discharged through the proposed ESD pretection, scheme. Under the PS-mode ESD stress
condition, the ESD current will flow from thes/©-pad through the diode Dp to the ESD_BUS,
and then from the ESD BUS through. the high-voltage-tolerant ESD clamp circuit to VSS.
Under the NS-mode ESD stress condition, the ESD current will flow from VSS through the
diode Dn in the forward-biased condition to the I/O.pad. Under the PD-mode ESD stress
condition, the ESD current will flow from the 1/O"pad through the diode Dp to the ESD BUS,
and then from the ESD BUS through the high-voltage-tolerant ESD clamp circuit to the VSS
line, and then through the power-rail ESD clamp circuit to VDD. Under the ND-mode ESD
stress condition, the ESD current will flow from VDD through the power-rail ESD clamp
circuit to the VSS line, and then from VSS through the diode Dn in the forward-biased
condition to the I/O pad.

Usually, the ESD detection circuit was directly added between the I/O pad and VSS to
enhance the ESD robustness of STNMOS in the I/O cell [43], [44]. However, an ESD
detection circuit is needed for each I/O cell, which increases the additional loading
capacitance to the I/O pad. In order to save the layout area of the chip and to decrease the
loading capacitance on the I/O pad, such an ESD BUS and a high-voltage-voltage ESD
clamp circuit can be shared with other mixed-voltage 1/O cells which have the same
input/output voltage levels. Moreover, the shared ESD BUS and high-voltage-tolerant ESD
clamp circuit can provide efficient pin-to-pin ESD protection. In the pin-to-pin ESD test, the

ESD pulse is applied to some I/O pin with other I/O pins grounded, whereas the VDD and
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VSS are floating. During pin-to-pin ESD stress, as shown in Fig. 4.2, the ESD current will
flow from one I/O pad through the diode Dp to the common ESD BUS, and then from
ESD_ BUS through high-voltage-tolerant ESD clamp circuit to the VSS line, and finally from
VSS through the diode Dn to another grounded I/O pad.

In this ESD protection scheme, the high-voltage-tolerant ESD clamp circuit must
sustain the high-voltage (2.5 V) stress in the mixed-voltage I/O circuit during normal circuit
operating conditions. Hence, how to design a turn-on efficient high-voltage-tolerant ESD
clamp circuit with only 1.2 V devices for 2.5 V application is the key design issue in the

proposed ESD protection scheme for 1.2/2.5 V mixed-voltage 1/O interfaces.

4.2 High-Voltage-Tolerant ESD Clamp Circuit

The high-voltage-tolerant ESD clamp circuit realized with only 1.2 V devices is shown
in Fig. 4.3, which contains the ESD detection circuit and the ESD clamp device. The ESD
clamp device is realized with stacked-NMOS _(SENMOS) with the substrate-triggered
technique [42]. The STNMOS is formed by two stacked NMOS transistors (Mnl and Mn2)
with 1.2 V gate oxide in a 0.13 pmrCMOS process. The gate of Mnl (V) is biased at VDD
of 1.2 V through a resistor to avoid the gate-oxide reliability issue, and the gate of Mn2 (V)
is connected to VSS (grounded) to ensure the-off state of the STNMOS during normal circuit
operating conditions. Therefore, the STNMOS will be kept off without gate-oxide reliability
during normal circuit operating conditions with an ESD BUS of 2.5 V.

The ESD detection circuit is inactive during normal circuit operating conditions, but it
becomes active to provide the substrate-triggered current to trigger on an ESD clamp device
under an ESD stress event. The gate voltage of PMOS Mpl is decided by the RC delay
caused by an N-well resistor R2 and a capacitor (realized by Mp3 in a stand-alone N-well).
Here, the time constant of R2 and C (Mp3) is designed around the order of ~ 1 ps to
distinguish the power-on transition (the supply voltage with a rise time of several
milliseconds) from the ESD transition (the ESD voltage with a rise time of several

nanoseconds).

4.2.1 Substrate-Triggered STNMOS

The snapback breakdown of STNMOS device depends on the substrate current (Igp),
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which is created by the reverse-biased drain/substrate junction in breakdown condition, to
forward bias the source/substrate junction. The substrate current (L) drifting through the
effective substrate resistance (Rgy) to ground, will elevate the substrate potential (V) of the
emitter-base junction in the parasitic lateral n-p-n BJT. When the emitter-base junction
begins to weakly forward bias due to the increase of the local substrate potential, the lateral
n-p-n BJT will be turned on to discharge the ESD current. Hence, the substrate resistance
(Rsup) and the substrate current (Ig) are the important parameters to turn-on efficiency [71],
[72]. The substrate-triggered technique [42] can be applied to generate the necessary
substrate current (Iy) without causing drain/substrate junction breakdown. With the applied
substrate-triggered current (Iyig), the trigger voltage (Vtl) of the STNMOS can be reduced for
more effective ESD protection.

The finger-type layout pattern and the corresponding cross-sectional view of the
substrate-triggered STNMOS device are shown in Figs. 4.4(a) and 4.4(b), respectively. Here,
the drain of Mn2 and the source of Mnl share a common N+ diffusion region. An additional
P+ diffusion is inserted into the center:region of STNMOS device structure as the
substrate-triggered point. An N-wellsstructuresis further diffused under the source region to
form a higher equivalent substrate resistance (Rsup)- to: improve turn-on efficiency of the

parasitic lateral n-p-n BJT in the STNMOS.

4.2.2 Operation Principles

The operation of the high-voltage-tolerant ESD clamp circuit during normal circuit
operating conditions is shown in Fig. 4.5. With a 1.2 V VDD power supply voltage, the
ESD BUS could be charged up to (maximum) 2.5 V by the 2.5 V input signals at the I/O pad.
With a maximum voltage level of 2.5 V on the ESD BUS, the gate of Mpl (node a) will be
biased at 2.5 V through resistor R2, and the gate of Mp2 and Mn3 (node b) will be biased at
1.2 V through resistor R1. Hence, Mp1 and Mp2 are kept off and Mn3 is turned on to bias the
substrate of STNMOS at VSS. There is no trigger current generated from the ESD detection
circuit into the STNMOS, so the STNMOS is guaranteed to be kept off under normal circuit
operating conditions. The source-gate voltage of Mp2 is less than the threshold voltage of the
1.2 V PMOS transistor (|Vtpl|), so the source voltage of Mp2 (node c) is kept between VDD
and VDD+|Vtp|. In this situation, all 1.2 V devices are free from the gate-oxide reliability
issue under normal circuit operating conditions with a 2.5 V ESD BUS in the mixed-voltage

1/O interfaces.
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The operation of the high-voltage-tolerant ESD clamp circuit during a PS-mode ESD
stress event is shown in Fig. 4.6, where the ESD transition voltage is applied to the I/O pad
with VSS relatively grounded and VDD floating. The ESD transient voltage will be
conducted from the I/O pad through the diode Dp to the ESD BUS. The gate of Mpl (node a)
will be kept at a relatively low voltage for a long time due to the RC delay of R2 and Mp3 in
the ESD detection circuit. The VDD is initially floating with an initial voltage of 0 V before
the ESD transition voltage is applied across the I/O pad and VSS. Some ESD transient
voltage would be coupled to VDD through parasitic capacitance during ESD discharging, but
R1 and the parasitic capacitance at the gates of Mp2 and Mn3 will hold the gate of Mp2 at a
low voltage level for a long time to keep Mp2 at on state. Therefore, Mpl and Mp2 (whose
initial gate voltages are at a low voltage level of ~0V) can be quickly turned on by ESD
energy to generate the substrate-triggered current (Iyg) into the substrate of STNMOS. After
the base-emitter voltage of the lateral n-p-n BJT in the STNMOS is greater than its cut-in
voltage, the STNMOS will be triggered into its snapback region. Hence, the PS-mode ESD
current will be conducted from the 1/0 pad through the diode Dp to the ESD BUS, and then
through the lateral n-p-n BJT in the STNMOSto. VSS.

4.2.3  Hspice-Simulated Results

The device dimensions of Mpl, Mp2, Mp3;:and Mn3 in the ESD detection circuit are
40 wm/0.2 um, 40 wum/0.2 um, 10 wum/7.5 um, and 5 pum/0.2 pum, respectively. R1 and R2 in
the detection circuit are 1 kQ and 50 kQ, respectively. The Hspice-simulated voltage
waveforms of the ESD detection circuit during power-on transition are shown in Fig. 4.7. The
ESD BUS and VDD are respectively powered on to 2.5 V and 1.2 V with a simultaneous rise
time of 1 ms. The gate voltage of Mp1 (node a) in the ESD detection circuit with the selected
R2-Mp3 value (1 ps) can be validated to follow up the power-on transition of the ESD BUS,
therefore, to keep the PMOS Mpl off. Moreover, from the Hspice-simulated voltage
waveforms, the voltages across the gate-drain, gate-source, and gate-bulk terminations of
every device in the proposed high-voltage-tolerant ESD clamp circuit do not exceed the
process limitation (~ 1.32 V in a given 1.2 V CMOS process).

