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Abstract

Electrostatic discharge (ESD) protection and " latchup prevention are two important
reliability issues to the CMOS integrated circuits, especially in high-voltage (HV)
applications. ESD may occur accidentally during the fabrication, package, and assembling
processes of IC products, which often caused serious damages on ICs. During normal circuit
operation, the noise might unpredictably trigger the parasitic BJT of the ESD devices.
Furthermore, to avoid latchup issue, the holding voltage (\V}) should be larger than the supply
voltage of the internal circuits in ESD protection design for HV applications.

Lateral DMOS (LDMOS) was often used as ESD protection device in HV process, but
the holding voltage (V) of LDMOS after snapback was smaller than the circuit operating
voltage (Vcc). Thus, the LDMOS was sensitive to latchup issue. Therefore, the stacked

configuration of LV devices is a way to achieve a high holding voltage for ESD protection in



HV circuits. By adjusting the stacking numbers of stacked PMQOSs, it can provide effective
ESD protection for various HV applications.

In this thesis, stacks for ESD protection are implemented and verified, and it is discussed
about different layout parameters to effectively improve ESD robustness of ESD devices. The
guard-ring layout on the stacked LV devices was further investigated holding voltage in
silicon chip. In addition, the pulse width of the transmission line pulsing (TLP) system was
also investigated holding voltage in silicon chip. Decreasing the layout area to get high ESD

robustness and latchup-free immunity for HV applications.
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Chapter 1

Introduction

In this chapter, the motivation of this thesis is depicted first. The chapter shows the
advantage of stacking in high-voltage (HV) applications, and different guard-ring layout types
can achieve both of good ESD robustness and high latchup-free immunity with reasonable
total layout area. Electrostatic discharge (ESD) protection scheme reveals the typical
arrangement for integrated circuits (ICs). It also introduces the concerns of ESD protection

design and testing methods. Finally, thesis organization is included in the end of this chapter.

1.1 Motivation

Electrostatic discharge (ESD) may occur accidentally to cause damages on IC products
during the fabrication, package, and .assembling. processes, which often caused serious
damages on ICs. High-voltage (HV) ICs were found with bad ESD robustness [1]-[2].

Lateral DMOS (LDMOS) was often used as ESD protection device in HV process, but
the holding voltage (V) of LDMOS after snapback was smaller than the circuit operating
voltage (Vcc) [3]-[4]. Thus, the LDMOS was sensitive to latchup issue. Therefore, the stacked
configuration of LV devices is a way to achieve a high holding voltage for ESD protection in
HV circuits [5]-[7].1t is suggested that ICs should require 2kV in human body model (HBM)
and 200V in machine model (MM) [8], [9].

Stacking low-voltage devices is an excellent solution for latchup immunity and ESD
robustness. The total holding voltage of stacked PMOSs is the multiple of the holding voltage
of single PMOS. The total trigger voltage (Vi) of stacked PMOSs is also the multiple of the
trigger voltage of single PMOS. The secondary breakdown current (li;) of stacked PMOSs are

almost the same in spite of different stacking numbers [10]. The main layout parameters to



affect ESD robustness of CMOS devices are the channel width, the channel length, the
clearance from contact to poly-gate edge at drain and source regions, the spacing from the
drain diffusion to the guard-ring diffusion, and the finger width of each unit finger. The
optimized layout parameters have been verified to effectively improve ESD robustness of
CMOS devices [11]. Try to use different layout methods to improve ESD robustness on
stacking low-voltage devices effectively. In addition, the ESD devices should be surrounded
by the guard ring in real circuit application. The ESD device without the guard ring can

reduce the layout area, but it might cause the latchup issue under the normal circuit operation.

1.2 ESD Protection Scheme in High-Voltage Integrated Circuits

A typical whole-chip ESD protection scheme is shown in Fig. 1.1. The ESD stresses on
each 1/O pin have four stress modes.of pin combination with the relatively grounded GND pin
or VDD/VCC pin [12]. The ESD:stresses could also happen from the VCC pin to the GND
pin with positive or negative voltage pulses [12]. Stacked devices can be the ESD protection

cells at the input or output pads or the power-rail ESD-clamp between the VCC/GND power

lines.
Vee
? ?
ESD ESD
protection protection
cell-1 cell-3 5
o0
Input ® Internal ° Output o
pad circuits pad 3 S,
m
ESD ESD &
protection protection

cell-2 cell-4 l

[ ]

pad

Fig. 1.1 A typical whole-chip ESD protection scheme

The typical 1-V characteristics of ESD protection devices are illustrated in Fig. 1.2.



Breakdown voltage (Vsp) and supply voltage (Vpp or Vcc) of the internal circuits divide the

plot into three parts. The middle part is the desired ESD protection window. The green curve
is an example of the desired ESD device’s I-V characteristics. To get an effective ESD
protection, the trigger voltage (Vi) should be smaller than breakdown voltage of the internal
circuits. Furthermore, to avoid latchup issue, the holding voltage (V) should be larger than
the supply voltage of the internal circuits. The on-resistance of an ESD protection device
should be as small as possible to get a high ESD robustness. The 1-V characteristics of ESD

devices should fit into this window for both effective ESD protection and latchup-free design.
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Fig. 1.2 The ESD protection design window [10]

1.3 Measurement Methods
ESD could induce serious yield > loss in ICs. Change may accumulate in human bodies

and machines. When one pin connected to ground, the ESD current may damage ICs. It is

suggested that ICs should require 2kV in human body model (HBM) and 200V in machine



model (MM). There are several ways to test ESD robustness. The equivalent models of HBM

and MM are illustrated in Fig. 1.3.
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Fig. 1.3 Equivalent circuits of (a) HBM and (b) MM

Transmission line pulse (TLP) system can measure the ESD-related device parameters
for ESD protection design. The Barth pulsecurve tracer 4002 TLP is used to measure the TLP
I-V curve. It is common to use 100-ns pulse width. It can be obtained device parameters such
as trigger voltage (Vu), holding voltage (V4), secondary breakdown current (l,) and
on-resistance (Ron) from TLP I-V curve. Higher secondary breakdown current usually means
a higher ESD level.

The holding voltage of n-channel LDMOS in an HV BCD process has been investigated
by TLP measurements with different pulse widths and dc curve tracer. It is found that the
holding voltages of an n-channel LDMOS measured by 100-ns TLP system and curve tracer
are substantially different [13]. The I-V curve of the long pulse width TLP measured by TLP
celestron-1 in this thesis. The TLP I-V curve can be measured by 100-ns, 200-ns, 500-ns and
800-ns pulse width. The I-V curve can be measured by curve tracer Tek370 in a dc condition.
During latchup test, the positive or negative current of up to 200mA will be directly applied to
the 1/O pin [14]. Such latchup-test current will be injected into the substrate through the

on-chip ESD device that is often drawn with the 1/0O pad together to provide ESD protection.



1.4 Thesis Organization

This thesis focuses on optimization of stacked low-voltage devices for good ESD
robustness and latchup immunity. In chapter 1, it introduces research motivation,
measurement methods and an ESD protection scheme.

It describes the dependence of layout parameters on ESD robustness of stacked LV
PMOSs in chapter 2. Chapter 3 shows stacked PMOSs with different guard ring layouts for
HV ESD protection. In this thesis, the stacked LV PMOS devices have been successfully
verified in a VIS 0.5-um HV process and 0.25-um 80V BCD process. In chapter 4,

conclusions and future work.



Chapter 2
Layout Optimization on the Stacked Low-Voltage
PMOQOS for High-Voltage ESD Protection

Stacking is a good way to reach high holding voltage for high-voltage ESD protection.
The trigger voltage and the holding voltage of stacked configuration can be adjusted to meet
different HV applications. In this chapter, the dependence of layout parameters on ESD
robustness of stacked LV PMOSs. In this work, the stacked LV PMOS devices have been

successfully verified in a VIS 0.5-um HV process and 0.25-pum 80V BCD process.

2.1 Stacked Low-Voltage PMOS ina 0.5-um HV Process

2.1.1 Stacking Units

A PMOS was fabricated in a 0.5-umx-HV proeess, which has a device dimension of W/L
= 800um/0.5um. The equivalent circuits are showed in Fig. 2.1. The stacked LV PMOSs with
two and three stacking numbers are investigated in this work, which are designed to meet
20-V and 30-V HV applications. There are four different stacking units, the spacing from
drain contact to poly-gate edge (d1) of PMOS devices are investigated through the fabricated
test chips. The cross-section view of PMOS stacking units are showed in Fig. 2.2. The d1
spacing of stacking units are drawn with 0.7um, 1.25um, 1.75um, and 2.25um in Fig. 2(a),

Fig. 2(b), Fig. 2(c) and Fig. 2(d).



Anode

PMOS PNP

Cathode

(a)

Source Drain
0.7um | ] O.YEmI
P+ P+
NWELL
Device 1
(@)
Source Drain
——— EE?—-|1'75”m
i P+ | P+
NWELL
Device 3
(c)

Anode

PMOS _4 PNP
PMOS —ci PNP
Cathode

(b)

Fig. 2.1 Equivalent circuits of (a) a single LV PMOS and (b) stacked LV PMOSs structure
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Fig. 2.2 The cross-section views of PMOS stacking unit drawn with (a) the drain contact to

poly-gate edge (d1) spacing of 0.7um, (b) the d1 spacing of 1.25um, (c) the d1 spacing

of 1.75um, and (d) the d1 spacing of 1.25um



2.1.2 Device Types

The ESD devices should be surrounded by the guard ring in real circuit application.
These four kinds of devices have different types of the guard ring layouts. There are two types
(type one and type two) of the guard ring layouts to surround the stacked PMQOSs, as shown in
Fig. 2.3, where 3-PMOSs stacked structure is demonstrated. In type one and type two, the
stacked PMOSs were surrounded by one P-ring that is typically connected to cathode. The
NWELL spacing between each N-well in the type one (type two) is 4um (8um). The
clearance of P-ring to the N-well edge is kept at 2.7um, which is a layout rule specified by the

foundry in the given 0.5-um process.

Anode
Anode
PMOS in
NWELL
PMOS in
&
4 JNWELL [ 8 pum
4 PMOS in
PMOS in NWELL
NWELL
PMOS in PMOS in
NWELL NWELL
— -] - P-RING
Cathode Cathode
Type one Type two
(@) (b)

Fig. 2.3 The two types of guard-ring layout for 3-PMOSs stacked structure, (a) with one
whole p-ring and NWELL spacing of 4um and (b) with one whole p-ring and NWELL

spacing of 8um



Each LV PMOS in the stacked configuration is drawn with the total channel width of
800um and a channel length of 0.5um. The cross-sectional view of stacked structure with two
LV PMOSs is shown in Fig. 2.4. The NWELL spacings of the two LV PMQOSs are drawn
with 4um and 8um in Fig. 2.4(a) and Fig. 2.4(b), respectively. The gate of each PMOS is
connected to its local high potential point, so each PMOS in the stacked structure is kept in
the off state during the normal circuit operation. The P+ diffusion (drain) of the bottom
PMOS in the stacked PMOSs is connected to the cathode. The P-ring is connected to the

cathode, which is typically biased at ground with the common p-substrate.

Cathode Anode
2 1 5 | .
P P+ P+ N[ P+ | P+ | N P+
pERIZTUM  NWELL PEPI NWELL 2.7unPEPI
T
P_SUB
(@)
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7 so—
E// N+ | P+ P+ N+| P+ |
pEPIZ70n| NWELL PEPI NWELL
8 pum
P-SUB
(b)

Fig. 2.4 The cross-sectional views of stacked structure with two LV PMOSs drawn with (a)
the NWELL spacing of 4um (type one) and (b) the NWELL spacing of 8um (type two).

Each LV PMOS has its own separated N-well in the stacked structure

2.1.3 Experiment Results
All test devices of stacked PMOSs had been fabricated in a 0.5-um HV process. Each

PMOS in all stacked structure is drawn with a channel width of 800um and a channel length



of 0.5um. Every layout type has 2-PMOSs and 3-PMOSs stacked structures. The

TLP-measured I-V characteristics of device 1 with the two types of guard ring layout are

shown in Fig. 2.5. The detailed characteristics of device 1 stacked structure with different

guard-ring types are listed in Table 2.1.
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Fig. 2.5 The TLP-measured I-V characteristics of device 1 with different guard-ring layouts

Tab

le2.1

The measurement data of device 1

d1is 0.7 um TLP DC (#) ESD (%)

Vi Vi Ron liz BV HEM | MM

(V) (V) Q) | (A) | (V) | (kV) | (V)
PMOS x1 10.57 | 9.68 1.91 | 279 | 111 55 250
PMOS x2_NW_4pum 20.39 | 18.41 144 | 225 | 20.5 4.5 300
PMOS x3_NW_4um 31.02 | 25.81 | 2.32 | 2.21 34 4.5 300
PMOS x2_NW_8um 204 | 1988 | 198 | 235 | 221 4.5 300
PMOS x3_NW_8um 30.99 | 29.27 | 2.54 2.3 33.5 4.5 300

#DCBV:I=1pA

*ESD failure criteria: I-V curve shift = 10%

In Table 2.1, the trigger voltage of stacked PMOSs is the multiple of the trigger voltage

of single PMOS, but the holding voltage of type one is smaller than type two. It will be

discussed about guard-ring layout in the chapter 3. The breakdown voltage of stacked PMOSs

10



is the multiple of the breakdown voltage of single PMOS. The breakdown voltage is defined
the off current equal 1pA in DC measurement. All of stacked structure with two guard-ring
types can pass 4.5 kV in the human-body-model (HBM) ESD test and 300 V in the
machine-model (MM) ESD test.