The transient simulation of the ESD detection circuit under an ESD stress event is
shown in Fig. 4.8. When a 0 to 5.5V ESD-like voltage pulse with a rise time of 10 ns is
applied to the ESD BUS with VSS relatively grounded and VDD floating, the gate voltage of
Mpl (node a) is kept at a low voltage level due to the time delay of R2-Mp3. Therefore,
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substrate-triggered current (Iyg) can be conducted through Mpl and Mp2 in the ESD
detection circuit to trigger on STNMOS. By selecting suitable device dimensions for R2,
Mpl, Mp2, and Mp3, the peak current and period of the substrate-triggered current can be

designed to meet different applications or specifications.

4.3 Experimental Results

4.3.1 Characteristics of Substrate-Triggered STNMOS

The measured DC current-voltage (I-V) characteristics of STNMOS with a device
dimension (W/L) of 360 um/0.2 um under different substrate-triggered currents (measured by
a Tek370 curve tracer) are shown in Fig. 4.9(a). The trigger voltage of the parasitic lateral
n-p-n BJT in the STNMOS device decreases when the substrate-triggered current (lyig)
increases. Moreover, the relation of common-emitter current gain (Br) to collector current (I¢)
in the STNMOS is also shown in Fig,-4.9(b). Br increases as I¢ increases when I¢is lower
than ~ 10 mA. But, Br decreases as'lI¢ increases when'lc is larger than ~ 10 mA. The peak
value of Br is about 1.3 when I¢ is about ~ 10 mA.

To investigate the device behavior during-high ESD current stress, the transmission line
pulsing (TLP) technique has been: widely used:to measure the second breakdown
characteristics (secondary breakdown current (It2) and secondary breakdown voltage (Vt2))
of ESD devices. The TLP generator (TLPG) with a pulse width of 100 ns and rise time of 10
ns is used to find the It2 of STNMOS devices under different substrate-triggered currents.
The TLP-measured I-V characteristics of the substrate-triggered STNMOS with the device
dimension (W/L) of 360 um/0.2 um under substrate-triggered currents of 0, 2, and 4 mA are
shown in Fig. 4.10. With the substrate-triggered current of 4 mA, the STNMOS can be
triggered on with a trigger voltage below 4 V, as comparing to an original drain breakdown
voltage of ~ 6 V. In addition, the turn-on uniformity among the multiple fingers of STNMOS
can be improved by the substrate-triggered effect [42]. The It2 level of the substrate-triggered
STNMOS device can be improved from 2 A to 2.4 A, when the substrate-triggered current is
increased from 0 to 4 mA. With a higher It2, the STNMOS can sustain a higher ESD level.

Based on the experimental results, the high-voltage-tolerant ESD clamp circuit can be
designed with a lower trigger voltage and higher ESD robustness. The TLP-measured [-V
curves of STNMOS with or without the ESD detection circuit under device dimension (W/L)
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of 360 um/0.2 pm are shown in Fig. 4.11. Compared to the stand-alone STNMOS, the
secondary breakdown current (It2) of the STNMOS with the proposed ESD detection circuit
can be increased from 2 A to 2.6 A. The Rgsp in Fig. 4.1 should be designed a little larger
than some critical value (~ 10 Q), such that STNMOS in the mixed-voltage 1/O interface will
not be damaged before the ESD current is discharged through the diode Dp, the ESD BUS,
and the high-voltage-tolerant ESD clamp circuit to the grounded VSS under the PS-mode
ESD stress. The Vt2 of STNMOS in the mixed-voltage I/O interface (Vt2y0) plus the voltage
drop of the Rgsp (It2;0 x Rgsp) should be larger than the Vt2 of STNMOS in the
high-voltage-tolerant ESD clamp circuit (Vt2gsp) plus the turn-on voltage of the diode Dp

(Vb.on), as seen in the following equation,

Vt2gsp + Vpon < (18210 X Resp) + V2. (1)

Here, Vt2gsp and Vt2y0 can be derived from the secondary breakdown voltage of the
STNMOS with and without the ESD detection circuit in Fig. 4.11, respectively. The It2;,0 can
be derived from the secondary breakdown curtent of the STNMOS without the ESD
detection circuit in Fig. 4.11.

Moreover, the 1t2 of STNMOS with or without the ESD detection circuit under
different device dimensions are also méasured-in-Fig: 4.12. The STNMOS device with an
ESD detection circuit has a higher [t2 than that without an ESD detection circuit. For the
device dimension (W/L) of 240 pm/0.2 um, the It2 can be increased from 1.4 A to 2.4 A,

which is a ~70% improvement.

4.3.2 Turn-on Speed

In order to verify the turn-on efficiency of the proposed high-voltage-tolerant ESD
clamp circuit, a 0 to 20V voltage pulse with a rise time of 10 ns is applied to the ESD BUS
with VSS grounded and VDD floating, as shown in Fig. 4.13. The overshooting peak voltage
clamped by the STNMOS without the ESD detection circuit is about 10 V, which could cause
damage to the gate oxide of the low-voltage devices. On the contrary, the 20 V voltage pulse
can be quickly clamped by the STNMOS with the ESD detection circuit to a low voltage
level (~ 5 V). The measured voltage waveforms in Fig. 4.13 have successfully verified the
excellent turn-on efficiency of the proposed new high-voltage-tolerant ESD clamp circuit.
Hence, during a PS-mode ESD stress condition, the ESD current can be quickly discharged
from the 1/O pad through the diode Dp, ESD BUS, and the high-voltage-tolerant ESD clamp
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circuit to VSS, instead of through STNMOS in the mixed-voltage I/O interface to VSS.

4.3.3 ESD Robustness of STNMOS Devices

The human-body-model (HBM) and machine-model (MM) ESD level of STNMOS
devices with different device dimensions are shown in Table 4.1. In these ESD verifications,
the HBM and MM levels are measured by a KeyTek ZapMaster and the failure criterion is
defined as the I-V characteristic curve shifting over 30% from its original curve after three
continuous ESD discharges at every ESD test level. With the substrate-triggered current
generated from the proposed ESD detection circuit, the turn-on uniformity of STNMOS can
be effectively improved. The HBM (MM) ESD levels of the STNMOS with the ESD
detection circuit in the high-voltage-tolerant ESD clamp circuit under channel widths of 240,
360, and 480 um with a channel length of 0.2 um are improved from 3, 4, 5 kV (175, 250,
and 275 V) to 4, 5, 6.5 kV (225, 300, 400 V), respectively, as compared with the stand-alone
STNMOS. As a result, the ESD levels of these 1.2/2.5 V mixed-voltage I/O interfaces can be
effectively improved by the proposedfiew ESD protection scheme with the ESD BUS and
the high-voltage-tolerant ESD clamp circuit.

4.4 Summary

To enhance chip-level ESD/EMC immunity, a new ESD protection scheme with an
ESD BUS and a high-voltage-tolerant ESD clamp circuit for system-on-chip with 1.2/2.5 V
mixed-voltage I/O interfaces has been successfully designed and verified in a 0.13 pm CMOS
process. The ESD stresses on the mixed-voltage 1/0O pad and the pin-to-pin ESD stresses can
be effectively discharged by the proposed ESD protection scheme. With the
substrate-triggered current generated from the ESD detection circuit, the turn-on speed and
ESD robustness of the high-voltage-tolerant ESD clamp circuit can be significantly increased
as compared with a stand-alone STNMOS. For STNMOS with a device dimension (W/L) of
480 um/0.2 pm, the HBM (MM) ESD level of the 1.2/2.5 V mixed-voltage I/O interfaces can
be improved from 5 kV (275 V) to 6.5 kV (400 V) by the ESD detection circuit in the

proposed ESD protection scheme.
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Table 4.1

HBM and MM ESD levels of STNMOS with or without ESD detection circuit.

HBM ESD Level MM ESD Level
STNMOS (kV) %)

W/L without with without with

(um/pm) Detection | Detection | Detection | Detection
Circuit Circuit Circuit Circuit

240/0.2 3 4 175 225

360/0.2 4 5 250 300

480/0.2 5 6.5 275 400
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set of I/O cells to achieve pin-to-pin ESD protection.
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Fig. 4.3
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of the substrate-triggered STNMOS device.
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ESD stress event.
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Fig. 4.10 The TLP-measured I-V curves of the STNMOS device with the device dimension
(W/L) of 360 um/0.2 pm underydifferent substrate-triggered currents.
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Fig. 4.11 The TLP-measured I-V curve of the STNMOS with or without ESD detection
circuit under device dimension (W/L) of 360 um/0.2 pm.
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CHAPTER 5

ESD PROTECTION FOR AUTOMOTIVE
VACUUM-FLUORESCENT-DISPLAY (VFD)
DRIVER IC

In this chapter, a new electrostatic discharge (ESD) protection structure of high-voltage
P-type silicon controlled rectifier (HVPSCR) embedded into the high-voltage PMOS device
is proposed to greatly improve ESD robustness of the vacuum-fluorescent-display (VFD)
driver IC for automotive electronics applications [73], [74]. By only adding the additional N+
diffusion into the drain region of high-voltage, PMOS, the TLP-measured secondary
breakdown current (It2) of output driver hasibeén greatly improved greater than 6A in a
0.5-um high-voltage CMOS process. Such ESD-énhanced VFD driver IC, which can sustain
human-body-model (HBM) ESD stress. 'of“up to- 8kV, has been in mass production for
automotive applications in car without latchup problem. Moreover, with device widths of
500um, 600um, and 800um, the machine-model (MM) ESD levels of the HVPSCR are as
high as 1100V, 1300V, and 1900V, respectively [74].

5.1 Original Design for VFD 1/0

The high-voltage output cell of the automotive VFD driver IC fabricated in a 0.5-pm
high-voltage CMOS process is shown in Fig. 5.1. In this VFD driver IC, the output pull-up
function is realized by the high-voltage PMOS (HVPMOS) which is connected between
output pad and VDD of 5V, whereas the pull-down function is realized by the on-chip
resistor of 300 kohm for vacuum fluorescent display. The resistor is connected from the
output pad to VEE of -40V for VFD applications. Here, the internal core circuits are
connected to the low voltage power supply with VDD of 5V and VSS of OV.
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5.1.1 Device Structure and I-V Characteristic of the HVPMOS

The device structure of the HVPMOS is drawn in Fig. 5.2. The high-voltage region is
surrounded by the high-voltage (HV) P-well of lightly doped concentration with a specified
clearance from the HV P-well edge to the drain (P+ diffusion) of the HVPMOS, where the
clearance is indicated as C in Fig. 5.2. Such HV P-well with lightly doped concentration will
provide the drain of HVPMOS with high enough breakdown voltage for VFD application.
The breakdown voltage of the HVPMOS is specified to be higher than 45V for this VFD
application.

While measuring the I-V characteristic of the HVPMOS in VFD driver I/O cell, the gate
of the HVPMOS is connected to the core circuits. The DC I-V curve of HVPMOS in
low-current region measured by curve tracer 370 is shown in the Fig. 5.3, where the
breakdown voltage of this HVPMOS is ~ 65V. When the applied voltage is slightly larger
than the breakdown voltage, the current will be increased sharply. While the HVPMOS is
switching from off-state to the on-state, the DC I-V curve behavior is shown in the curve of
the Fig. 5.3 marked with “on”. However, while the' HVPMOS is switching from on-state to
the off-state, the DC I-V curve behavior is shown in the curve of the Fig. 5.3 marked with
“off”. There is no obvious snapback characteristic found in the DC I-V curve of HVPMOS.
The TLP-measured I-V curve of thee HVPMOS Wwith a width of 600um and a length of 2um is
shown in Fig. 5.4(a). The trigger voltage(Vtl) of TLP-measured I-V curve of HVPMOS is
~35V. Due to the inefficient parasitic p-n-p bipolar action in the HVPMOS, no obvious
snapback characteristic is found. Therefore, the secondary breakdown current (It2) is only
0.07A which is quite low for ESD protection. Moreover, the TLP-measured I-V curve of the
HVPMOS with a larger device size (with a width of 800um and a length of 2um) is shown in
Fig. 5.4(b), the It2 is still only 0.08 A. Here, the difference on trigger voltage of the HVPMOS
measured by DC and TLP is caused by transient-coupling effect. The TLP is designed with a
rise time of 10ns to simulate the HBM ESD event. The fast TLP dV/dt transient voltage at the
drain could be coupled into the device through the parasitic capacitance in the drain/bulk

junction to lower the trigger voltage.

5.1.2 ESD Robustness and Failure Analysis

The HBM ESD levels and TLP-measured It2 of the HVPMOS in VFD driver 1/O cell
with different device widths (but keeping the same length) are listed in Table I. With device
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widths of 500um, 600um, and 800um, the It2 of the HVPMOS are 0.04A, 0.07A, and 0.08A,
respectively. For such a lower 1t2, the HBM ESD levels of the HVPMOS are all about ~500V
under the negative-to-VDD (ND-mode) ESD stress. Here, the failure criterion is defined at
the leakage current greater than 1pA under a 45-V bias on the devices. The measured [-V
curves of the HVPMOS (with a width of 600um and a length of 2um) in VFD driver I/O cell
before and after 1-kV ND-mode HBM ESD stress is shown in Fig. 5.5, where the voltage
applied at VDD with the output pad grounded is swept from 0 to 45V. Before ESD stress, the
HVPMOS is turned off so that there is no leakage current between VDD and output pad.
However, after ESD stress, the HVPMOS is burned out to cause a short circuit in the I-V
curve. The failure analysis (FA) picture of this output cell on the HVPMOS (with a width of
600um and a length of 2um) after 1-kV ND-mode HBM ESD stress is shown in Fig. 5.6(a),
where serious contact spiking from drain to source of the HVPMOS is found. Moreover, the
enlarged pictures of contact spiking in the source and drain regions are shown in Fig. 5.6(b)
and 5.6(c), respectively, where the lightened contacts are damaged by HBM ESD stress. Due
to the too low TLP-measured It2 and ESDlevels,; the HVPMOS is not suitable as the ESD
protection device for the output cell of VFD _driver'IC.

5.2 New ESD Design for VED 1/0

A new ESD protection structure with the high-voltage p-type SCR (HVPSCR)
embedded into the output HVPMOS is proposed to greatly improve ESD robustness of the
automotive VFD driver IC. The output cell with the embedded HVPSCR for automotive VFD
drive IC is shown in Fig. 5.7. With the addition of power-rail ESD clamp circuit [8], the
positive-to-VSS (PS-mode), negative-to-VSS (NS-mode), positive-to-VDD (PD-mode), and
negative-to-VDD (ND-mode) ESD stresses on the output pin can be discharged through
HVPSCR to VSS or VDD with the cooperation of power-rail ESD clamp circuit.

5.2.1 Device Structure and Turn-on Mechanism of the HVPSCR

The device structure of the HVPSCR embedded into output HVPMOS is drawn in Fig.
5.8, where an additional N+ diffusion is inserted into the drain region in the HV P-well of
HVPMOS. The SCR path in the HVPSCR is from VDD to the output pad which is composed
by P+ diffusion (source of HVPMOS), N-well, HV P-well (drain of HVPMOS), and N+
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diffusion in HV P-well. Here, only an additional N+ diffusion is added into the HVPMOS to
form the HVPSCR for ESD protection. So, only a little increase of silicon area is used to
realize this HVPSCR. The final die size of the VFD driver IC with the proposed HVPSCR for
ESD protection is almost kept the same.

The equivalent circuit of the HVPMOS with the embedded HVPSCR device is shown
in Fig. 5.9, where the anode of HVPSCR is connected to VDD and the cathode of HVPSCR
is connected to the output pad. The HVPSCR device is composed of a lateral PNP bipolar
transistor and a vertical NPN bipolar transistor to form a 2-terminal/4-layer PNPN
(P+/N-well/HV P-well/N+) structure. The trigger voltage of the HVPSCR device is the same
as that of the HVPMOS, which is determined by the drain avalanche breakdown voltage of
the N-well/HV P-well junction. Such that, while the overstress voltage reaches the
breakdown voltage of N-well/HV P-well junction, the embedded HVPSCR will be triggered
on to discharge ESD current. The turn-on mechanism of HVPSCR is somewhat similar to
PMOS triggered SCR [75], [76], where PMOS is first turned on by the ESD transient pulse,
then SCR can be triggered on when the current reaches the trigger current of SCR.

During the PD-mode ESD stress, the pesitive ESD voltage is applied to the output pad
and VDD is relatively grounded. ‘The.parasitic..diode (N-well/HV P-well junction) of the
HVPMOS will be forward biased to-clamp the'ESD voltage. During the ND-mode ESD stress,
the negative ESD voltage is applied to the“output padiand VDD is relatively grounded. When
the magnitude of the applied voltage ‘is' greater than the drain breakdown voltage of
HVPMOS, the hole and electron current will be generated through the avalanche breakdown
mechanism. The electron current will flow through the N-well to N+ diffusion connected to
anode of HVPSCR, which will lower the voltage level of the N-well. As long as the voltage
drop across the N-well resistor (Rn.wen) 1S greater than the turn-on voltage of lateral PNP
transistor, the lateral PNP transistor will be triggered on to keep HVPMOS into its
breakdown region. While the lateral PNP transistor is turned on, the hole current will be
injected through the HV P-well into P+ diffusion (connected to cathode of HVPSCR) to
increase the voltage level of HV P-well. As the injected hole current is larger than some
critical value, the voltage drop across the HV P-well resistor (Ruy p.wenn) Will be greater than
the turn-on voltage of the vertical NPN transistor. The vertical NPN transistor will be turned
on to inject the electron current through the N-well into N+ diffusion to further bias the
lateral PNP transistor. Such positive feedback regeneration physical mechanism [77], [78]
will initiate the latching action in the HVPSCR. Finally, the HVPSCR will be successfully

triggered into its latching state with the positive-feedback regenerative mechanism [77], [78]
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Once the HVPSCR is triggered on, the required holding current to keep the NPN and PNP
transistors on can be generated through the positive-feedback regenerative mechanism of
latchup without involving the avalanche breakdown mechanism again. So, the HVPSCR will
have a lower holding voltage than that of HVPMOS. Therefore, the ND-mode ESD current
can be effectively discharged by the HVPSCR to protect the VFD driver IC.