The TLP-measured I-V characteristics of device 2 with the two types of guard ring
layout are shown in Fig. 2.6. The detailed characteristics of device 2 stacked structure with

different guard-ring types are listed in Table 2.2.

3.5
- PMOS x1
3 PMOS x2_NW_4um
PMOS x3_NW_dum .
25 }
—— PMOS x2_NW_Sum f
E 2 [ . PMOSx2_NW 2um }
o f
F15 | L
g f
~
0.5 | A
N Y S 4
0 5 10 15 20 25 30 35 40
TLP V (V)

Fig. 2.6 The TLP-measured I-V characteristics of device 2 with different guard-ring layouts
Table 2.2

The measurement data of device 2

d1is 1.25 um TLP DC (#) ESD (%)

Vi Vi Ron Iz BV HEM MM

(V) (V) Q) | (A) | (V) | (kV) | (V)
PMOS x1 10.58 | 962 202 295 111 6 300
PMOS x2_NW_4um 2043 | 1974 | 1.75 | 254 | 204 5 300
PMOS x3_NW_4pm 31.02 | 26689 | 262 | 253 | 309 5 300
PMOS x2_NW_8um 20.34 | 1961 | 205 | 2562 | 22.3 5 300
PMOS x3_NW_8um 3098 | 2917 | 2.88 | 2.48 34 5 300

#DCBV:1=1pA  *ESD failure criteria: I-V curve shift > 10%
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The TLP-measured I-V characteristics of device 3 with the two types of guard ring
layout are shown in Fig. 2.7. The detailed characteristics of device 3 stacked structure with

different guard-ring types are listed in Table 2.3.

35
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Fig. 2.7 The TLP-measured I-V characteristics of device 3 with different guard-ring layouts

Table 2.3

The measurement data of device 3

d1is 1.75 ym TLP DC (#) ESD (%)

Vi Vi | Rm | lp | BV |HBM| MM

V) | V) | (2 | (A) | (V) | (kV) | (V)
PMOS x1 10.57 | 9.68 | 214 |3.12 | 101 | 6 | 300
PMOS x2_NW_4um 20.38 | 1926 | 1.29 | 269 | 204 | 5 | 300
PMOS x3_NW_4um 31.09 | 2685 | 2.74 | 277 | 34 | 55 | 300
PMOS x2_NW_8um 20.36 | 19.57 | 2.33 | 2.81| 223 | 55 | 300
PMOS x3_NW_8um 30.91 (2913 | 3.05 | 28 | 34 | 55 | 300

#DCBV:1=1pA  *ESD failure criteria: I-V curve shift = 10%

12



The TLP-measured I-V characteristics of device 4 with the two types of guard ring
layout are shown in Fig. 2.8. The detailed characteristics of device 4 stacked structure with

different guard-ring types are listed in Table 2.4.
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Fig. 2.8 The TLP-measured I-V characteristics of device 4 with different guard-ring layouts

Table 2.4

The measurement data of device 4

d1is 2.25 pm TLP DC (#) ESD (*)

Vi Vi Ron liy BV HEM MM

(V) (V) Q) | (A) | (V) | (kV) | (V)
PMOS x1 10.55 | 9.76 204 | 3.25 | 101 6 300
PMOS x2_NW_4um 20.36 | 19.47 2.2 287 | 204 55 300
PMOS x3_NW_4um 31.01 | 27.24 2.4 292 | 345 55 300
PMOS x2_NW_8um 2035 |1 1958 | 249 | 296 | 223 5.5 300
PMOS x3_NW_8um 3099 | 2918 | 291 | 3.23 | 339 55 350

#DCBV:1=1pA  *ESD failure criteria: I-V curve shift = 10%
The TLP-measured I-V characteristics of the stacked 2-PMOSs and 3-PMOSs with the

guard-ring layout type one (type two) are compared in Fig. 2.9 (Fig. 2.10). The detailed

13



characteristics of different devices with same type guard ring layout are listed in Table 2.5

and Table 2.6.
35
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Fig. 2.9 The TLP-measured |-V characteristics of devices with guard-ring layout type one

Table 2.5

The measurement data of devices with guard-ring layout type one

type one TLP DC (#) ESD (%)

Vi Vi Ron | ko | BV | HBM | MM
v | ™ @ @] v k)| W
PMOS x2_NW_4pm_d1_0.7 pm 20.39 | 18.41 1.44 2.25 20.5 4.5 300
PMOS x2_NW_4pm_d1_1.25um | 20.43 | 19.74 1.75 2.54 20.4 5 300
PMOS x2_NW_4pm_d1_1.75um | 20.38 | 19.26 1.29 2.69 20.4 5 300
PMOS x2_NW_4pm_d1_2.25 pm | 20.36 | 19.47 2.2 2.87 204 55 300
PMOS x3_NW_4pm_d1_0.7 pm 31.02 | 25.81 2.32 2.21 34 4.5 300
PMOS x3_NW_4pm_d1_1.25 pm | 31.02 | 26.69 2.62 2.53 30.9 5 300
PMOS x3_NW_d4pm_d1_1.75pm | 31.09 | 26.85 2.74 2.77 34 5.5 300
PMOS x3_NW_4pm_d1_2.25 ym | 31.01 27.24 2.4 2.92 34.5 5.5 300

#DCBV:1=1pA  *ESD failure criteria: I-V curve shift > 10%
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Fig. 2.10 The TLP-measured I-V characteristics of devices with guard-ring layout type two

Table 2.6

The measurement data of devices with guard-ring layout type two

type two TLP DC (#) ESD (¥)

Vi Vi, Ron ez BV | HBM | MM

(V) v) (Q) (A) (V) (KV) (V)
PMOS x2_NW_8um_d1_0.7 pm 204 | 19.88 1.98 2.35 221 45 300
PMOS x2_NW_8pm_d1_1.25pm | 20.34 | 19.61 2.05 2.52 22.3 5 300
PMOS x2_NW_8um_d1_1.75ym | 20.36 | 19.57 2.33 2.81 22.3 5.5 300
PMOS x2_NW_8pum_d1_225pum | 20.35 | 19.58 249 2.96 22.3 5.5 300
PMOS x3_NW_8um_d1_0.7 pm 3099 | 29.27 2.54 2.3 335 45 300
PMOS x3_NW_8pm_d1_1.25pm | 30.98 | 29.17 2.88 2.49 34 5 300
PMOS x3_NW_8pm_d1_1.75pm | 30.91 | 29.13 3.05 2.8 34 5.5 300
PMOS x3_NW_8pum_d1_225pum | 30.99 | 29.18 2.91 3.23 33.9 5.5 350

#DCBV:1=1pA  *ESD failure criteria: I-V curve shift = 10%

From the experimental results, the larger d1 parameter can cause larger Iy, of stacked

PMOS devices. From above results with TLP-measured I, and ESD test, the device 4 among

is the best choice for the stacked PMQOSs structure for HV ESD protection. All of device 4
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with two guard-ring types can pass 5.5 kV in the human-body-model (HBM) ESD test and
300 V in the machine-model (MM) ESD test. The holding voltage of type one still suffers
latchup risk for 20V and 30V application. During ESD zapping, the ESD current
unpredictably trigger the other parasitic BJT of the ESD devices. It induces the holding
voltage (V) of type one smaller than the holding voltage (V) of type two. Guard-ring layout
will be discussed in the Chapter 3. The type two among is the best choice for the stacked

PMOSs structure for HV ESD protection.

2.2 Stacked Low-Voltage PMOS in a 0.25-pm BCD Process

2.2.1 Typical Devices

The test devices were all fabricated in-a VIS 0.25-um Bipolar-CMOS-DMOS (BCD)
process. The main layout parameters-to affect ESD robustness of ESD devices are the silicide
blocking, the spacing from drain contact to_poly-gate edge (d1), contact number, the channel
length, and total width. The optimized layout parameters have been verified to effectively
improve ESD robustness of ESD devices. Try to achieve this concept in stacked LV PMOS
structure. Stacking number was from 1 to 10 in this test. Typical PMOS devices in this
investigation, the clearance from the resist-protection-oxide (RPO) to poly-gate edge, the
clearance from the drain contact to poly-gate edge (d1), the drain contact number (co), the
channel length (L), the single finger width, and the total width are kept at 0.3um, 2um, 2,
0.8um, 30um ,and 360um, respectively. The cross-section view of typical PMOS stacking

unit is showed in Fig. 2.11.
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Fig. 2.11 The cross-section view of typical PMOS

Low-voltage devices should be surrounded by isolation ring for HV applications.
Isolation rings are composed by a HV-NWELL ring and a HV-PWELL ring. The P+ diffusion
(drain) of the bottom PMOS in the stacked PMOSs is connected to the cathode. The
HV-PWELL ring is connected to the cathode, which is typically biased at ground with the
common p-substrate. The HV-NWELL ring is tied to relative high potential point. Fig. 2.12(a)
and Fig. 2.12(b) show the schematic of stacked LV PMQOSs for HV ESD protection and the

top view respectively.

Anode
PMOS PMOS in
PNP
— NWELL
PMOS PNP N-RING
—‘1 PeOs _4 PNP
PMOS PNP
—c{ PMOS _4 PNP o0 e PMOS in
puosl PNP NWELL
PMOS PNP “N-RING
—4 PMOS —4 PNP pMos —4
PNP
PMOS in
NWELL
PMOS —‘4 PNP
N-RING
P-RING
Cathode
(a) (b)

Fig. 2.12 The (a) schematic of stacked LV PMOSs with different stacking numbers and (b)

top view for 3-PMOSs stacked structure
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2.2.2 Layout Parameters of Test Devices

There are four splits about RPO effect of PMOS, which focus on full silicide (no RPO)
and silicide blocking. The RPO spacing is decrease from 0.3um (typical) to -0.06um at the
drain region. There are several splits about the drain contact to poly-gate edge (d1) effect and
drain contact number (co). The spacings of the drain contact to poly-gate edge (d1) are 2um
(typical), 4um, and 6um, and the clearance variation on the drain contact number (co) splits
from 2 (typical) to 4. There are two splits about channel length (L) effect of PMOS, the
clearance variation are 0.8um (typical) and 1um. The clearance variation on total width splits
from 360um (typical) to 600um. The single finger width of the PMOS devices with total
width of 360um (typical) and 600um are 30um and 50um, respectively.

2.2.3 Experiment Results

The TLP measured I-V characteristics of typical stacked LV PMOSs are shown in Fig.
2.13. The holding voltages of stacked LV PMOSs with different stacking numbers can be
found in Fig. 2.13. The total holding voltage of stacked PMOSs is the multiple of the holding
voltage of single PMOS. The total trigger voltage.of stacked PMOSs is also the multiple of
the trigger voltage of single PMOS. The secondary breakdown current (ly,) of stacked PMOSs
are almost the same in spite of different stacking numbers. The detailed characteristics of
typical stacked LV PMOSs are listed in Table 2.7.