The latchup issue [79], [80] should be considered when the HVPSCR is used for ESD
protection. When ICs are in normal circuit operating conditions, the HVPSCR device could
be accidentally triggered on by noise pulse [81]. However, for VFD application, during
normal circuit operating conditions, the current from VDD through HVPSCR to VEE will be
limited to some smaller value of ~ 0.15mA by the large pull-down resistor R of 300kohm.
Such a limited current is much lower than the holding current (~35mA, from the measured
result in silicon) of the HVPSCR, which can avoid latchup issue between the power lines
during normal circuit operating conditions. On the other hand, if the HVPMOS is triggered
on by the transient noise pulse, the unwanted transient noise current will flow through the
HVPMOS and absorbed by VDD powerssupply.. Therefore, the latchup problem will not
occur in such VFD driver IC with thesHVPSER-embedded into the HVPMOS.

5.2.2 ESD Protection Design for VFD I/O with Both HVPSCR and

Power-Rail ESD Clamp Circuit

To sustain a high ESD robustness for VFD 1/O, the power-rail ESD clamp circuit
between VDD and VSS is added to support ESD discharge path between output pad and VSS.
The power-rail ESD clamp circuit composed by resistor, capacitor, inverter and NMOS is
shown in Fig. 5.10. Here, the RC value is designed with a time constant of about ~ 1us to
distinguish the VDD power-on event (with a rise time in milliseconds) or ESD stress events
(with a rise time in nanoseconds) [8]. During the normal VDD power-on transition (from low
to high), the input of the inverter can follow up in time with the power-on VDD voltage to
keep the output of the inverter at zero. Hence, the NMOS device is kept off and does not
interfere with the functions of the internal circuits. When a positive ESD voltage is applied to
VDD with VSS relatively grounded, the RC delay will keep the input of the inverter at a
low-voltage level within a relative long time. Therefore, the output of the inverter will be
pulled high by the ESD energy to trigger on the NMOS device. While the NMOS device is
turned on, the ESD current is discharged from VDD to VSS through the NMOS device.
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When a negative ESD voltage is applied to VDD with VSS relatively grounded, the negative
ESD current can be discharged through the forward-biased drain-to-bulk parasitic diode in
the NMOS.

The ESD current paths of the new proposed ESD protection for VFD I/O in four
ESD-stress modes are shown in Figs. 5.11(a) ~ 5.11(d). Under PS-mode ESD-stress condition,
the ESD current will flow from output pad through the parasitic diode of HVPMOS to VDD,
and then through power-rail ESD clamp circuit to VSS. Under NS-mode ESD-stress
condition, the ESD current will flow from VSS through power-rail ESD clamp circuit to
VDD, and then through the HVPSCR to output pad. Under PD-mode ESD-stress condition,
the ESD current will flow from output pad through the parasitic diode of HVPMOS to VDD.
Under ND-mode ESD-stress condition, the ESD current will flow from VDD through the
HVPSCR to the output pad. Therefore, the new proposed ESD protection design can provide
a higher ESD level for such VFD driver ICs.

For VFD application, because of the large resistor R of 300kohm between output pad
and VEE, the ESD current from output padito VEE will be limited by the resistor R. Hence,
both positive and negative ESD stresses on the-output pad with VEE relatively grounded can
sustain high ESD robustness.

5.3 Experimental Results

5.3.1 I-V Characteristic of the HVPSCR

The DC I-V curve of the HVPSCR measured by curve tracer 370 under room
temperature of 25°C is shown in Fig. 5.12(a), where the DC trigger voltage of HVPSCR is ~
65V, which is the same as that of HVPMOS. Before the SCR path is triggered on, the DC I-V
curve behavior of HVPSCR is the same as that of HVPMOS. When the current is larger than
~ 5mA, the embedded HVPSCR is triggered on into its holding state with a DC holding
voltage of ~ 5V. While the HVPSCR is switching from off-state to the on-state, the DC I-V
curve behavior is shown in the curve of the Fig. 5.12(a) marked with “on”. However, while
the HVPSCR is switching from on-state to the off-state, the DC I-V curve behavior is shown
in the curve of the Fig. 5.12(a) marked with “off”, where the holding current is about ~ 35mA.
Because the holding voltage of the HVPSCR is smaller than the operation voltage (45V), the
HVPSCR could be triggered on to suffer latchup failure in VFD driver IC by the transient
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noise pulse. However, the maximum DC operation current across the pull-down resistor R
between the output pad and the VEE power pad is 0.15mA. This DC current is obtained from
the maximum voltage drop which is 45V (between VDD and VEE) divided by 300kohm
when the pull-up HVPMOS is turned on. The current of 0.15mA is less than the DC holding
current (~ 35mA) of the HVPSCR, which can avoid the latchup issue between the power
lines during normal operating conditions. Moreover, the DC I-V curve of the HVPSCR
measured by curve tracer 370 under the temperature of 125°C is shown in Fig. 5.12(b), where
the holding voltage (current) is decreased from ~ 5V (~ 35mA) to ~ 3V (~ 20mA) as the
temperature is increased from 25°C to 125°C. Though the latchup problem is very sensitive
to the high temperature, the maximum current flowing across the resistor is still kept at
0.15mA for the high temperature due to the large resistor R. The HVPSCR can not stay in its
turn-on state if the supplied current is smaller than its holding current. Hence, even for the
high ambient temperatures as 125°C, the HVPSCR is still kept at the off-state to avoid the
latchup problem. Hence, under normal circuit operating conditions, the HVPSCR can be free
to latchup problem between the power linessin the VFD driver IC despite of a potentially low
DC holding voltage below the operation voltage:

The TLP-measured I-V curve-of the HVPSCR with a width of 600um and a length of
2um is shown in Fig. 5.13. The trigger, voltage of the HVPSCR in the TLP-measured -V
curve is about ~53V and the trigger current is about'0:27A. Moreover, in the inset figure, a
high trigger current of almost 0.27A can be obviously found, where the latchup immunity can
be achieved over 200mA by preventing unwanted triggering during normal circuit operation.
Here, before HVPSCR is triggered on, HVPMOS will handle the low TLP current. As the
TLP current is higher than 270mA, the HVPSCR will be fully turned on. With the excellent
clamping behavior of the HVPSCR, a very low holding voltage of the HVPSCR can be
obtained around 5V. According to the power dissipation of P=IxV, where I indicates the ESD
discharge current and V indicates the holding voltage of the device, the device with a lower
holding voltage during ESD stress can sustain a higher ESD level. The TLP-measured It2 of
HVPSCR is greater than 6A which is much higher than that (0.07A) of HVPMOS. So, the
HVPSCR can indeed sustain a much higher ESD level for the output cell of this VFD driver
IC.

From the previous work [82], a similar solution was proposed to improve the ESD
robustness in a smart power IC. An ESD robust output switch, called SCR-LDMOS, was
modified from the standard lateral LDMOS without any additional processing, where the
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device structure of SCR-LDMOS is re-drawn in Fig. 5.14 [82]. The characteristics of the
SCR-LDMOS are kept the same as those of the LDMOS during normal circuit operating
conditions and the SCR (P+/N-well/P-well/N+) will be turned on to a low holding voltage to
discharge the ESD current during ESD stress. However, no n-type high-voltage device (such
as HVNMOS) was provided in this work with the cost-efficient CMOS process for VFD
driver IC. So, such a SCR-LDMOS can’t be applied in our VFD driver IC to improve ESD
robustness. Moreover, the use of SCR-LDMOS in smart-power technology has still to watch
the latchup problem during normal circuit operating conditions. In our work, the use of the
HVPSCR did not cause latchup problem between the power lines in such VFD driver IC due
to the large resistor R between output pad and VEE.

5.3.2 ESD Robustness of the VFED Driver IC

TLP-measured It2, human-body-model (HBM) and machine-model (MM) ESD levels
of the HVPSCR under different device widths (but keeping the same length) are shown in
Table II. The It2 of the HVPSCR with'device widths of 500um, 600um, and 800um are all
over 6A, whereas the HBM ESD Jdevels can pass.over 8kV under ND-mode ESD stress.
Moreover, with device widths of 500pm, 600um, and 800um, the MM ESD levels of the
HVPSCR are 1100V, 1300V, and 1900V, tespectively. With both the new proposed
HVPSCR embedded into the HVPMOS and the power-rail ESD clamp circuit, the HBM ESD
robustness of the output cell in the automotive VFD driver IC has been successfully improved
from 500V up to 8kV within almost the same die size.

The partial layout view of this VFD driver IC with HVPSCR in I/O cell is shown in Fig.
5.15, which can fully meet the ESD specification of automotive applications. Moreover, the
automotive driver IC has also successfully passed the 200mA quasi-static latchup test of
EIA/JEDEC standard [83]. Such an ESD-enhanced driver IC has been in mass production for
the VFD applications in car.