The TLP measured I-V characteristics of full silicide (no RPO) stacked LV PMOSs are
shown in Fig. 2.14. All of full silicide (no RPO) stacked LV PMOSs can pass 4 kV in the
human-body-model (HBM) ESD test and 200 V in the machine-model (MM) ESD test. The
detailed characteristics of full silicide (no RPO) stacked LV PMQOSs are listed in Table 2.7.
The TLP measured I-V characteristics of silicide blocking stacked LV PMQOSs are shown in
Fig. 2.14, Fig. 2.15, Fig. 2.16. The spacings of RPO are Oum (overlap poly-gate), -0.03um,
and -0.06pm. The detailed characteristics of silicide blocking stacked LV PMOSs are listed in

Table 2.8, Table 2.9, and Table 2.10.
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Fig. 2.13 The TLP-measured I-V characteristics-of typical stacked LV PMOSs

Table 2.7

The measurement data of typical stacked LV PMOSs

TLP DC (#) ESD (%)

Va(V) | Va(V) [ le(A) | BV(V) [HBM (k)| MM (v)
1 unit 8.81 8.67 2.55 8.2 45 300
2 units 17.74 17.25 2.57 16.3 45 300
3 units 26.54 25.82 2.49 24.4 45 300
4 units 35.41 34.54 2.6 32.6 5 350
5 units 44 34 42 92 2.66 40.7 5 350
6 units 52.79 51.36 2.58 48.8 5 400
7 units 61.49 60.21 2.49 57 5 400
8 units 70.56 69.15 2.65 65.2 5 400
9 units 79.37 77.43 2.72 73.2 5 450
10 units 88.23 86.26 2.63 81.6 5 450

#DCBV:I1=1pA

*ESD failure criteria: I-V curve shift = 10%
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Fig. 2.14 The TLP-measured I-V characteristics of full silicide (no RPO) stacked LV PMOSs

Table 2.8
The measurement data of full silicide (no'RPO) stacked LV PMOSs

TLP DC (#) ESD (*)
Vu(V) | Va(V) | le(A) | BV(V) |HEM (kV) MM (V)
1 unit 8.99 8.66 2.02 8.2 4 200
2 units 17.49 17.36 2 16.4 4 250
3 units 29.01 26.58 2.04 24.6 4 250
4 units 36.3 35.96 2.08 32.8 4 250
5 units 44.76 43.84 2.05 41 4 300
6 units 53.53 52.86 2.06 49 4 300
7 units 61.49 60.17 213 57.2 4 300
8 units 70.11 68.24 213 65.4 4 300
9 units 80.27 77.83 2.12 74 4 350
10 units 87.46 85.95 2.08 81.8 4 350

#DCBV:I1=1pA  *ESD failure criteria: I-V curve shift > 10%
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Fig. 2.15 The TLP-measured I-V characteristics of silicide blocking (RPO_0Oum) stacked LV

PMOSs

Table 2.9

The measurement data of silicide-blocking (RPO_0um) stacked LV PMOSs

TLP DC (#) ESD (*)
Va(V) | Va(V) | le(A) | BV(V) |HBM (kV)| MM (V)

1 unit 8.85 8.73 2.58 8.2 4.5 300
2 units 17.69 17.23 2.58 16.3 5 300
3 units 26.63 25.77 2.48 24.4 4.5 350
4 units 35.29 34.46 2.66 32.6 4.5 350
5 units 44.08 42.93 2.59 40.7 5 350
6 units 52.77 51.52 2.58 48.8 5 400
7 units 61.41 60.01 2.62 57 5 400
8 units 70.75 68.8 2.64 65 5 400
9 units 79.23 77.36 2.46 73.2 5 450
10 units 88.21 86.43 2.46 81.4 5 450
#DCBV:I=1pA  *ESD failure criteria: I-V curve shift = 10%
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Fig. 2.16 The TLP-measured I-V characteristics of silicide blocking (RPO_-0.03um) stacked

LV PMOSs

Table 2.10
The measurement data of silicide-blocking (RPO_-0.03um) stacked LV PMOSs

TLP DC (#) ESD (%)

Vi (V) | Va(V) ln(A) | BV (V) |HBM (kV) | MM (V)
1 unit 8.81 8.62 2.63 8.2 45 300
2 units 17.68 17.2 2.55 16.3 45 300
3 units 26.55 26 2.55 24 4 5 350
4 units 356 34.82 2.61 326 45 350
5 units 4442 | 42.92 2.58 40.7 45 350
6 units 5281 | 5164 2.62 48.8 5 400
7 units 6154 | 60.07 2.66 57 5 400
8 units 7068 | 6861 2.59 65.2 5 400
9 units 794 | 77.25 2.61 732 5 450
10 units 8825 | 86.12 2.76 814 5 450

#DCBV:I=1pA  *ESD failure criteria: I-V curve shift = 10%
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Fig. 2.17 The TLP-measured I-V characteristics of silicide blocking (RPO_-0.06uum) stacked

LV PMOSs

Table 2.11

The measurement data of silicide blocking (RPQ -0.06um) stacked LV PMOSs

TLP DC (#) ESD (%)

Vu (V) | Va(V) la(A) | BV (V) | HBM (kV) | MM (V)
1 unit 8.89 8.81 252 8.2 45 300
2 units 17.74 | 17.27 | 259 16.3 45 300
3 units 2717 | 2607 | 2.49 24 4 45 350
4 units 3548 | 3483 | 264 325 45 350
5 units 4435 | 42.97 2.7 40.7 5 350
6 units 529 | 5142 | 257 48.8 5 400
7 units 6158 | 60.17 | 2.62 57 5 400
8 units 7067 | 68.91 2.67 65 5 450
9 units 7926 | 77.3 2.62 73.2 5 450
10 units 8821 | 86.08 | 2.64 814 5 450

#DCBV:I=1pA

*ESD failure criteria: I-V curve shift = 10%
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All of silicide blocking stacked LV PMOSs can pass 4.5 kV in the human-body-model
(HBM) ESD test and 300 V in the machine-model (MM) ESD test. Three silicide blocking
devices have almost similar l;, and ESD robustness. The ESD robustness of stacked PMOS
devices with silicide blocking on drain side are better than stacked PMOS devices with full
silicide in the TLP test.

The TLP measured I-V characteristics of stacked LV PMOSs with different drain contact
to poly-gate edge (d1) are shown in Fig. 2.18, Fig. 2.19. The spacings of d1 are 4um and 6pm.

The detailed characteristics of stacked LV PMOSs with different drain contact to poly-gate

edge (d1) are listed in Table 2.12 and Table 2.13.
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Fig. 2.18 The TLP-measured I-V characteristics of stacked LV PMOSs with d1 4um
All of stacked LV PMOSs with d1 4um can pass 7 kV in the human-body-model (HBM)
ESD test and 450 V in the machine-model (MM) ESD test. The ESD robustness of stacked

LV PMOSs with d1 4um are better than typical stacked PMOS devices in the TLP test.
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Table 2.12
The measurement data of stacked LV PMOSs with d1 4um

TLP DC (#) ESD (%)
Vi (V) | Va(V) I (A) | BV (V) | HEM (kV) | MM (V)
1 unit 8.95 8.9 418 8.2 7 450
2 units 17.88 | 17.61 411 16.3 75 450
3 units 2695 | 267 4.29 24 4 75 500
4 units 3555 | 3526 | 4.28 325 7 550
5 units 4453 | 4384 | 4.35 40.7 75 550
6 units 5329 | 5267 | 4.18 488 75 550
7 units 62.07 | 61.36 41 56.8 75 500
8 units 7112 | 7019 | 4.31 65 75 500
9 units 7998 | 78.93 43 732 75 550
10 units 8926 | 88.85 | 4.16 814 75 500

#DCBV:I1=1pA  *ESD failure criteria: I-V curve shift = 10%
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Fig. 2.19 The TLP-measured |-V characteristics of stacked LV PMOSs with d1 6pum
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The measurement data of stacked LV PMOSs with d1 6um

Table 2.13

TLP DC (#) ESD (*)
Via (V) | Vn(V) la(A) | BV (V) | HEM (kV) | MM (V)
1 unit 9.05 9.04 4.35 8.2 >8 450
2 units 18.12 18.09 475 16.3 >8 500
3 units 27.35 27.29 3.71 24.4 >8 500
4 units 36.25 36.04 4.7 32.5 >8 550
5 units 45.06 44.67 4.2 40.7 >8 550
6 units 53.69 53.62 4,68 48.8 >8 600
7 units 62.94 62.38 472 57 >8 550
8 units 71.89 71.61 4.79 65 >8 550
9 units 80.81 80.38 4.1 73.2 7 450
10 units 90.11 89.68 3.5 81.4 6 400

#DCBV: 1= 1pA

All of stacked LV PMOSs with d1.6um-can pass 6 kV in the human-body-model (HBM)

ESD test and 400 V in the machine-model (MM) ESD test.

The TLP measured I-V characteristics of stacked LV PMOSs with different drain contact
number (co) effect are shown in Fig. 2.20. The number of drain contact number (co) is 4. The
detailed characteristics of stacked LV PMOSs with different drain contact number effect are

listed in Table 2.14. All of stacked LV PMOSs with drain contact number 4 can pass 5 kV in

*ESD failure criteria: I-V curve shift = 10%

the human-body-model (HBM) ESD test and 350 V in the machine-model (MM) ESD test.

Furthermore, to get good ESD robustness, d1 effect and drain contact number effect are
considered simultaneously. The TLP measured I-V characteristics of stacked LV PMOSs with
different d1 and drain contact number are shown in Fig. 2.21 and Fig. 2.22. The detailed
characteristics of stacked LV PMOSs with different d1 and drain contact number are listed in

Table 2.15 and Table 2.16.
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Fig. 2.20 The TLP-measured I-V characteristics of stacked LV PMOSs with drain contact

number 4

Table 2.14

The measurement data of stacked L\V-PMOSs with drain contact number 4

TLP DC (#) ESD (%)

Vu(V) | Va(V) | k(A) | BV(V) |HBM (kV) | MM (V)
1 unit 8.83 8.71 2.74 8.2 5 350
2 units 17.9 1765 | 284 16.3 55 350
3 units 2657 | 2609 | 2.98 24.4 55 350
4 units 3539 | 344 2.94 325 55 400
5 units 4433 | 4309 | 292 406 55 400
6 units 52.86 | 51.58 3 488 55 450
7 units 6166 | 6021 2.89 57 55 450
8 units 7079 | 69.1 3.04 65 55 450
9 units 7923 | 7725 | 3.02 73.2 55 500
10 units 8832 | 86.32 3 81.4 55 500

#DCBV:I=1pA  *ESD failure criteria: I-V curve shift = 10%
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Fig. 2.21 The TLP-measured I-V characteristics of stacked LV PMOSs with d1 4pum and

drain contact number 4

Table 2.15

The measurement data of stacked LV PMOSs with d1 4um and drain contact number 4

TLP DC (#) ESD (%)

Vi (V) | Va(V) l2(A) | BV (V) | HBM (kV) | MM (V)
1 unit g 8.89 42 8.2 75 500
2 units 1814 | 17.97 | 422 16.3 75 500
3 units 2767 | 2697 | 422 24 4 75 550
4 units 3569 | 353 424 325 75 550
5 units 4456 | 4386 | 4.23 406 75 500
6 units 5335 | 52.68 | 4.31 488 75 600
7 units 62.18 | 61.41 425 57 >8 500
8 units 7106 | 7036 | 4.28 65 >8 650
9 units 7997 | 79.21 432 732 >8 500
10 units 89.04 | 87.96 | 435 814 >8 550

#DCBV:I=1pA  *ESD failure criteria: I-V curve shift = 10%
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Fig. 2.22 The TLP-measured I-V characteristics of stacked LV PMOSs with d1 6um and

drain contact number 4

Table 2.16

The measurement data of stacked LV.PMOSs with d1 6um and drain contact number 4

TLP DC (%) ESD (%)
Vi (V) | Va(V) lz(A) | BV (V) |HBM (kV) | MM (V)
1 unit 9.09 8.94 4.83 8.2 >8 450
2 units 18.16 18.1 4.68 16.3 >8 500
3 units 2727 | 26.74 | 459 244 >8 500
4 units 36.15 36.07 4.81 32.5 >8 550
5 units 44.97 44.68 4.62 40.7 >8 550
6 units 53.84 53.73 4.77 48.8 >8 600
7 units 62.9 62.52 4.47 57 >8 650
8 units 72.57 72.12 4.81 65 >8 550
9 units 80.85 80.68 4.23 73.2 7.5 500
10 units 89.74 89.56 3.66 81.4 6.5 450

#DCBV:I1=1pA  *ESD failure criteria: I-V curve shift = 10%
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All of stacked LV PMOSs with d1 4um and drain contact number 4 can pass 7.5 kV in
the human-body-model (HBM) ESD test and 500 V in the machine-model (MM) ESD test.
All of stacked LV PMOSs with d1 6um and drain contact number 4 can pass 6.5 kV in the
human-body-model (HBM) ESD test and 450 V in the machine-model (MM) ESD test. From

the above experiments, d1 effect and drain contact number effect of stacked LV PMOSs can

get good ESD robustness.

The TLP measured |-V characteristics of stacked LV PMOSs with channel length effect
are shown in Fig. 2.23. The channel length of stacked LV PMOSs is 1lum. The detailed
characteristics of stacked LV PMOSs with channel length effect are listed in Table 2.17. All
of stacked LV PMOSs with channel length. lum can pass 5 kV in the human-body-model

(HBM) ESD test and 350 V in the machine-model (MM)-ESD test.
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Fig. 2.23 The TLP-measured I-V characteristics of stacked LV PMOSs with channel length

lpum
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Table 2.17

The measurement data of stacked LV PMOSs with channel length 1um

TLP DC (#) ESD (%)

Vu(V) | Va(V) | l(A) | BV(V) | HBM (kV) | MM (V)
1 unit 8.86 8.72 2.74 8.2 5 350
2 units 17.84 17.4 2.75 16.3 5 350
3 units 26.6 26.23 2.76 24.4 5 350
4 units 35.49 34.8 2.8 325 5 400
5 units 4442 | 43.47 2.8 40.7 5 400
6 units 53.09 52 2.75 48.8 5.5 450
7 units 62.28 | 60.72 2.81 57 5 450
8 units 70.91 69.51 2.87 65 5.5 450
9 units 79.71 78.28 2.92 732 5.5 500
10 units 88.89 | 87.19 2.95 81.4 5.5 500

#DCBV: 1= 1pA

The TLP measured |-V characteristics of stacked LV PMOSs with total width effect are
shown in Fig. 2.24. The total width of stacked LV PMOSs is 600um, and the single finger
width of stacked LV PMOSs is 50um. The total width of typical stacked LV PMOSs is
360um, and the single finger width of typical stacked LV PMOSs is 30um. The detailed
characteristics of stacked LV PMOSs with total width 600um are listed in Table 2.18. All of

stacked LV PMOSs with total width 600um can pass 8 kV in the human-body-model (HBM)

ESD test and 500 V in the machine-model (MM) ESD test.
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Fig. 2.24 The TLP-measured |-V characteristics of stacked LV PMOSs with total width
600um and the single finger width 50um

Table 2.18
The measurement data of stacked LV PMOSs with total width 600um and the single

finger width SOum
TLP DC (#) ESD (%)
Vu(V) | Va(V) | k(A) | BV (V) |HEM (kV) MM (V)
1 unit 8.89 8.46 4.13 8.2 >8 500
2 units 17.73 16.9 4.28 16.3 >8 500
3 units 26.44 25.56 4.36 24 .4 >8 500
4 units 35.31 34.02 4.44 32.5 >8 550
5 units 4417 42.08 4.44 40.6 >8 550
6 units 52.54 50.48 437 48.8 >8 600
7 units 61.28 58.85 4.38 57 >8 600
8 units 70.57 67.54 4.37 65 >8 650
9 units 79.16 75.89 437 73.2 >8 650
10 units 87.86 84.32 4.55 81.4 >8 700

#DCBV:I1=1pA  *ESD failure criteria: I-V curve shift = 10%
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2.2.4 Discussion

From the above experiments, ESD robustness of stacked LV PMOSs with different
layout parameters are better than those of typical ones. Therefore, the trigger voltage and the
holding voltage of stacked configuration can be adjusted to meet different HV applications.
Stacking numbers of the stacked LV PMOSs were fabricated and verified from one to ten for
different HV applications. Layout parameters were investigated to study its impact on ESD
protection performance from stacking number one to ten, respectively. There are RPO, drain
contact to poly-gate edge (d1), drain contact number (co), channel length (L), and total width

effect.

The TLP measured I-V curves of LV PMOS with different RPO splits (typical_0.3um,
Opm, -0.03um, -0.06pum, and no RRO) are compared in-Fig. 2.25(a). The TLP measured 1-V
curves of LV PMOS with different di splits (typical 2um, 4pm, and 6pm) are compared in
Fig. 2.25(b). The TLP measured I-V. curves of LV PMOS with different d1 and drain contact
number splits (typical d1 2pm co 2, dl.2pm co-4,dl 4um co 4, and d1_6um co 4) are
compared in Fig. 2.25(c). The TLP measured 1-V curves of LV PMOS with different L splits
(typical 0.8um and 1pm) are compared in Fig. 2.25(d). The TLP measured I-V curves of LV
PMOS with different total width (TW) splits (typical 360um and 600um) are compared in
Fig. 2.25(e). The total width of LV PMOS is 600um, and the single finger width of LV PMOS
is 50um. The total width of LV PMOS is 360um, and the single finger width of typical LV
PMOS is 30um. The detailed characteristics of LV PMOS with different layout parameters

are listed in Table 2.19.
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Fig. 2.25 The TLP measured 1-V curves of LV PMOS with different (a) RPO splits and (b)

di splits
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Fig. 2.25 The TLP measured I-V curves of LV PMOS with different (c) d1 and drain contact

number (co) splits and (d) L splits
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Fig. 2.25 The TLP measured 1=V curves of LV PMOS with different (e) total width splits

Table 2.19

The measurement data of LV PMOS with different layout parameters

PMOS x1 TLP DC (#) ESD (*)
Va(V) [ Va(V) [ (A | BV(V) [HBM(kv)| MM (v)
typical 8.81 8.67 2.55 8.2 45 300
no_RPO 8.99 8.66 2.02 8.2 4 200
RPO_Opm 8.85 8.73 2.58 8.2 45 300
RPO_0.03ym | 8.81 8.62 2.63 8.2 45 300
RPO_-0.06 ym | 8.89 8.81 2.52 8.2 45 300
d1_4 pm 8.95 8.9 418 8.2 7 450
d1_6 pm 9.05 9.04 4.35 8.2 >8 450
d1 2um._cod | 883 8.71 2.74 8.2 5 350
d1_4um_co_4 9 8.89 42 8.2 75 500
d1_6pm_co 4 | 9.09 8.94 4.83 8.2 >8 450
L_1um 8.86 8.72 2.74 8.2 5 350
TW_600 um 8.89 8.46 413 8.2 >8 500

#DCBV:I=1pA

*ESD failure criteria: I-V curve shift = 10%
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From the above experiments, the breakdown voltages of LV PMOS are almost the same
in DC measurement. The holding voltages and the trigger voltages of LV PMOS are almost
the same in TLP measurement. From above results with TLP-measured I, and ESD test, ESD
robustness of LV PMOS with full silicide (no RPO) is bad. The LV PMOS with silicide
blocking leads to a higher ESD robustness. Generally, the LV PMOS with a larger clearance
drain contact to poly-gate edge, the more drain contact number, a wider channel width, a
bigger total width leads to higher ESD robustness. LV PMOS with d1_6um, d1_6um co 4,
and TW_600um can pass 8 kV in the human-body-model (HBM) ESD test and 450 V in the

machine-model (MM) ESD test.

The TLP measured I-V curves of 2-PMOSs with different layout parameters splits (RPO,
dl, drain contact number, L, and -TW) are.compared-in Fig. 2.26(a) ~ (e). The detailed

characteristics of 2-PMOSs with different layout parameters are listed in Table 2.20.

3
—4=PMO 5 x2_no RPO
25 | —=—PMOS x2_typical ) /{-
PMOS x2_RPO_Oum A
" PMOS x2_RPO_-0.03um
PMOS x2_RPO_-0.06um
<
E 15
1
05 -
.’-‘f
0 — . 5 :
0 L] 10 15 20 25 30
TLP V (V)
(a)

Fig. 2.26 The TLP measured I-V curves of 2-PMOSs with different (a) RPO splits
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Table 2.20

The measurement data of 2-PMQOSs with different layout parameters

PMOS x2 TLP DC (#) ESD (*)
Va(V) | VatV) [ (A | BV(V) [HBM(kV)| MM (v)
typical 17.74 | 17.25 2.57 16.3 45 300
no_RPO 1749 | 17.36 2 16.4 4 250
RPO_0um 1769 | 17.23 2.58 16.3 5 300
RPO_-0.03um | 17.68 17.2 2.55 16.3 45 300
RPO_-006um | 17.74 | 17.27 2.59 16.3 45 300
d1_4 pm 1788 | 17.61 411 16.3 75 450
d1_6 ym 1812 | 18.09 475 16.3 >8 500
dl 2pm.co d| 179 17.65 2.84 16.3 55 350
di_dum_co 4| 1814 | 17.97 4.22 16.3 75 500
d1 6um.co 4| 18.16 18.1 468 163 >8 500
L1 pm 17.84 17.4 2.75 16.3 5 350
TW_600 pm 17.73 16.9 428 16.3 >8 500

#DCBV:I1=1pA

The breakdown voltages of 2-PMOSSs stacked-structure are also almost the same in DC
measurement. The holding voltage of 2-PMOSs stacked structure is two times of the holding
voltage of single PMOS. The trigger voltage of 2-PMOSs stacked structure is also double of
the trigger voltage of single PMOS in TLP measurement. The 2-PMOSs with d1_6um,

dl 6um co 4, and TW_600um can pass 8 KV in the human-body-model (HBM) ESD test

*ESD failure critenia: I-V curve shift = 10%

and 500 V in the machine-model (MM) ESD test.

The TLP measured I-V curves of 3-PMOSs with different layout parameters splits (RPO,

dl, drain contact number, L, and TW) are compared in Fig. 2.27(a) ~ (e). The detailed

characteristics of 3-PMOSs with different layout parameters are listed in Table 2.21.
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Fig. 2.27 The TLP measured I-V curves of 3-PMQOSs with different (c) d1 and drain contact

number (co) splits and (d) L splits
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Table 2.21
The measurement data of 3-PMOSs with different layout parameters
PMOS x3 TLP DC (#) ESD (%)
Vi (V) Vi (V) li2 (A) BV (V) [HEM(kV) | MM (V)
typical 26.54 25.82 249 244 4.5 300
no_RPO 29.01 26.58 2.04 246 4 250
RPO_Oum 26.63 25.77 2.48 244 4.5 350
RPO_-0.03pum | 26.55 26 2.55 244 5 350
RPO_-0.06 um | 27.17 26.07 249 244 4.5 350
d1_4 pm 26.95 26.7 4.29 24.4 7.5 500
d1_6 pm 27.35 27.29 3.71 24.4 >8 500
d1_2 pm_co_4 26.57 26.09 2.98 24.4 5.5 350
d1_4pum co 4 | 27.67 26.97 422 24.4 75 550
d1_6um_co 4 | 27.27 26.74 459 24.4 >8 500
L_1pm 26.6 26.23 2.76 244 5 350
TW_600 pm 26.44 25.56 4.36 24.4 >8 500

#DCBV:I=1pA

*ESD failure criteria: I-V curve shift = 10%
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In Table 2.21, the breakdown voltages in different layout consideration are almost the
same. As seen in Table 2.21, the trigger voltage of 3-PMQOSs stacked structure is triple of the
trigger voltage of single PMOS, and the holding voltage of 3-PMOSs stacked structure is also
triple of the holding voltage of single PMOS. The trigger voltages and the holding voltages of
3-PMOSs stacked structure are also the same. ESD robustness of 3-PMOSs with d1_6um,
dl 6um co 4, and TW_600um can pass 8 kV in the human-body-model (HBM) ESD test
and 500 V in the machine-model (MM) ESD test.

The TLP measured I-V curves of 4-PMQOSs with different layout parameters splits (RPO,
dl, drain contact number, L, and TW) are compared in Fig. 2.28(a) ~ (e). The detailed

characteristics of 4-PMOSs with different layout parameters are listed in Table 2.22.

The TLP measured I-V curves of 5-PMOSs with different layout parameters splits (RPO,
dl, drain contact number, L, and TW) are compared in Fig. 2.29(a) ~ (e). The detailed

characteristics of 5-PMOSs with different layout parameters are listed in Table 2.23.

The TLP measured I-V curves of 6-PMOSs with different layout parameters splits (RPO,
dl, drain contact number, L, and TW) are compared in Fig. 2.30(a) ~ (e). The detailed

characteristics of 6-PMOSs with different layout parameters are listed in Table 2.24.

The TLP measured I-V curves of 7-PMOSs with different layout parameters splits (RPO,
dl, drain contact number, L, and TW) are compared in Fig. 2.31(a) ~ (e). The detailed

characteristics of 7-PMOSs with different layout parameters are listed in Table 2.25.

The TLP measured I-V curves of 8-PMOSs with different layout parameters splits (RPO,
dl, drain contact number, L, and TW) are compared in Fig. 2.32(a) ~ (e). The detailed

characteristics of 8-PMOSs with different layout parameters are listed in Table 2.26.
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Fig. 2.28 The TLP measured I-V curves of 4-PMQOSs with different (c) d1 and drain contact

number (co) splits and (d) L splits
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Fig. 2.28 The TLP measured I-V curves of 4-PMOSs with-different (e) total width splits
Table 2.22
The measurement data of 4-PMOSs with-different layout parameters
PMOS x4 TLP DC (#) ESD (%)
Va(V) | Va(V) [ Ie(A) | BV(V) [HBM(KV) | MM (V)
typical 35.41 34.54 2.6 32.6 5 350
no_RPO 36.3 35.96 2.08 32.8 4 250
RPO_Opum 35.29 34.46 2.66 32.6 4.5 350
RPO_-0.03 um 35.6 34.82 2.61 32.6 4.5 350
RPO_-0.06 um | 35.48 34.83 2.64 325 4.5 350
d1_4 pm 35.55 35.26 4.28 32.5 7 550
d1_6 pm 36.25 36.04 4.7 32.5 >8 550
di_2um_co 4 | 35.39 344 2.94 325 55 400
d1 4pm co 4 | 35.69 35.3 4.24 325 75 550
d1_6pm_co 4 | 36.15 36.07 481 325 >8 550
L_1pm 35.49 34.8 2.8 32.5 5 400
TW_600 pm 35.31 34.02 4.44 325 >8 550

#DCBV:1=1pA

*ESD failure criteria: I-V curve shift = 10%
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Fig. 2.29 The TLP measured I-V curves of 5-PMOSs with different (a) RPO splits and (b) d1

splits
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Fig. 2.29 The TLP measured I-V curves of 5-PMOSs with different (c) d1 and drain contact

number (co) splits and (d) L splits
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Fig. 2.29 The TLP measured I-V curves of 5-PMOSs with-different (e) total width splits

Table 2.23

The measurement data of 5-PMOSs with-different layout parameters

PMOS x5 TLP DC (%) ESD (%)
Va(V) | Va(V) | (A | BV(V) [HBM(kV)][ MM (v)
typical 4434 | 42.92 2.66 40.7 5 350
no_RPO 4476 | 4384 2.05 41 4 300
RPO_0pm 4408 | 42.93 2.59 40.7 5 350
RPO_-0.03um | 4442 | 42.92 258 40.7 45 350
RPO_-0.06 um | 4435 | 42.97 2.7 40.7 5 350
d1_4 pm 4453 | 4384 435 40.7 75 550
d1_6 pm 45.06 | 44.67 42 40.7 >8 550
a1 2pm co 4| 4433 | 4309 2.92 40.6 55 400
d1 4pm.co d | 4456 | 43.86 423 40.6 75 600
d1 6um_co 4 | 4497 | 4468 462 40.7 >8 550
L1 um 4442 | 4347 58 40.7 5 400
TW_600 pm 4417 | 42.08 444 40.6 >8 550