5.4 Summary

The HVPMOS is not suitable for ESD protection in VFD driver IC for automotive
electronics applications due to a poor ESD level. To greatly improve ESD robustness, a new

ESD protection structure of HVPSCR embedded into the HVPMOS is proposed by only
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adding an additional N+ diffusion into the drain region of HVPMOS. With almost the same
layout area, the It2 of the output cell has been improved over 6A, as well as, the HBM ESD
level of such VFD driver IC with HVPSCR can sustain up to 8 kV. With device widths of
500um, 600um, and 800um, the MM ESD levels of the HVPSCR are 1100V, 1300V, and
1900V, respectively. Moreover, the automotive driver IC can also pass the 200mA

quasi-static latchup test.
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TLP_It2 and HBM ESD levels under negative-to-VDD ESD stresses of the HVPMOS.

Table 5.1

TLP_It2, HBM and MM ESD levels under-negative-to-VDD ESD stresses of the

HVPMOS
Device Width 500pm 600pm | 800pm
(Length=2pm)
TLP_It2 0.04A 0.07A 0.08A
HBM ESD Level
Under ND-mode <500V <500V | <500V
ESD Stress
Table 5.2

HVPSCR.
HVPSCR+HVPMOS
Device Width 500pm 600pm | 800pum
(Length=2pm)
TLP_It2 >6A* >6A* >6A*
HBM ESD Level
Under ND-mode >8kV* >8kV* | >8kV*
ESD Stress
MM ESD Level
Under ND-mode 1100V 1300V 1900V
ESD Stress

*limitation due to the maximum level of test equipments
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Fig.5.1  The original output cell of the automotive VFD driver IC realized with the
high-voltage PMOS (HVPMOS) and pull-down resistor.
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Fig.5.3  The DC I-V curve of HVPMOS in low-current region, which has a breakdown
voltage of 65V.
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Fig.5.4  The TLP-measured I-V curves of HVPMOS (a) with a width of 600pm and a

length of 2pum, and (b) with a width of 800pum and a length of 2um.
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Fig.5.7 The new proposed ESD “protection design with the high-voltage p-type SCR
(HVPSCR) embedded into the output HVPMOS to improve ESD robustness of
output cell of the automotive VFD driver IC.
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CHAPTER 6

ESD ROBUSTNESS OF ON-CHIP ESD
PROTECTION DEVICES IN 40-V CMOS
TECHNOLOGY

In this chapter, the dependences of drift implant and layout parameters on ESD
robustness in a 40-V CMOS process have been investigated in silicon chips [84], [85]. From
the experimental results, the high-voltage (HV) MOSFETs without drift implant in the drain
region have better TLP-measured It2 and ESD t0bustness than those with drift implant in the
drain region. Furthermore, the 1t2 and ESDrlevel'of HV MOSFETs can be increased as the
layout spacing from the drain diffusionto polygate is incteased. It was also demonstrated that
a specific test structure of HV n-type silicon“controlled rectifier (HVNSCR) embedded into
HV NMOS without N-drift implant in the drain region has the excellent TLP-measured It2
and ESD robustness. Moreover, due to the ‘different current distributions in HV NMOS and
HVNSCR, the dependences of the TLP-measured It2 and HBM ESD levels on the spacing
from the drain diffusion to polygate are different [85].

6.1 Device Structures in 40-V CMOS Process

To integrate the high-voltage devices while maintaining the characteristics of the
standard 0.35-um low-voltage CMOS process without changing all of the design rules and
device parameters, the device structures of high-voltage MOSFET can be achieved by adding
several additional mask layers in the standard 0.35-um CMOS technology. The additional
mask layers are HV N-well, HV P-well, N-drift or P-drift, N-grade or P-grade, and N-field or
P-field. The HV N-well and HV P-well in the HV region are complementary layers which are
fabricated on the same P-substrate. The lightly doped N-drift (P-drift), N-grade (P-grade),
and N-field (P-field) implants are required for high voltage MOSFETsS to sustain the high
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voltage (40V) during normal operating conditions in 0.35-um 40-V CMOS process.

In the given 0.35-um 40-V CMOS process, the device structures in the test chip can be
classified as: (1) HV NMOS with or without N-drift implant in the drain region, (2) HV
PMOS with or without P-drift implant in the drain region, and (3) HV n-type SCR (HVNSCR)
embedded into HV NMOS with or without N-drift implant in the drain region.

6.1.1 HV NMOS With or Without N-Drift Implant

The device cross-sectional views of HV NMOS with or without N-drift implant in the
given 0.35-um 40-V CMOS process are shown in Figs. 6.1(a) and 6.1(b), respectively. The
HV NMOS is fabricated in the HV P-well, as shown in Fig. 6.1(a), where the P-field implant
is used as isolation ring to isolate the device from the other. The N-grade implant is used to
increase the breakdown voltage of the drain region in the HV NMOS. Moreover, the HV
NMOS has lightly doped N-drift implant below the field oxide in the drain region, and
utilizes the field oxide between the gate and. the drain contact to minimize the peak electric
field around the corner of the drainsregion, which ean avoid the hot carrier effect in the
N-channel. The device structure of*HV NMOS 'without-N-drift implant was also fabricated,
as shown in Fig. 6.1(b), where the N-drift in the drain region was removed.

The trigger voltage of the HV. NMOS-device is determined by the drain avalanche
breakdown voltage of the N-grade/HV P-well junction. While the overstress voltage reaches
the breakdown voltage of N-grade/HV P-well junction, the parasitic lateral n-p-n BJT in HV
NMOS will be triggered on to discharge ESD current.

6.1.2 HV PMOS With or Without P-Drift Implant

The device cross-sectional views of HV PMOS with or without P-drift implant in the
given 0.35-um 40-V CMOS process are shown in Figs. 6.2(a) and 6.2(b), respectively. The
HV PMOS is fabricated in the HV N-well, as shown in Fig. 6.2(a), where the purpose of
N-field implant is the same as the P-field implant used in HV NMOS to isolate device from
the other. The P-grade implant in the drain region is also used to increase its breakdown
voltage for high voltage application. The lightly doped P-drift implant below the field oxide
is also used to avoid the hot carrier effect in the P-channel. The device structure of HV
PMOS without P-drift implant was also fabricated, as shown in Fig. 6.2(b), where the P-drift

in the drain region was removed.
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The trigger voltage of the HV PMOS device is determined by the drain avalanche
breakdown voltage of the P-grade/HV N-well junction. While the overstress voltage reaches
the breakdown voltage of P-grade/HV N-well junction, the parasitic lateral p-n-p BJT in HV
PMOS will be triggered on to discharge ESD current.

6.1.3 HVNSCR With or Without N-Drift Implant

It has been well known that SCR has a good ESD protection capability. Hence, to
improve the ESD robustness of HV NMOS, the part of drain region in HV NMOS was
replaced by P+ diffusion to form a SCR structure in the device, where the P+ diffusion is
conjunction with N+ diffusion in the drain region. The device cross-sectional views of
HVNSCR with or without N-drift implant in the given 0.35-um 40-V CMOS process are
shown in Figs. 6.3(a) and 6.3(b), respectively. The SCR path in the HV NMOS was
composed by P+ diffusion in the drain region, N-grade, HV P-well, N+ diffusion in the
source region. Here, no extra layout area is needed to realize this HVNSCR structure in HV
NMOS.

The HVNSCR device is composed of a lateral n-p-n BJT and a vertical p-n-p BIT to
form a 2-terminal/4-layer PNPN (P+/N-grade/HV P-well/N+) structure. The trigger voltage
of the HVNSCR device is the same as that of the HV.NMOS, which is determined by the
drain avalanche breakdown voltage of the: N-grade/HV P-well junction. While the overstress
voltage reaches the breakdown voltage of N-grade/HV P-well junction, the HV NMOS will
be first triggered on by the ESD transient pulse, and then the embedded HVNSCR will be
triggered on to discharge ESD current.

The equivalent circuit of the HVNSCR device embedded into HV NMOS is shown in
Fig. 6.4. When the magnitude of the applied voltage is greater than the drain breakdown
voltage of HV NMOS, the hole and electron currents will be generated through the avalanche
breakdown mechanism. The hole current will flow through the HV P-well to P+ diffusion
connected to the P-field ring of HV NMOS, which will increase the voltage level of the HV
P-well. As long as the voltage drop across the HV P-well resistor (Ryy p.wen) s greater than
the cut-in voltage of lateral n-p-n BJT, the lateral n-p-n BJT will be triggered on to keep HV
NMOS into its breakdown region. While the lateral n-p-n BJT is turned on, the electron
current will be injected through the N-grade into N+ diffusion in the drain of HV NMOS to
lower the voltage level of N-grade. As the injected electron current is larger than some

critical value, the voltage drop across the N-grade resistor (Rn_grade) Will be greater than the
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cut-in voltage of the vertical p-n-p BJT. The vertical p-n-p BJT will be turned on to inject the
hole current through the HV P-well into P+ diffusion to further bias the lateral n-p-n BJT.
Such positive feedback regeneration physical mechanism [77], [78] will initiate the latching
action in the HVNSCR. Finally, the HVNSCR will be successfully triggered into its latching
state by the positive-feedback regenerative mechanism [77], [78]. Once the HVNSCR is
triggered on, the required holding current to keep the n-p-n and p-n-p BJTs on can be
generated through the positive-feedback regenerative mechanism of latchup without

involving the avalanche breakdown mechanism again.