#DC BV:I=1pA  *ESD failure criteria: I-V curve shift > 10%
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Fig. 2.30 The TLP measured I-V curves of 6-PMOSs with different (a) RPO splits and (b) d1

splits

51



3
25 | —=—PMOS x6_typical
2 |
E —PMOS x6_L_1um
E 1.6
1
0.5
0 le .
0 10 20 30 40 50 60 70 80 80
TLP V (V)
(©)
3
25 | —=—PMOS x6_typical
2 |
E —PMOS x6_L_1Tum
E 1.5 |
1
0.5
0 lw - ME— L - I I I
0 10 20 30 40 50 60 70 80 80
TLP V (V)
(d)

Fig. 2.30 The TLP measured I-V curves of 6-PMOSs with different (c) d1 and drain contact

number (co) splits and (d) L splits
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Table 2.24

The measurement data of 6-PMOSs with. different layout parameters

PMOS x5 TLP DC (#) ESD ()
Va(V) | Vu(V) | 1o(A) | BV(V) |HBM(KV)] MM (V)
typical 52.79 | 51.36 2.58 488 5 400
no_RPO 5353 | 52.86 2.06 49 4 300
RPO_Opm 52.77 | 5152 2.58 488 5 400
RPO_0.03um | 5281 5164 2.62 488 5 400
RPO_0.06 um | 52.9 51.42 2.57 488 5 400
d1_4pm 5329 | 52.67 418 488 7.5 550
d1_6 pm 5369 | 53.62 4.68 4838 >8 600
d1 2pm.co 4 | 5286 | 51.58 3 4838 55 450
d1 dum.co 4| 5335 | 5268 4.31 488 7.5 600
d1 6um.co 4 | 5384 | 5373 477 488 >8 600
L1 pm 53.09 52 2.75 488 55 450
TW_600 pm 5254 | 5048 4.37 488 >8 600

#DCBV:1=1pA

*ESD failure criteria: I-V curve shift = 10%
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Fig. 2.31 The TLP measured I-V curves of 7-PMOSs with different (a) RPO splits and (b) d1

splits

54



45 —=—PMOS x7_typical

——PMOS x7_d1_2um_co_4

—PMOS x7_d1_4um_co 4

25 + —+—PMOS x7_d1_6um_co_4

0 10 20 30 40 50 60 70 80 80 100 110 120 130 140 150
TLP V (V)

(©)

3.5

—=—PMOS xT_typical

2+ —=—PMOS =T _L_1um

0.5 ¢

0 10 20 30 40 50 60 70 80 9 100 110
TLP V (V)

(d)
Fig. 2.31 The TLP measured I-V curves of 7-PMOSs with different (c) d1 and drain contact

number (co) splits and (d) L splits
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Fig. 2.31 The TLP measured I-V curves of 7-PMOSs with-different (e) total width splits

Table 2.25

The measurement data of 7-PMOSs with-different layout parameters

PMOS x7 TLP DC (#) ESD (%)
Va(V) | Va(V) | 1o(A) | BV(V) |[HBM(kV)| MM (V)
typical 6149 | 60.21 2.49 57 5 400
no_RPO 6149 | 60.17 2.13 57.2 4 300
RPO_Oum 61.41 60.01 2.62 57 5 400
RPO_-0.03um | 6154 | 60.07 2.66 57 5 400
RPO_-006pum | 6158 | 60.17 2.62 57 5 400
d1_4 pm 6207 | 61.36 41 56.8 75 500
d1_6 pm 6294 | 62.38 472 57 >8 550
d1 2pum.coa| 6166 | 60.21 2.89 57 55 450
dl dum.co 4| 6218 | 61.41 4.25 57 >8 500
d1_6pm_co_4 | 62.9 62.52 447 57 >8 650
L1 um 6228 | 60.72 281 57 5 450
TW_600 pm 6128 | 5885 4.38 57 >8 500

#DCBV:I1=1pA  *ESD failure criteria: I-V curve shift > 10%
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Fig. 2.32 The TLP measured I-V curves of 8-PMOSs with different (c) d1 and drain contact

number (co) splits and (d) L splits
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Table 2.26
The measurement data of 8-PMOSs with-different layout parameters
PMOS x8 TLP DC (#) ESD (%)
Vi (V) Vi (V) li2 (A) BV (V) | HEM(kV) [ MM (V)
typical 70.56 69.15 2.65 65.2 5 400
no_RPO 70.11 68.24 2.13 65.4 4 300
RPO_Opum 70.75 68.8 2.64 65 5 400
RPO_-0.03 pm 70.68 68.61 2.59 65.2 5 400
RPO_-0.06 um | 70.67 68.91 2.67 65 5 450
d1_4pum 71.12 70.19 4.31 65 7.5 600
d1_6 pm 71.89 71.61 4,79 65 >8 550
d1 2um co 4 | 70.79 69.1 3.04 65 55 450
d1_4pm_co 4 | T71.06 70.36 4.28 65 >8 650
d1_6pum_co_4 | 72.57 72.12 4.81 65 >8 550
L_1pm 70.91 69.51 2.87 65 5.5 450
TW_600 pm 70.57 67.54 4.37 65 >8 650

#DCBV:I=1pA

*ESD failure criteria: I-V curve shift = 10%
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The TLP measured I-V curves of 9-PMOSs with different layout parameters splits (RPO,

di, drain contact number, L, and TW) are compared in Fig. 2.33(a) ~ (e).
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Fig. 2.33 The TLP measured I-V curves of 9-PMOSs with different (a) RPO splits and (b) d1

splits
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Fig. 2.33 The TLP measured I-V curves of 9-PMOSs with different (c) d1 and drain contact

number (co) splits and (d) L splits
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Fig. 2.33 The TLP measured I-V curves of 9-PMOSs with-different (e) total width splits

The detailed characteristics of 9-PMOSs with different layout parameters are listed in

130

Table 2.27.
Table 2.27

The measurement data of 9-PMOSs with different layout parameters

PMOS x9 TLP DC (#) ESD (%)
Va(V) | Va(V) | le(A) | BV(V) |HBM(KV) | MM (V)

typical 79.37 77.43 2.72 73.2 5 450
no_RPO 80.27 77.83 2.12 74 4 350
RPO_Opm 79.23 77.36 2.46 73.2 5 450
RPO_-0.03 pm 79.4 77.25 2.61 73.2 5 450
RPO_-0.06 um | 79.26 77.3 2.62 73.2 5 450
d1_4 pm 79.98 78.93 4.3 73.2 7.5 550
d1_6 pm 80.81 80.38 4.1 73.2 7 450
di_2pm_co 4 | 79.23 77.25 3.02 73.2 5.5 500
di_4pm_co 4| 79.97 79.21 4.32 73.2 >8 600
d1_6 pm_co_4 | 80.85 80.68 4.23 73.2 7.5 500
L_1pum 79.71 78.28 2.92 73.2 5.5 500
TW_600 pm 79.16 75.89 437 73.2 >8 650

#DCBV:1=1pA

*ESD failure criteria: I-V curve shift = 10%
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The TLP measured I-V curves of 10-PMOSs with different layout parameters splits

(RPO, d1, drain contact number, L, and TW) are compared in Fig. 2.34(a) ~ (e).
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Fig. 2.34 The TLP measured I-V curves of 10-PMOSs with different (a) RPO splits and (b)

di splits

63



45 | —=—PMO S x10_typical

4 | . pMOSx10_di_2um_co 4

— PMOS x10_d1_4um_co_4

—=—PMOS x10_d1_6um_co_4

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
TLP V (V)

()

3.5

3 —=PMOS x10_typical

—PMOS x10_L_1um

0.5

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
TLP V (V)

(d)
Fig. 2.34 The TLP measured I-V curves of 10-PMOSs with different (c) d1 and drain contact

number (co) splits and (d) L splits
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Fig. 2.34 The TLP measured I-V curves of 10-PMOSs with different (e) total width splits

The detailed characteristics of 10-PMOSs with different layout parameters are listed in
Table 2.28.
Table 2.28

The measurement data of 10-PMOSs with different layout parameters

PMOS x10 TLP DC (#) ESD ()
Vi (V) Vi (V) liz (A) BV (V) | HBM(kV) | MM (V)
typical 8823 | 86.26 263 816 5 450
no_RPO 8746 | 85095 2.08 81.8 4 350
RPO_Oum 88.21 86.43 2.46 814 5 450
RPO_-003pm | 8825 | 86.12 2.76 81.4 5 450
RPO_-0.06 um | 88.21 86.08 2.64 814 5 450
d1_4 pm 8926 | 88.85 416 814 75 500
d1_6 ym 90.11 89.68 35 81.4 6 400
d1 2pm.co 4| 8832 | 86.32 3 814 55 500
d1_ dum_co 4| 8904 | 87.9 4.35 81.4 >8 550
di_6um_co 4| 89.74 | 89.56 3.66 81.4 6.5 450
L1 pm 8889 | 87.19 2.95 814 55 500
TW_600 pm 8786 | 8432 4.55 814 >8 700

#DCBV:1=1pA  *ESD failure criteria: I-V curve shift > 10%
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From above results with TLP-measured l, and ESD test, ESD robustness of 9-PMOSs
with d1 splits and drain contact number splits has different results. ESD robustness of
10-PMOSs with d1 splits and drain contact number splits also has different results. ESD
robustness of stacking number 9 and 10 is lower than that of stacking number from 1 to 8.

The optical microscope (OM) pictures of 6-PMOSs with d1_2um (typical) are shown in
Fig. 2.35 after MM stress. ESD robustness of 6-PMOSs with d1_2um (typical) can pass 400
V in the machine-model (MM) ESD test, and that failed 450 V in the machine-model (MM)
ESD test. The optical microscope (OM) pictures of 6-PMOSs with d1_6um are shown in Fig.
2.36 after MM stress. ESD robustness of 6-PMOSs with d1_6um can pass 600 V in the
machine-model (MM) ESD test, and that failed 650 V in the machine-model (MM) ESD test.
The optical microscope (OM) pictures of 10-PMOSs with d1_2um (typical) are shown in Fig.
2.37 after MM stress. ESD robustness of 10-PMOSs with d1_2um (typical) can pass 450 V in
the machine-model (MM) ESD test, and that failed 500 V_in the machine-model (MM) ESD
test. The optical microscope (OM)-pictures of 10-PMOSs with d1_6um are shown in Fig. 2.38
after MM stress. ESD robustness ‘of 10-PMOSs-with d1_6um only pass 400 V in the
machine-model (MM) ESD test, and that failed 450 V in the machine-model (MM) ESD test.
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Fig. 2.35 The optical microscope (OM) pictures of 6-PMOSs with d1_2um after MM stress

(a) top view and (b) partial enlarged drawing
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Fig. 2.37 The optical microscope (OM) pictures of 10-PMOSs with d1_2um after MM stress
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Fig. 2.38 The optical microscope (OM) pictures of 10-PMQOSs with d1_6um after MM stress

From above pictures, the OM pictures of 10-PMOSs with d1_6um after MM stress can
directly clear to see the failure”position, but other OM pictures can’t. After delayer to
substrate, ESD failure positions of stacked PMOS structure can be seen directly.

The names of 6-PMOSs with d1_2um are Mpg.1, Mp.g.2, Mps-3, Mp_g.a, Mpg.5, Mps s
from top to bottom, respectively. The names of 10-PMOSs with d1_2um are Mp.10.1, Mp.10-2,
Mp.103, Mp.104, Mp.1os, Mp.1os, Mp1o7, Mpaos, Mp.iog, Mpao1o from top to bottom,
respectively.

The names of 6-PMOSs with d1_6um are Mpg.6-1, Mpg-6-2, Mpgd-6-3, Mpg-6-4, Mpg-6-5, Mpd-6-6
from top to bottom, respectively. The names of 10-PMOSs with d1_6um are Mp.10-1, Mp.10-2,
Mpg.10-3, Mpg-10-4, Mpg.10.5, Mpg-10-6, Mpg.10-7, Mpg-10-8, Mpg.10-9, Mpg-10-10 from top to bottom,

respectively.
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The optical microscope (OM) pictures of 10-PMOSs with d1_2um (typical) are shown in
Fig. 2.39 after delayer to substrate.

Mp_10_1 S D MP-1 0-2 S D

(@) (b)
Mp_10.3 S D Mp_10.4 S D

(e) (f)
Fig. 2.39 The OM pictures of 10-PMQOSs with d1_2um (typical) after delayer to substrate (a)

Mp_10-1, (0) Mp.10-2, (€) Mp-10-3, (d) Mp_10-4 (€) Mp-10.5, and (f) Mp_10-6

69



Mp_108 5 D

(h)

Mpioi0o 5 D

(i) )
Fig. 2.39 The OM pictures of 10-PMOSs with d1_2um (typical) after delayer to substrate (g)

Mp.10-7, (N) Mp.10.8, (i) Mp.10.9, and (j) Mp.10-10
From Fig. 2.39, every PMOS of 10-PMOSs with d1_2um (typical) can clear to see
failure positions after delayer to substrate. It proves the ESD current gets through every

stacked parasitic PNP under ESD stress, and every PMOS can turns on uniformity.