6.2 Experimental Results and Discussion

6.2.1 TLP-Measured I-V Characteristics

To simulate the human-body-model (HBM) [1] ESD event, the transmission line
pulsing generator (TLPG) [86] is designed to generate the stable and consistent pulses of very
high current in a very short period of time: To investigate the device behavior during HBM
ESD stress, the TLP with a pulse width of 100ns“and a rise time of 10ns has been widely used
to measure the secondary breakdown current.(lt2)-ef ESD devices. In the test chip, the device
dimension (W/L) of HV NMOS was 200um/3um-and the device dimension (W/L) of HV
PMOS was 200um/4pm, where the minimum device lengths (L) of HV NMOS and HV
PMOS are 3um and 4um, respectively, in the given 0.35-um 40-V CMOS process. The
device dimension (W/L) of HVNSCR is also kept the same as that of HV NMOS. Generally,
the ESD robustness is highly dependent on the ESD current discharging path among HV
MOSFETs. In HV MOSFETs, the location of ESD damage is usually occurred at the drain
region. Therefore, in this test chip, the drift implant in the drain region and the layout spacing
(D) from the drain diffusion to polygate were split to see its impact on ESD performance.

The TLP-measured I-V curves of HV gate-grounded NMOS (GGNMOS) with or
without N-drift implant in the drain region are shown in Fig. 6.5, where the layout spacing
from the drain diffusion to polygate (D, as shown in Fig. 6.1) is split to find the dependence
on TLP-measured It2. The breakdown voltage of HV GGNMOS with or without N-drift
implant is about 70V~75V, which is higher than the operation voltage of 40V. When the
parasitic n-p-n BJT in HV GGNMOS is turned on, it will snap back with a low holding
voltage. Comparing to other HV CMOS processes with deeper N-well and n+ buried layer
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(NBL) [87], no double-snapback characteristic was found in the TLP-measured I-V curves of
HV GGNMOS in the given 0.35-um 40-V CMOS process with the shallower N-grade
implant. The double-snapback characteristic occurs while the ESD current path changes from
vertical direction (deeper region) to lateral direction (shallower region) [87], [36]. However,
the ESD current flows only in the lateral direction due to the shallower N-grade implant.

In Fig. 6.5(a), with N-drift implant in the drain region, the TLP-measured It2 of HV
GGNMOS are 1.1A, 1.5A, and 1.7A for the spacing D of 5.5um, 7.5um, and 9.5um,
respectively. The trigger voltage and holding voltage will be increased when the spacing D is
increased. In Fig. 6.5(b), without N-drift implant in the drain region, the TLP-measured It2 of
HV GGNMOS are 1.3A, 1.6A, and 1.9A for the spacing D of 5.5um, 7.5um, and 9.5um,
where the It2 and the holding voltage are obviously increased as the parameter D is increased.
The trigger voltage is 75V which is independent to the spacing D.

Comparing Fig. 6.5(a) and Fig. 6.5(b), under the same spacing of D, the HV GGNMOS
without N-drift implant in the drain region has a higher It2 than that with N-drift implant in
the drain region. To further illustrate the-impact'of N-drift implant on the turn-on mechanism
of HV GGNMOS, the simulated current distributions.of HV GGNMOS before and after the
parasitic n-p-n BJT is triggered on-are shown in Fig. 6.6 and 6.7, respectively. Because the
doping concentration of N-grade: implant is_higher ‘than that of N-drift implant, the
breakdown voltage of the N-grade/HV P-well junction is lower than that of the N-drift/HV
P-well junction. Some part of current among HV GGNMOS with N-drift implant flows
through the N-grade/HV P-well junction, as shown by the indicated region A in Fig. 6.6(a).
This part of current flows from drain into HV P-well and finally to source, which results in a
longer current path to trigger on the parasitic n-p-n BJT. So, the TLP-measured I-V curves
appear a high resistance region before the parasitic n-p-n BJT in HV GGNMOS is turned on.
Here, a higher trigger voltage is needed to turn on the parasitic n-p-n BJT in HV GGNMOS
with N-drift implant, where the trigger voltage will be increased when the spacing D is
increased due to a longer current path. The other part of current among HV GGNMOS with
N-drift implant flows through the corner between the N-drift implant and the channel, as
shown by the indicated region B in Fig. 6.6(a). This part of current could cause the current
crowding at the channel surface to damage the device easily while the parasitic n-p-n BJT
being triggered on. Moreover, the current path of HV GGNMOS without N-drift implant
flows directly from drain through the N-grade/HV P-well junction to source, as shown in Fig.

6.6(b). Hence, the trigger voltage is kept the same as the breakdown voltage of N-grade/HV
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P-well while the spacing D is increased. Most of the current flows from drain to source
instead of into the HV P-well, which would not cause a longer current path to trigger on the
parasitic n-p-n BJT. So, HV GGNMOS without N-drift implant in the drain region can switch
to its snapback region quickly with a lower holding voltage, which in turn results in a higher
TLP-measured It2. Here, due to a little part of current path through the corner between the
N-drift implant and the channel of HV GGNMOS with N-drift implant, as shown at the
indicated region of B in Fig. 6(a), the measured breakdown voltage (70V) of the HV
GGNMOS with N-drift implant under the spacing D of 5.5um could be somewhat a little
lower than the measured breakdown voltage (75V) of the HV GGNMOS without N-drift
implant under the spacing D 5.5um in the TLP I-V curves.

For HV GGNMOS with N-drift implant in Fig. 6.7(a), while the voltage reaches to the
trigger voltage (the breakdown voltage of the N-drift/HV P-well junction), the current starts
to flow through the N-drift/HV P-well junction and the parasitic n-p-n BJT of HV GGNMOS
is turned on into the snapback region. After the parasitic n-p-n is triggered on, the ESD
current in HV GGNMOS with N-drift implantswill concentrate around the N-drift implant
region, as shown in Fig. 6.7(a), which causessthe.deviee damage easily. On the contrary, the
ESD current in HV GGNMOS without N-drift implant will flow more uniformly and deeper
into the HV P-well to avoid the current crowding,.as shown in Fig. 6.7(b), which in turn can
sustain higher ESD stress [88]. Henee, HV GGNMOS without N-drift implant in the drain
region has a higher It2 than that with N-drift implant in the drain region due to the different
current distributions among the devices. Moreover, the It2 and holding voltage of HV
GGNMOS with or without N-drift implant are increased while the spacing D is increased.
Though the power dissipation is higher due to the higher holding voltage, the device can still
achieve a higher It2 since the ESD current is spread deeper into the device [36].

The TLP-measured I-V curves of HV gate-VDD PMOS (GDPMOS) with or without
P-drift implant in the drain region are shown in Fig. 6.8, where the spacing D is also split to
find its impact on It2. The trigger voltage of HV GDPMOS with or without P-drift is ~80V,
which is higher than the operation voltage of 40V in the given 0.35-um 40-V CMOS process.
When the parasitic p-n-p BJT of HV GDPMOS is triggered on, the current will be increased
as the voltage is increased. Because the mobility of electron is higher than that of hole, the
current gain of the parasitic p-n-p BJT in HV GDPMOS is lower than that of the parasitic
n-p-n BJT in HV GGNMOS. Moreover, the base distance of the parasitic p-n-p BJT in HV
GDPMOS (4um) is longer than that of the parasitic n-p-n BJT in HV GGNMOS (3um),
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which results in the more inefficient parasitic p-n-p bipolar action in the HV GDPMOS.
Hence, there is no snapback characteristic in TLP-measured I-V curves of HV GDPMOS as
compared with HV GGNMOS.

In Fig. 6.8(a), with P-drift implant in the drain region, the It2 of HV GDPMOS are
0.01A, 0.01A, and 0.06A for the spacing D of 5.5um, 7.5um, and 9.5um, respectively. After
the parasitic p-n-p is triggered on, the current of HV GDPMOS will be slightly increased as
the voltage is increased. When the voltage reaches to over 110V, the current will suddenly
increase to burn out the HV GDPMOS. Moreover, In Fig. 6.8(b), without P-drift implant in
the drain region, the It2 of HV GDPMOS are 0.13A, 0.1A, and 0.14A for the spacing D of
5.5um, 7.5um and 9.5um, respectively, where the It2 is slightly increased as the parameter D
is increased.