The optical microscope (OM) pictures of 6-PMOSs with d1_6um are shown in Fig. 2.40

after delayer to substrate. The optical microscope (OM) pictures of 10-PMOSs with d1_6um
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are shown in Fig. 2.41 after delayer to substrate. The scanning electron microscope (SEM)

pictures of 10-PMOSs with d1_6um are shown in Fig. 2.42 after delayer to substrate.

Mpge1& Mpgso

®)

MPd-63&MPd 6-4 MPdSS&MPd66

Fig. 2.40 The OM pictures of 6-PMOSs with d1_6um after delayer to substrate (a) Mpg.6.1, (D)

Mpast 5 D

4 s

(a)

Mpg-6.1 & Mpg.6-2, (C) Mpg.6-3 & Mpy.6.4, and (d) Mpy.6.5 & Mp.6.6
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Fig. 2.41 The OM pictures of 10-PMOSs with d1_6um after delayer to substrate (a) Mpg.10-1

& Mpg.10-2, (b) Mpg.10-3 & Mpg-10-4, (€) Mpg-105 & Mpg.10-6, () Mpg10.7 & Mpg.10-8, (€)

Mpg-10-9 & Mpg.10-10, and (f) the edge of Mpg.10-1

72



EHT = 500kV  Date :13 Aug 2015 EF1-1508-019
Mag= 500X o WD= 2mm Time :9:49

2um EHT = 500KV  Date :13 Aug 2015 EF1-1508-019
Mag= 2.50KX | WD= 2mm  Time :9:50

(b)
Fig. 2.42 The SEM pictures of 10-PMOSs with d1_6um after delayer to substrate (a) Mpg.10-1,

(b) the edge of Mpg.10-1
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From Fig. 2.40, every PMOS of 6-PMOSs with d1_6um can see failure positions after
delayer to substrate. It proves the ESD current also gets through every stacked parasitic PNP
under ESD stress, and every PMOS can turns on uniformity. Due to the spacing of d1 become
wider, and the parasitic PNPs path become longer. Instead of getting through stacked parasitic
PNPs, the ESD current unpredictably gets through the parasitic path from P+ diffusion (drain)
to HYNW-ring. From Fig. 2.41 and Fig. 2.42, the ESD failure positions located on the top of
10-PMOSs. For the experiment results, the 9-PMOSs and 10-PMOSs with d1_6um are not

good options.

2.3 Summary

Optimization of stacked LV PMOS for. high-voltage ESD protection needs to notice
layout consideration. From above results, stacked PMOSs with larger d1 have good ESD
robustness in 0.5-um and 0.25-um. However, 9-PMOSs and 10-PMOSs with larger d1 got
lower ESD robustness due to the parasitic path from P+ diffusion (drain) to HVNW-ring
damage. From above results, layout optimization for stacked LV PMOSs (1-PMOS to
8-PMOSs) to get higher ESD robustness: d1 6 um and TW_600 um. From above results,
layout optimization for stacked LV PMQOSs (9-PMOS and 10-PMOSs) to get higher ESD
robustness: d1_ 4 um and TW_600 pum. The holding voltages of stacked LV PMOS with
different guard-ring layout have some different. The guard-ring layout on the stacked LV

PMOS devices was further investigated in next chapter.
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Chapter 3
Impact of Guard Ring Layout on the Stacked
Low-Voltage PMOS for High-Voltage ESD

Protection

PMOS is a non-snapback device, and it is a good choice for latchup-free design. In this
chapter, Stacked PMQOSs with different guard ring layouts have been investigated in a 0.5-um
HV process for HV applications. The holding voltages of stacked PMOSs with different guard
ring layouts have been investigated by TLP systems with different pulse widths and the curve
tracer. In addition, stacked PMOSs with different-guard ring layouts have been investigated to

save layout area in a 0.25-um BCD-process for HV applications.

3.1 Stacked Low-Voltage PMOS with Different Guard Ring Layout in a
0.5-pm HV Process

3.1.1 Test Devices

The ESD devices should be surrounded by the guard ring in real circuit application. The
ESD device without the guard ring can reduce the layout area, but it might cause the latchup
issue under the normal circuit operation. Therefore, the on-chip ESD devices were often
surrounded by the guard ring to prevent latchup issue in the IC products.

In this work, the stacked LV PMOSs with two or three stacking numbers for HV
applications were fabricated and verified in the silicon chip. Especially, different guard ring
layouts on the stacked PMOSs were investigated to study its impact to ESD protection

performance. The transmission line pulse (TLP) and ESD tester are used to verify the stacked
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PMOSs with different guard ring layouts for HV applications.

The test structures of stacked PMOSs with different stacking numbers and layout
arrangements were fabricated in a 0.5-um high-voltage process. The stacked LV PMOSs with
two and three stacking numbers are investigated in this work, which are designed to meet
20-V and 30-V HV applications. Each LV PMOS in the stacked configuration is drawn with
the total channel width of 800um and a channel length of 0.5um.

There are four types (type A, type B, type C, and type D) of the guard ring layouts to
surround the stacked PMOSs, as shown in Fig. 3.1, where 3-PMOSs stacked structure is
demonstrated. In type A, the stacked PMOSs were not surrounded by P-ring, which is used as
the base line for reference. In type B and type C, the stacked PMOSs were surrounded by one
P-ring that is typically connected to cathode.. The NWELL spacing between each N-well in
the type B (type C) is 4um (8um). In type. D, each-PMOS in the N-well of the 3-PMOSs
stacked structure was fully surrounded by the P-ring. The clearance of P-ring to the N-well
edge is kept at 2.7um, which is a layout rule specified by the foundry in the given 0.5-um
process.

The cross-sectional view of stacked structure with two LV PMOSs is shown in Fig. 3.2.
The cross-sectional view of the stacked PMOSs without surrounded by P-ring is shown in Fig.
3.2(a). The NWELL spacings of the two LV PMQOSs are drawn with 4um and 8um in Fig.
3.2(b) and Fig. 3.2(c), respectively. The cross-sectional view of the stacked PMOSs with
inserted p-ring to surround each LV PMOS is shown in Fig. 3.2(d). The gate of each PMOS is
connected to its local high potential point, so each PMOS in the stacked structure is kept in
the off state during the normal circuit operation. The P+ diffusion (drain) of the bottom
PMOS in the stacked PMOSs is connected to the cathode. The P-ring is connected to the
cathode, which is typically biased at ground with the common p-substrate. If the deep N-Well

is provided in the process, the P-ring can be isolated to the common substrate.
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Fig. 3.1 The four types of guard-ring layout for 3-PMOSs stacked structure, (a) without
p-ring, (b) with one whole p-ring and NWELL spacing of 4um, (c) with one whole
p-ring and NWELL spacing of 8um, and (d) with inserted p-ring to surround each LV

PMOS
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Fig. 3.2 The cross-sectional views of stacked structure with two LV PMOSs drawn with (a)
without p-ring, (b) the NWELL spacing of 4um, (c) the NWELL spacing of 8um, and (d)

with inserted p-ring to surround each LV PMOS. Each LV PMOS has its own separated

N-well in the stacked structure
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3.1.2 Experimental Results

All test devices of stacked PMOSs had been fabricated in a 0.5-um HV process. Each
PMOS in all stacked structure is drawn with a channel width of 800um and a channel length
of 0.5um. Every layout type has 2-PMOSs and 3-PMOSs stacked structures. The 100-ns
TLP-measured I-V characteristics of two stacked PMOSs with the four types of guard ring

layout are shown in Fig. 3.3.
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Fig. 3.3 The TLP-measured I-V characteristics of 2-PMOQOSs with different guard-ring

layouts

In Fig. 3.3, the holding voltage of 2-PMOSs stacked structure is two times of the holding
voltage of single PMOS. The trigger voltage of 2-PMOSs stacked structure is also double of
the trigger voltage of single PMOS in TLP measurement. In Fig. 3.3, the trigger voltages of
the 2-PMOSs stacked structure with different guard-ring layouts are almost the same, but the
holding voltage of type A is smaller than those of other types. Type B is better than type A,

because it adds one guard ring to surround itself. The holding voltage of type B still suffers
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latchup risk for 20V application. The holding voltages of type C and type D are better (higher)
than that of type A and type B, and they can achieve latchup-free design for 20V application.
However, the layout area of type D is smaller than the layout area of type C, as well as the

type D has the best I, among all guard-ring types.

The detailed characteristics of 2-PMOSs stacked structure with different guard-ring types
are listed in Table 3.1. The breakdown voltages of type C and type D are almost the same as
those of type A and type B in DC measurement. All of 2-PMOSs stacked structure with
different guard-ring types can pass 3.5 kV in the human-body-model (HBM) ESD test and

250 V in the machine-model (MM) ESD test.

Table 3.1
Summary of 2-PMOSs stacked structure with different guard-ring types

2-PMOSs Stacked TLP (100-ns) DC (#) ESD Level ()
Structure

Vy Vi I BV HBM MM

V) V) (A) V) (kV) (V)
Type A 21.48 17.09 2.04 22.3 3.5 250
Type B 21.43 17.6 2.03 223 3.5 250
Type C 20.48 19.02 2.13 226 3.5 250
Type D 21.47 19.69 2.1 226 3.5 250

#DC BV: 1=1pA *ESD failure criteria: I-V curve shift > 10%

The TLP-measured I-V characteristics of three stacked PMOSs with the four types of
guard ring layout are shown in Fig. 3.4. As seen in Fig. 3.4, the trigger voltage of 3-PMOSs

stacked structure is triple of the trigger voltage of single PMOS. In Fig. 3.4, the trigger
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voltages in different guard-ring types are almost the same, but the holding voltage of type A is
still the smallest among the four types of guard ring layout. Type A and type B would suffer
latchup risk for 30V high voltage application. The holding voltages of type C and type D are
better (higher) than those of type A and type B, which can achieve latchup-free design for
30V application. The total layout area of type D is also smaller than that of type C, as well as

the type D has the best I, among the four guard-ring types.
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Fig. 3.4 The TLP-measured I-V characteristics of 3-PMOSs with different guard-ring

layouts

The detailed characteristics of 3-PMOSs stacked structure with different guard-ring types
are listed in Table 3.2. The breakdown voltages of all guard-ring types almost have the same
value. The MM ESD level (300V) of type C and type D are better than that (250V) of type A
and type B. Except type A, all layout types of 3-PMOSs stacked structure can pass 3.5 kV in

the HBM ESD test.
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Table 3.2
Summary of 3-PMOSs stacked structure with different guard-ring types

3-PMOSs Stacked TLP (100-ns) DC (#) ESD Level (*)
Structure

Vy Vi liz BV HBM MM

(V) (V) (A) (V) (kV) (V)
Type A 31.58 23.87 1.99 307 3 250
Type B 31.53 26.34 2.08 30.5 3.5 250
Type C 31.56 28.47 2.14 30.7 3.5 300
Type D 31.58 29.84 217 30.7 3.5 300

#DC BV: I=1pA *ESD failure criteria: I-V curve shift > 10%

From above results with 100-ns TLP-measured. |, and ESD test, the type D among the
four types of guard-ring layout is the best choice for the stacked PMOSs structure for HV
ESD protection. The TLP-measured. |-V characteristics of the stacked 2-PMOSs and
3-PMOSs with the guard-ring layout of type D ‘are compared in Fig. 3.5. As seen in Fig. 3.5,
the holding voltage can be linearly increased in the PMOSs stacked structure by adjusting the
stacking number. The trigger voltage can also be linearly increased in the PMOSs stacked
structure. Moreover, the I, of PMOSs stacked structure with different stacking numbers can
be kept almost the same. Different stacking numbers on the stacked PMOSs can be adjusted

for various HV applications to achieve latchup-free immunity on the ESD protection device.
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Fig. 3.5 The TLP-measured I-V characteristics of the stacked 2-PMOSs and 3-PMQOSs with

the guard-ring layout of type D

3.2 Different Guard Ring LLayout of Stacked Low-Voltage PMOS
measured by TLP with different pulse widths in a 0.5-pm HV Process

3.2.1 Different TLP Pulse Widths

The test devices were all the same in chap3.1. There are four types (type A, type B, type
C, and type D) of the guard ring layouts to surround the stacked PMOSs. From above results,
the stacked PMOSs with guard-ring layout of type D can achieve both of good ESD
robustness and high latchup-free immunity with reasonable total layout area. Furthermore, the
test devices measured by 100-ns, 200-ns, 500-ns, 800-ns TLP systems, and curve tracer. In
this work, the stacked LV PMOSs with two or three stacking numbers for HV applications
were fabricated and verified in the silicon chip. Especially, different TLP pulse widths on the
stacked PMOSs were investigated to study its impact to the holding voltages of the stacked

PMOSs with different guard ring layouts.
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3.2.2 Experiment Results
The 100-ns TLP-measured |-V characteristics of 2-PMOSs with the four types of guard

ring layout are shown in Fig. 3.6. The detailed characteristics of 2-PMQOSs stacked structure

with different guard-ring types are listed in Table 3.3.
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Fig. 3.6 The 100-ns TLP-measured |-V _characteristics of 2-PMOSs with different

guard-ring layouts

Table 3.3
Summary of 2-PMOSs with different guard-ring types measured by 100-ns TLP
2-PMOSs Stacked TLP (100-ns) DC (#) ESD Level (*)
Structure
Vi Vi, Iz BV HBM MM
(V) (V) (A) (V) (kV) (v)
Type A 21.48 17.09 2.04 22.3 35 250
Type B 21.43 17.6 2.03 22.3 35 250
Type C 20.48 19.02 2.13 226 35 250
Type D 21.47 19.69 2.1 22.6 35 250

#DC BV: I1=1pA *ESD failure criteria: I-V curve shift > 10%
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The 200-ns TLP-measured |-V characteristics of 2-PMOSs with the four types of guard
ring layout are shown in Fig. 3.7. The detailed characteristics of 2-PMOSs stacked structure

with different guard-ring types are listed in Table 3.4.
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Fig. 3.7 The 200-ns TLP-measured. |-V characteristics of 2-PMOSs with different

guard-ring layouts

Table 3.4
Summary of 2-PMOSs with different guard-ring types measured by 200-ns TLP

2-PMOSs Stacked TLP (200-ns) DC (#) ESD Level (*)
Structure

Vy Vi I BV HBM MM

(V) (V) (A) (V) (kV) (V)
Type A 20.38 14.44 1.29 22.3 3.5 250
Type B 20.35 14.5 1.33 22.3 3.5 250
Type C 20.33 17.15 1.34 22.6 3.5 250
Type D 21.26 19.2 1.29 226 3.5 250

#DC BV: 1= 1pA
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The 500-ns TLP-measured |-V characteristics of 2-PMOSs with the four types of guard
ring layout are shown in Fig. 3.8. The detailed characteristics of 2-PMOSs stacked structure

with different guard-ring types are listed in Table 3.5.
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Fig. 3.8 The 500-ns TLP-measured. |-V characteristics of 2-PMOSs with different

guard-ring layouts

Table 3.5
Summary of 2-PMOSs with different guard-ring types measured by 500-ns TLP
2-PMOSs Stacked TLP (500-ns) DC (#) ESD Level (*)
Structure
Vi Vi Iy BV HBM MM
(V) (v) (A) (V) (kV) (V)
Type A 19.86 13.15 0.58 22.3 35 250
Type B 19.89 14.77 0.64 22.3 35 250
Type C 19.87 14.93 0.66 226 35 250
Type D 19.87 18.85 0.64 226 35 250

#DC BV: 1=1pA *ESD failure criteria: I-V curve shift > 10%
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The 800-ns TLP-measured I-V characteristics of 2-PMOSs with the four types of guard

ring layout are shown in Fig. 3.9. The detailed characteristics of 2-PMOSs stacked structure

with different guard-ring types are listed in Table 3.6.
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Table 3.6
Summary of 2-PMOSs with different guard-ring types measured by 800-ns TLP

2-PMOSs Stacked TLP (800-ns) DC (#) ESD Level (*)
Structure

Vi Vi, lip BV HBM MM

(V) (V) (A) (V) (kV) (\Y)
Type A 19.71 13.14 0.44 22.3 3.5 250
Type B 19.73 14.29 0.42 22.3 3.5 250
Type C 20.76 14.79 0.41 226 3.5 250
Type D 19.71 18.31 0.49 22.6 3.5 250

#DC BV: 1= 1pA

*ESD failure criteria: I-V curve shift > 10%
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The different pulse widths TLP-measured I-V characteristics of 2-PMOSs_type A are
shown in Fig. 3.10. The holding voltages (V) and secondary breakdown current (li) of

2-PMOSs_type A with different TLP pulse widths are shown in Fig. 3.11.
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Fig. 3.10 The TLP-measured I-V. characteristics of 2-PMOSs_type A with different TLP

pulse widths
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The different pulse widths TLP-measured I-V characteristics of 2-PMOSs_type B are

shown in Fig. 3.12. The holding voltages (Vh) and secondary breakdown current (lip) of

2-PMOSs_type B with different TLP pulse widths are shown in Fig. 3.13.
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Fig. 3.12 The TLP-measured I-V- characteristics of 2-PMOSs_type B with different TLP
pulse widths
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The different pulse widths TLP-measured I-V characteristics of 2-PMOSs_type C are

shown in Fig. 3.14. The holding voltages (Vh) and secondary breakdown current (lp) of

2-PMOSs_type C with different TLP pulse widths are shown in Fig. 3.15.
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Fig. 3.14 The TLP-measured I-V: characteristics of
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The different pulse widths TLP-measured I-V characteristics of 2-PMOSs_type D are

shown in Fig. 3.16. The holding voltages (V) and secondary breakdown current (li) of

2-PMOSs_type D with different TLP pulse widths are shown in Fig. 3.17.
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The 100-ns TLP-measured |-V characteristics of 3-PMOSs with the four types of guard
ring layout are shown in Fig. 3.18. The detailed characteristics of 3-PMOSs stacked structure

with different guard-ring types are listed in Table 3.7.
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Fig. 3.18 The 100-ns TLP-measured . |-V . characteristics of 3-PMOSs with different

guard-ring layouts

Table 3.7
Summary of 3-PMOSs with different guard-ring types measured by 100-ns TLP
3-PMOSs Stacked TLP (100-ns) DC (#) ESD Level (*)
Structure
Vi A I BV HBM MM
V) V) (A) V) (kV) V)
Type A 31.58 23.87 1.99 30.7 3 250
Type B 31.53 26.34 2.08 30.5 35 250
Type C 31.56 28.47 2.14 30.7 35 300
Type D 31.58 29.84 2.17 30.7 35 300

#DC BV:1=1pA *ESD failure criteria: I-V curve shift > 10%
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The 200-ns TLP-measured |-V characteristics of 3-PMOSs with the four types of guard

ring layout are shown in Fig. 3.19. The detailed characteristics of 3-PMOSs stacked structure

with different guard-ring types are listed in Table 3.8.
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Fig. 3.19 The 200-ns TLP-measured. |-V characteristics of 3-PMOSs with different

guard-ring layouts

Table 3.8
Summary of 3-PMOSs with different guard-ring types measured by 200-ns TLP
3-PMOSs Stacked TLP (200-ns) DC (#) ESD Level (¥)
Structure
Vi A Iz BV HBM MM
(V) (V) (A) (v) (kV) (V)
Type A 31.29 18.83 1.29 30.7 3 250
Type B 31.25 19.19 1.36 30.5 35 250
Type C 31.22 24.67 1.37 30.7 3.5 300
Type D 31.28 28.58 1.32 30.7 35 300
#DC BV: 1= 1pA *ESD failure criteria: I-V curve shift > 10%
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The 500-ns TLP-measured |-V characteristics of 3-PMOSs with the four types of guard
ring layout are shown in Fig. 3.20. The detailed characteristics of 3-PMOSs stacked structure

with different guard-ring types are listed in Table 3.9.
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Fig. 3.20 The 500-ns TLP-measured. |-V characteristics of 3-PMOSs with different

guard-ring layouts

Table 3.9
Summary of 3-PMOSs with different guard-ring types measured by 500-ns TLP
3-PMOSs Stacked TLP (500-ns) DC (#) ESD Level (*)
Structure
Vy A Iz BV HBM MM
V) (V) (A) (V) (kV) (V)
Type A 30.51 17.16 0.56 30.7 3 250
Type B 30.5 17.96 0.64 305 35 250
Type C 30.53 21 0.68 30.7 3.5 300
Type D 30.5 28.13 0.67 30.7 35 300

#DC BV:I1=1pA *ESD failure criteria: I-V curve shift > 10%
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The 800-ns TLP-measured I-V characteristics of 3-PMOSs with the four types of guard
ring layout are shown in Fig. 3.21. The detailed characteristics of 3-PMOSs stacked structure

with different guard-ring types are listed in Table 3.10.
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Fig. 3.21 The 800-ns TLP-measured. |-V characteristics of 3-PMOSs with different

guard-ring layouts

Table 3.10
Summary of 3-PMOSs with different guard-ring types measured by 800-ns TLP
3-PMOSs Stacked TLP (800-ns) DC (#) ESD Level (*)
Structure
Vi Vi, lp BV HBM MM
(v) v) (A) v) (kV) V)
Type A 30.33 16.85 0.45 30.7 3 250
Type B 30.3 17.9 0.45 30.5 3.5 250
Type C 30.36 20.47 0.49 30.7 3.5 300
Type D 30.31 28.2 0.52 30.7 35 300

#DC BV: I=1pA

*ESD failure criteria: I-V curve

shift > 10%




The different pulse widths TLP-measured I-V characteristics of 3-PMOSs_type A are
shown in Fig. 3.22. The holding voltages (Vh) and secondary breakdown current (lp) of

3-PMOSs_type A with different TLP pulse widths are shown in Fig. 3.23.
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Fig. 3.22 The TLP-measured I-\V/" characteristics-of 3-PMOSs_type A with different TLP
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Fig. 3.23 The V; and I, of 3-PMOSs_type A with different TLP pulse widths
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The different pulse widths TLP-measured I-V characteristics of 3-PMOSs_type B are
shown in Fig. 3.24. The holding voltages (Vh) and secondary breakdown current (li) of

3-PMOSs_type B with different TLP pulse widths are shown in Fig. 3.25.
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Fig. 3.25 The V;, and I, of 3-PMOSs_type B with different TLP pulse widths
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The different pulse widths TLP-measured I-V characteristics of 3-PMOSs_type C are
shown in Fig. 3.26. The holding voltages (V) and secondary breakdown current (li) of

3-PMOSs_type C with different TLP pulse widths are shown in Fig. 3.27.
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Fig. 3.26 The TLP-measured I-V. characteristics of 3-PMOSs_type C with different TLP
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The different pulse widths TLP-measured I-V characteristics of 3-PMOSs_type D are
shown in Fig. 3.28. The holding voltages (V) and secondary breakdown current (li) of

3-PMOSs_type D with different TLP pulse widths are shown in Fig. 3.29.
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The Tek370-measured I-V characteristics of 2-PMOSs with the four layout types are
shown in Fig. 3.30. The Tek370-measured I-V characteristics of 3-PMOSs with the four

layout types are shown in Fig. 3.31.
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Fig. 3.30 The Tek370-measured -I-V characteristics of 2-PMQOSs with different guard-ring

layouts
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The Tek370 I-V curve can show snapback and the holding voltage of the device in a dc
condition. Due to the self-heating effect, the values of holding voltage measured by Tek370
are not real. Before the real values of holding voltage measured by Tek370, the devices are
failed. The detailed characteristics of 2-PMOSs stacked structure with different guard-ring
types are listed in Table 3.11. The detailed characteristics of 3-PMQOSs stacked structure with

different guard-ring types are listed in Table 3.12.

Table 3.11
Summary of 2-PMOSs with different guard-ring types measured by different TLP pulse width

TLP (Type A) TLP (Type B) TLP (Type C) TLP (Type D)

Pulse

width | Yo | Ve [ le | Vu | Vi |l [ Vu | Vo | lo | Vg | Vi | L

M N @A N A) )N A V) ) A

100-ns | 21.48| 17.09 | 2.04 |21.43 | 176 | 2.03 | 20.48 | 19.02| 2.13 | 21.47 |19.69| 2.11

200-ns | 20.38| 14.44 | 1.29 | 2035 | 1456 | 1.33 | 20.33 | 17.15| 1.34 | 21.26 | 19.2 | 1.29

500-ns | 19.86 | 13.15 | 0.58 | 19.89 |14.77| 0.64 | 19.87 | 14.93| 0.66 | 19.87 | 18.85| 0.64

800-ns | 19.71| 13.14 | 0.44 | 19.73 |14.29| 0.42 | 20.76 | 14.79| 0.41 | 19.71 | 18.31| 0.49

Table 3.12
Summary of 3-PMOSs with different guard-ring types measured by different TLP pulse width

TLP (Type A) TLP (Type B) TLP (Type C) TLP (Type D)

Puse v TV [le [ Va [V [ le | Va | Vi | e | Va | Vu | I
width | (v) | (v) | @) |V | VM| AV | VM| AN |V @A

100-ns |31.58| 23.87 | 1.99 | 31.53 |26.34| 2.08 | 31.56 |28.47 | 2.14 | 31.68 |29.84 | 2.17

200-ns |31.29| 18.83 | 1.29 | 31.25|19.19| 1.36 | 31.22 |24.67 | 1.37 | 31.28 |28.58 | 1.32

500-ns | 30.51| 17.16 | 0.56 | 30.56 [17.96| 0.64 | 30.53 | 21 | 0.68 | 30.5 |28.13|0.67

800-ns |30.33| 16.85 | 0.45 | 30.3 | 17.9 | 0.45 | 30.36 | 20.47| 0.49 | 30.31 | 28.2 | 0.52
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In chapter 3.1, the holding voltages of the type A for 2-PMOSs and 3-PMOSs are lower
than supply voltages (20V and 30V), and the holding voltages of the type B for 2-PMOSs and
3-PMOSs are also lower than supply voltages (20V and 30V). The holding voltages of the
type C are almost same as the type D for 2-PMQOSs and 3-PMQOSs, but the layout areas of the
type C are bigger than the type D for 2-PMOSs and 3-PMOSs.