Comparing Fig. 6.8(a) and Fig. 6.8(b), under the same spacing of D, the HV GDPMOS
without P-drift implant in the drain region has a higher It2 than that with P-drift implant in
the drain region. In Fig. 6.2(a), because the ESD current of HV GDPMOS with P-drift
implant flows in the longer current path through the P-grade/HV N-well junction, the
TLP-measured I-V curves appear a high turfizon fesistance and a higher holding voltage. In
Fig. 6.2(b), the current path of HV:GDPMOS without P-drift implant flows directly through
the P-grade/HV N-well junction. Hence; the turn-on resistance of GDPMOS without P-drift
implant in the drain region is much lower than that with P-drift implant in the drain region,
which will result in the lower holding voltage and higher It2.

Table I summarizes the dependence of TLP-measured 1t2 of HV GGNMOS and
GDPMOS with or without drift implant under different spacings D. Because no snapback
characteristic is found in the TLP-measured I-V curves of HV GDPMOS, the holding voltage
of HV GDPMOS is much higher than that of HV GGNMOS, which results in a lower It2 of
HV GDPMOS. For both HV GGNMOS and HV GDPMOS with the same spacing of D, the
device without drift implant in the drain region has a higher It2 than that with drift implant in
the drain region due to the different current distributions among the devices. Moreover, HV
MOSFETs with drift implant in the drain region has the longer current path than that without
drift implant in the drain region.

The TLP-measured I-V curves of HVNSCR with or without N-drift implant in the drain
region under different layout spacings D are shown in Fig. 6.9. Though the measured trigger
voltage of HVNSCR is lower than that of HV GGNMOS, it is still higher than the operation
voltage of 40V in the given 0.35-um 40-V CMOS process. After the HVNSCR is triggered
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on into its snapback region, it will keep at the lower holding voltage.

In Fig. 6.9(a), with N-drift implant, the TLP-measured It2 of HVNSCR are 4.9A, 4A,
and 2.4A for the spacing D of 5.5um, 7.5um, and 9.5um, where the It2 is obviously increased
as the spacing D is decreased. While the spacing D is increased, the distance from anode to
cathode of SCR path is increased, which results in the increase of the holding voltage [29]. In
Fig. 6.9(b), without N-drift implant, the TLP-measured It2 of HVNSCR are all over 6A for
the spacing D of 5.5um, 7.5um, and 9.5um. Comparing Fig. 6.9(a) and Fig. 6.9(b), under the
same spacing of D, the HVNSCR without N-drift implant in the drain region also has a
higher It2 than that with N-drift implant in the drain region. Moreover, HVNSCR without
N-drift implant in the drain region has a lower trigger voltage, which can be triggered on into
its snapback region earlier.

Table II summarizes the dependence of TLP-measured It2 of HV GGNMOS and
HVNSCR with or without N-drift implant under different spacings D. With the same spacing
of D, both HV GGNMOS and HVNSCR without N-drift implant in the drain region have
higher TLP-measured It2 than those with’N-drift implant in the drain region. From the
TLP-measured I-V curves, the trigget voltagé and holding voltage of HVNSCR is lower than
that of HV GGNMOS. Therefore, they TLP-meastred- [t2 of HVNSCR is higher than that of
HV GGNMOS. In HV GGNMOS; onlythe drain avalanche breakdown current can be
generated to the HV P-well to trigger on the parasitic lateral n-p-n BJT. In HVNSCR, the
parasitic vertical p-n-p BJT can be turned on"because part of the current can flow from P+
diffusion of the drain region to HV P-well. The parasitic vertical p-n-p BJT can also provide a
current to trigger on the parasitic lateral n-p-n BJT. Furthermore, with the turned on vertical
p-n-p BJT, the current in HVNSCR flows more deeply into the HV P-well as compared to
HV GGNMOS, which can make the current more uniform distribution among the HVNSCR
to sustain higher ESD stress. Due to the different current distributions in HV GGNMOS and
HVNSCR, the dependences of TLP-measured It2 on the spacing of D are different. For HV
GGNMOS, as the spacing of D is increased, the ESD discharge energy will not concentrate at
the local drain region and the ESD current can be spread deeper into the device, which results
in the higher TLP-It2. However, for HVNSCR, as the spacing of D is increased, the trigger
and holding voltage of SCR path is increased, which results in a lower TLP-It2.

6.2.2 HBM ESD Robustness

HBM ESD events are produced by the discharge of a charged 100pF capacitor through
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a 1.5kOhm resistor. The HBM ESD levels of HV GGNMOS, HV GDPMOS, and HVNSCR
under different spacings D are shown in Figs. 6.10 ~ 6.12, respectively. In ESD test, the
HBM levels are measured under the failure criterion defined as the I-V characteristic curve
shifting over 30% from its original curve after three continuous ESD zaps at every ESD test
voltage level.

In Fig. 6.10, the HBM ESD levels of HV GGNMOS with N-drift implant in the drain
region are about 400V which is not enough for on-chip ESD protection device in HV CMOS
ICs due to the low ESD robustness. By removing the N-drift implant in the drain region, the
HBM ESD levels of HV GGNMOS with the same device dimension can be improved up to
over 2kV. Moreover, while the spacing D is increased from 5.5um to 9.5um, the HBM ESD
levels of HV GGNMOS without N-drift implant can be improved from 2kV to 2.8kV.

In Fig. 6.11, the HBM ESD levels of HV GDPMOS are only improved from 200V to
300V by removing the P-drift implant in its drain region. Moreover, the HBM ESD levels of
HV GDPMOS are not increased when the spacing of D is increased with the minimum step
of 100V in the measurement. Such a low, ESD'fébustness of HV GDPMOS is not suitable for
on-chip ESD protection device in HY:CMOS:Cs«To achieve a good on-chip ESD protection,
the power-rail ESD clamp circuit [8] should be added across the power lines of HV CMOS
ICs to avoid the ESD current flowing through'HV - GDPMOS in the breakdown operation.

In Fig. 6.12, the HBM ESD f{evels of HV GGNMOS can be greatly improved by
replacing partial N+ diffusion in the drain region with P+ diffusion to form HVNSCR. The
HBM ESD levels of HVNSCR can be further improved by removing the N-drift implant in
drain region. Here, the HBM ESD levels of HVNSCR are not obviously increased when the
spacing of D is decreased. For HVNSCR without N-drift implant in the drain region, the
variation on the measured data is increased as the spacing D is increased. From these
experimental results, HVNSCR with high ESD level can be used as a good on-chip ESD
protection device for HV CMOS ICs.

Because of the strong snapback phenomenon with a lower holding voltage in HV
GGNMOS and HVNSCR, the non-uniform turn-on mechanism may occur among the devices,
which could cause the HBM ESD test results not to correlate well with TLP measurements
(It2). The TLP could serve effectively as a voltage and current limiter (similar to ballasting
resistor) that could improve device’s robustness in high current region, while the limiting
mechanism doesn’t exist in real HBM ESD event [89]. So, the devices with and without

N-drift implant could be uniformly turned on during TLP measurement. Moreover, the ESD
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current among the devices without N-drift implant will flow more uniformly and deeper into
the HV P-well to avoid the current crowding, so the devices without N-drift implant could
serve as the devices with a ballasting resistor to force device uniform turn-on and to improve
its ESD robustness. Hence, as comparing to the TLP-measured 1t2, the HBM ESD levels of

the HV devices have a significant improvement by removing the N-drift implant.

6.2.3 Failure Analysis

The failure analysis (FA) pictures of HV GGNMOS, HV GDPMOS, and HVNSCR
after 3-kV, 400-V, and 5-kV HBM ESD stresses are shown in Figs. 6.13, 6.14 and 6.15,
respectively. In Fig. 6.13, the contact spiking was found in the drain region of the HV
GGNMOS without N-drift implant under the spacing of 7.5um after 3-kV HBM ESD stress.
In Fig. 6.14, the contact spiking was also found in the drain region of the HV GDPMOS
without P-drift implant under the spacing of 7.5um after 400-V HBM ESD stress. Moreover,
in Fig. 6.15, the contact spiking was found in the drain region of the HVNSCR without
N-drift implant under the spacing D of7.5um after 5-kV HBM ESD stress.

6.3 Summary

The drift implant in the drain region and layout spacing (D) from the drain diffusion to
polygate have been split to verify the ESD robustness of HV MOSFETs in a given 40-V
CMOS process. It has been found that HV MOSFETs without drift implant in drain region
have higher TLP-measured It2 and higher ESD robustness than those with drift implant in the
drain region. Moreover, without N-drift implant, the It2 and ESD level of HV GGNMOS can
be obviously improved as the spacing D is increased. The ESD robustness of HV GGNMOS
can be improved up to 2-kV HBM by removing the N-drift implant in the drain region. The
HVNSCR without N-drift implant in drain region has highest ESD performance in a given
40-V CMOS process. For HVNSCR, the TLP-measured It2 can be improved over 6A and the
ESD robustness can be improved to 4-kV by removing N-drift implant in the drain region.
Moreover, the ESD level and It2 of HV NMOS can be increased as the layout spacing D from
the drain diffusion to polygate is increased. The ESD level and It2 of HVNSCR are increased

as this spacing D is decreased.
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Table 6.1

TLP-measured It2 of HV GGNMOS and HV GDPMOS with or without drift implant under
different spacings D.

Spacing D in Layout 55pm | 7.5pm | 9.5pm

TLP-Measured It2 of HV GGNMOS
(With N-Drift Implant)
TLP-Measured It2 of HV GGNMOS
(Without N-Drift Implant)
TLP-Measured It2 of HV GDPMOS
(With P-Drift Implant)
TLP-Measured It2 of HVY GDPMOS
(Without P-Drift Implant)

1.1A 1.5A 1.7A

1.3A 1.6A 1.9A

0.01A 0.01A | 0.06A

0.13A 0.1A 0.14A

Table 6.2

TLP-measured It2 of HV GGNMOS and HVNSCR with or without drift implant under
different spacings D.

Spacing D in Layout 55pm | 7.5pm | 9.5pm

TLP-Measured It2 of HV GGNMOS
(With N-Drift Implant)
TLP-Measured It2 of HV GGNMOS
(Without N-Drift Implant)
TLP-Measured It2 of HVYNSCR
(With N-Drift Implant)
TLP-Measured It2 of HVYNSCR
(Without N-Drift Implant)

1.1A 1.5A 1.7A

1.3A 1.6A 1.9A

4.9A 4A 2.4A

>6A* >6A* >6A*

*limitation due to the maximum level of test equipments
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Fig. 6.1  The cross-sectional views of HV NMOS (a) with, and (b) without, N-drift implant
in the drain region. The spacing (D) from the drain diffusion to polygate is a

layout parameter to be investigated in the test chip.
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Fig. 6.2  The cross-sectional views of HV PMOS (a) with, and (b) without, P-drift implant
in the drain region. The spacing (D) from the drain diffusion to polygate is a

layout parameter to be investigated in the test chip.
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Fig. 6.3  The cross-sectional views of HVNSCR (a) with, and (b) without, N-drift implant
in the drain region. The spacing (D) from the drain diffusion to polygate is a

layout parameter to be investigated in the test chip.
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Fig. 6.4  The equivalent circuit of the HVNSCR embedded into HV GGNMOS.
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Fig. 6.5 The TLP-measured I-V curves of HV GGNMOS (a) with, and (b) without,

N-drift implant in the drain region under different spacings D.
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Fig. 6.6  The simulated current distributions of HV GGNMOS (a) with, and (b) without,

N-drift implant in the drain region before the parasitic n-p-n BJT is triggered on.
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Fig. 6.7  The simulated current distributions of HV GGNMOS (a) with, and (b) without,

N-drift implant in the drain region after the parasitic n-p-n BJT is triggered on.
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Fig. 6.8  The TLP-measured I-V curves of HV GDPMOS (a) with, and (b) without, P-drift

implant in the drain region under different spacings D.
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Fig. 6.9 The TLP-measured I-V curves of HVNSCR (a) with, and (b) without, N-drift
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Fig. 6.10 The HBM ESD levels of HV GGNMOS with or without N-drift implant in the

drain region under different spacings D.
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Fig. 6.11 The HBM ESD levels of HV GDPMOS with or without P-drift implant in the

drain region under different spacings D.
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Fig. 6.13 The SEM failure picture of contact spiking in the drain region of HV GGNMOS
under the spacing D of 7.5um after 3-kV HBM ESD stress.
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Fig. 6.14 The SEM failure picture of contact spiking in the drain region of HV GDPMOS
under the spacing D of 7.5um after 400-V HBM ESD stress.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORKS

7.1 Main Results of This Thesis

In this thesis, the novel ESD protection circuits have been developed for mixed-voltage
I/0O interfaces and high-voltage CMOS process with high ESD robustness. Each of the ESD
protection circuits has been successfully verified in the testchips.

In chapter 2, a comprehensive overview on the ESD protection designs has been
discussed for the mixed-voltage I/O circuits without suffering the gate-oxide reliability issue.
To improve ESD level of the mixed-veltage 1/O circuits, the ESD protection design without
increasing the process complexity is strongly requestedby the mixed-voltage 1/O circuits in
consumer IC products. Such ESD:protection-design in the mixed-voltage I/O circuits still
meets the gate-oxide reliability constraints, and nheeds to prevent the undesired leakage
current paths during normal circuit operating condition. Under ESD stress condition, the ESD
protection circuit should be quickly triggered on to discharge ESD current. To design the
efficient ESD protection circuit for the mixed-voltage 1/O circuits with low parasitic
capacitance for high-speed 1/O applications and low standby leakage current for low-power
applications will continually be an important challenge to SOC implementation in the
nanoscale CMOS technology.

In chapter 3, ESD protection design for the mixed-voltage I/O interfaces with new
proposed LVTPNP devices has been successfully verified to achieve a good ESD protection
in a 0.35-um CMOS process. The proposed LVTPNP devices have the higher ESD level than
that of the traditional PNP device. Moreover, the multi-finger layout style has been used to
increase the effective device width among the LVTPNP device for improving ESD
robustness in both 0.35-um and 0.25-um CMOS processes. Comparing among these
LVTPNP devices, the type3 LVTPNP in the multi-finger layout style can sustain the highest
ESD stress for application in the mixed-voltage I/O interfaces. ESD protection co-designed

with the LVTPNP device and the power-rail ESD clamp circuit has been successfully
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implemented to protect the ADSL input stage in a 0.25-um salicided CMOS process.

In chapter 4, to enhance chip-level ESD/EMC immunity, a new ESD protection scheme
with an ESD BUS and a high-voltage-tolerant ESD clamp circuit for system-on-chip with
1.2/2.5 V mixed-voltage I/O interfaces has been successfully designed and verified in a 0.13
um CMOS process. The ESD stresses on the mixed-voltage 1/O pad and the pin-to-pin ESD
stresses can be effectively discharged by the proposed ESD protection scheme. With the
substrate-triggered current generated from the ESD detection circuit, the turn-on speed and
ESD robustness of the high-voltage-tolerant ESD clamp circuit can be significantly increased
as compared with a stand-alone STNMOS. For STNMOS with a device dimension (W/L) of
480 pm/0.2 pm, the HBM (MM) ESD level of the 1.2/2.5 V mixed-voltage I/O interfaces can
be improved from 5 kV (275 V) to 6.5 kV (400 V) by the ESD detection circuit in the
proposed ESD protection scheme.

In chapter 5, the HVPMOS is not suitable for ESD protection in VFD driver IC for
automotive electronics applications due to a poor ESD level. To greatly improve ESD
robustness, a new ESD protection structure’ off HYPSCR embedded into the HVPMOS is
proposed by only adding an additional N+ diffusion into the drain region of HVPMOS. With
almost the same layout area, the [t2-0f the output<cell has been improved over 6A, as well as,
the HBM ESD level of such VFD:driver 1€ with HVPSCR can sustain up to 8 kV. With
device widths of 500um, 600pm, and*8001tm, the MM ESD levels of the HVPSCR are 1100V,
1300V, and 1900V, respectively. Moreover, the automotive driver IC can also pass the
200mA quasi-static latchup test.

In chapter 6, the drift implant in the drain region and layout spacing (D) from the drain
diffusion to polygate have been split to verify the ESD robustness of HV MOSFETs in a
given 40-V CMOS process. It has been found that HV MOSFETs without drift implant in
drain region have higher TLP-measured It2 and higher ESD robustness than those with drift
implant in the drain region. Moreover, without N-drift implant, the It2 and ESD level of HV
GGNMOS can be obviously improved as the spacing D is increased. The ESD robustness of
HV GGNMOS can be improved up to 2-kV HBM by removing the N-drift implant in the
drain region. The HVNSCR without N-drift implant in drain region has highest ESD
performance in a given 40-V CMOS process. For HVNSCR, the TLP-measured It2 can be
improved over 6A and the ESD robustness can be improved to 4-kV by removing N-drift
implant in the drain region. Moreover, the ESD level and It2 of HV NMOS can be increased
as the layout spacing D from the drain diffusion to polygate is increased. The ESD level and
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It2 of HVNSCR are increased as this spacing D is decreased.

7.2 Future Work

In mixed-voltage I/O interfaces, the effective ESD protection design has been proposed
and verified in this thesis. But, the design of the high-voltage-tolerant ESD clamp circuit with
low-voltage devices should be concerned about the standby leakage current in nanoscale
CMOS technology, especially when the IC is operating at high-temperature environment. In
high-voltage CMOS technology, the ESD robustness of the ESD protection devices has been
greatly improved and verified in this thesis. However, the latchup or latchup-like failure from
such ESD protection devices should be considered under normal circuit operating condition,
especially while the devices are used in the power-rail ESD clamp circuit. To avoid the
latchup or latchup-like issues in high-voltage CMOS ICs, the total holding voltage of the
ESD protection devices can be designed with. stacked-device structure to be higher than the
supply voltage. But, the layout area of the stacked-device structure will increase as compared
to that of the single device, especially for high'ESD robustness requirement. The design of
new device with the characteristics of both high holding voltage and high ESD robustness

from the structure design or process modification-will be a useful solution.
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