Due to the pulse widths of TLP increase, the holding voltages of the type C for 2-PMOSs
and 3-PMOSs are lower than that under 100-ns TLP stress. The holding voltages of the type
D for 2-PMOSs and 3-PMOSs are almost same under different TLP pulse width stress. In
addition, I, of all types of stacked PMOS are also lower since the pulse widths of TLP
become longer. Stacked PMOSs under 100-ns TLP pulse width get the highest I, and stacked
PMOSs under 800-ns TLP pulse width are the lowest.

From above results with different pulse widths TLP-measured I, and ESD test, the type
D among the four types of guard-ring layout is the-best choice for the stacked PMOSs

structure for HV ESD protection.

3.3 Different Guard Ring Layout of Stacked Low-Voltage PMOS

measured by TLP in a 0.25-um BCD Process

3.3.1 Test Devices

From chapter 3.1 and 3.2, the ESD devices should be surrounded by the guard ring. The
test devices were all fabricated in a VIS 0.25-um BCD process. PMOS devices in this
investigation, the clearance from the resist-protection-oxide (RPO) to poly-gate edge, the
clearance from the drain contact to poly-gate edge (d1), the drain contact number (co), the
channel length (L), the single finger width, and the total width are kept at 0.3um, 2um, 2,
0.8um, 30um ,and 360um, respectively. Stacking number was from 1 to 10 in this test.

There are three types (type A, type B, and type C) of the guard ring layouts to surround
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the stacked PMOSs, as shown in Fig. 3.32, where 3-PMOSs stacked structure is demonstrated.

Guard rings are composed by a HV-NWELL ring and a HV-PWELL ring. Fig. 3.33 show the

schematic of 3-PMOSs.

Anode
Anode Anode
PMOS in PMOS in PMOS in
NWELL NWELL NWELL
N-RING N-RING R
PW PW
PMOS in PMOS in PMOS in
NWELL NWELL NWELL
L__N-RING | NRING BT
PW PW
PMOS in PMOS in PMQS in
NWELL NWELL NWELL
| HEING — | NENG | NEING
Cathode Cathode Cathode
Type A Type B Type C
@) (b) ©)

Fig. 3.32 The three types of guard-ring layout for 3-PMOSs stacked structure, (a) type A

(typical), (b) type B, and (c) type C
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Fig. 3.33 The schematic of 3-PMOSs in BCD process
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The cross-sectional view of stacked structure with two LV PMOSs is shown in Fig. 3.34.

The cross-sectional view of type A (typical) is shown in Fig. 3.34(a). The cross-sectional

view of type B is shown in Fig. 3.34(b). The cross-sectional view of type C is shown in Fig.

3.34(c).
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Fig. 3.34 The cross-sectional views of stacked structure with two LV PMOSs drawn (a) type

A (typical), (b) type B (12um), and (c) type C (12um)
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In type A (typical), the HV-PWELL ring is usually tied to the lowest potential point, and
the HV-NWELL ring is tied to relative high potential point. In type B and type C, the
HV-NWELL ring is tied to relative high potential point. The spacing between each
HV-NWELL ring in the type B is 12um. The HVYNW spacing spites from 12um to 2um, and
the PWELL under the STI is connected between two HV-NWELL rings. The spacing
between each HV-NWELL ring in the type C is 12um. The HVNW spacing spites from 12um
to 9um, and the length of the PWELL spites from 4um to 1pum. The position of the PWELL is
under middle of the STI between two HV-NWELL rings. The transmission line pulse (TLP)
and ESD tester are used to verify the stacked PMOSs with different guard ring layouts for HV

applications.

3.3.2 Experiment Results

The TLP measured I-V characteristics of type A (typical stacked LV PMOSs) are shown
in Fig. 3.35. The total holding voltage of stacked. PMOSs is the multiple of the holding
voltage of single PMOS. The total trigger voltage.of stacked PMOSs is also the multiple of
the trigger voltage of single PMOS. The secondary breakdown current (ly,) of stacked PMOSs
are almost the same in spite of different stacking numbers. The detailed characteristics of type
A (typical stacked LV PMOSs) are listed in Table 3.13.

The TLP measured I-V characteristics of type B are shown in Fig. 3.36. The spacing
between each HV-NWELL ring is 12um. The detailed characteristics of type B (12um) are
listed in Table 3.14. The TLP measured I-V characteristics of type B (10um) are shown in Fig.
3.37. The detailed characteristics of type B (10um) are listed in Table 3.15. The TLP
measured 1-V characteristics of type B (8um) are shown in Fig. 3.38. The detailed
characteristics of type B (8um) are listed in Table 3.16. The TLP measured |-V characteristics
of type B (6um) are shown in Fig. 3.39. The detailed characteristics of type B (6um) are listed

in Table 3.17. The detailed characteristics of type B (4um) are listed in Table 3.18. The
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detailed characteristics of type B (2um) are listed in Table 3.19.
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Fig. 3.35 The TLP-measured I-V characteristics of type A (typical stacked LV PMOSs)

Table 3.13
The measurement data of type A (typical stacked LV PMOSs)

TLP DC (#) ESD (%)

Vi (V) | Va(V) I (A) | BV (V) |HBM (kV) | MM (V)
1 unit 8.67 8.47 2.51 8.2 45 300
2 units 17.3 16.94 2.56 16.5 5 300
3 units 2585 | 25.39 2.52 249 5 350
4 units 3488 | 33.83 2.56 324 5.5 350
5 units 4412 | 42.27 2.51 405 5 350
6 units 5287 | 5062 25 486 5 400
7 units 61.33 | 59.24 2.57 56.6 5 400
8 units 69.88 | 67.77 2.54 64.8 5 400
9 units 7829 | 76.24 2.51 73 5 450
10 units 87.25 | 84.98 2.71 81 5 450

#DCBV:I=1pA  *ESD failure criteria: I-V curve shift = 10%
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Fig. 3.36 The TLP-measured I-V characteristics of type B (12um)
Table 3.14
The measurement data of type B (12um)
TLP DC (#) ESD (%)
Vu (V) | Vi(V) l2(A) | BV (V) |HBM (kV) | MM (V)
1 unit 8.75 8.54 2.49 8 5 300
2 units 17.66 17.18 2.66 16.1 55 300
3 units 26.42 25.37 2.54 24.2 55 300
4 units 34.76 34.16 2.53 32.3 5 350
5 units 4342 42 52 2.45 404 5 350
6 units 52.36 51.33 2.95 48 .4 5 350
7 units 61.59 60.09 2.5 52 - -
8 units 70.12 68.26 2.6 52 - -
9 units 78.25 77 2.58 52 - -
10 units 87.68 85.78 2.64 52 - -

#DCBV:I1=1pA

*ESD failure criteria: I-V curve shift = 10%
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Fig. 3.37 The TLP-measured I-V characteristics-of type B-(10um)
Table 3.15
The measurement data of type B (10um)
TLP DC (#) ESD (%)
Vu (V) | Vi(V) l2(A) | BV (V) |HBM (kV)| MM (V)
2 units 17.62 17.07 2.59 16.1 55 300
3 units 26.55 25.65 2.59 24.2 5 300
4 units 34.83 34.11 2.58 32.3 5 350
5 units 43.57 42.8 2.6 40.5 55 350
6 units 52.25 51.09 2.49 48.4 5 350
T units 61.53 59.75 2.47 51.2 - -
8 units - - - 91.2 - -
9 units - - - 514 - -
10 units - - - 516 - -

#DCBV:I=1pA  *ESD failure criteria: I-V curve shift > 10%
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Fig. 3.38 The TLP-measured I-V characteristics of type B (8um)
Table 3.16
The measurement data of type B (8um)
TLP DC (#) ESD (%)
Vi (V) | Vi(V) Ia(A) | BV (V) |HBM (kV) | MM (V)
2 units 17.51 16.97 2.47 16.2 5.5 300
3 units 26.36 25.34 2.56 24.3 5 300
4 units 34.78 34 2.69 324 5 350
5 units 43.38 42.53 2.6 40.5 5 350
6 units 52.03 50.85 2.59 486 5 350
7 units - 51 - -
8 units - 51.2 - -
9 units 514 - -
10 units 514 - -

#DCBV:I=1pA

*ESD failure criteria; I-V curve shift = 10%
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Fig. 3.39 The TLP-measured I-V characteristics of type B (6um)

Table 3.17
The measurement data of type B (6pm)

TLP DC (#) ESD (*)
Vu(V) | Va(V) | k(A) | BV (V) |HEM (kV) MM (V)
2 units 17.54 17.05 2.62 16.1 5 300
3 units 26.38 25.31 2.51 24.3 5 350
4 units 34.74 34.35 2.62 32.4 S 350
5 units 43.38 42.67 2.53 40.5 5 350
6 units 5217 50.97 2.48 48.2 5 350
7 units - - - 494 - -
8 units - - - 48.8 - -
9 units - - - 20 - -
10 units - - - 50.2 - -

#DCBV:I=1pA  *ESD failure criteria: I-V curve shift = 10%
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Table 3.18

The measurement data of type B (4um)

TLP DC (#) ESD (%)
Vu(V) | Vu(V) | l(A) | BV(V) |HBM (kV)| MM (V)
2 units - - - 11.8 - -
3 units - 19.9 - -
4 units - 28.1 - -
5 units - 36.3 - -
6 units - 41.6 - -
7 units - 43 - -
8 units - 44 - -
9 units 44.4 - -
10 units 44.8 - -
#DCBV:I1=1pA
Table 3.19
The measurement data of type B (2um)
TLP DC (#) ESD (%)
Vi (V) | Vn(V) | 1a(A) | BV(V) |HBM (kV)| MM (V)

2 units - - - 8 - -
3 units - 8 - -
4 units - 8.1 - -
5 units - - - -
6 units - - - -
7 units - - - -
8 units - - - -
9 units - - -
10 units - - -

#DCBV:I=1pA
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The TLP measured I-V characteristics of type C (12um) are shown in Fig. 3.40. The
spacing between each HV-NWELL ring is 12um. The length of the PWELL is 4um, and the
position of the PWELL is under the middle of the STI between two HV-NWELL rings. The

detailed characteristics of type C (12um) are listed in Table 3.20.
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Fig. 3.40 The TLP-measured I-V characteristics of type C (12um)
Table 3.20
The measurement data of type C (12um)
TLP DC (#) ESD (*)
Va(V) | Va(V) | 1e(A) | BV(V) |HBM (kv)| MM (v)
1 unit 8.72 8.51 2.5 8 5 300
2 units 17.6 16.98 2.55 16.1 5 300
3 units 26.45 25.41 2.56 24.2 5.5 300
4 units 34.79 34.03 2.59 33.2 5 350
5 units 43.43 42.56 2.48 40.5 5 350
6 units 51.96 50.9 2.58 49.2 5 350
7 units 60.86 59.64 2.6 56.6 5 400
8 units 70.13 68.28 2.59 64.8 5 400
9 units 78.82 76.58 2.44 72.8 5 400
10 units 87.9 85.17 2.48 80.8 5 450

#DCBV:I=1pA

*ESD failure criteria: I-V curve shift = 10%




The TLP measured I-V characteristics of type C (11um) are shown in Fig. 3.41. The

length of the PWELL is 3um. The detailed characteristics of type C (11um) are listed in Table

3.21.
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Fig. 3.41 The TLP-measured I-V characteristics of type C (11um)
Table 3.21
The measurement data of type C (11um)

TLP DC (#) ESD (%)
Vie(V) | Va(V) | lu(A) | BV(V) |HEM (kV) | MM (V)
2 units 1756 | 16.99 | 2.54 16.2 5 300
3 units 2633 | 2532 | 255 242 5 300
4 units 3469 | 3393 | 258 32.4 5 350
5 units 4341 | 4243 | 246 405 5 350
6 units 5189 | 5097 | 244 486 5 350
7 units 60.94 | 59.48 26 56.6 5 400
8 units 7008 | 6832 | 259 64.8 5 400
9 units 7918 | 7666 | 258 72.8 5 400
10 units 8792 | 8532 | 248 81 5 450

#DCBV:I=1pA  *ESD failure criteria: I-V curve shift = 10%
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The TLP measured I-V characteristics of type C (10um) are shown in Fig. 3.42. The

length of the PWELL is 2um. The detailed characteristics of type C (10um) are listed in Table

3.22.
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Fig. 3.42 The TLP-measured I-V characteristics-of type C(10um)
Table 3.22

The measurement data of type C (10pum)

TLP DC (#) ESD (%)

Vi (V) | Va(V) I.(A) | BV (V) |HBM (kV) | MM (V)
2 units 1753 | 16.96 | 253 16.1 5 300
3 units 2639 | 25.33 | 263 243 5 300
4 units 34.71 339 2.59 32.3 5 300
5 units 4342 | 4273 26 405 5 350
6 units 5221 | 5117 | 252 484 5 350
7 units 61 59.48 | 2.49 56.6 55 400
8 units 69.98 | 68.02 | 263 64.8 5 400
9 units 7895 | 7656 | 2.56 72.8 5 400
10 units 87.91 85.1 2.45 81 5 450

#DCBV:I=1pA

*ESD failure criteria: I-V curve shift = 10%
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The TLP measured I-V characteristics of type C (9um) are shown in Fig. 3.43. The

length of the PWELL is 1um. The detailed characteristics of type C (9um) are listed in Table

3.23.
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Fig. 3.43 The TLP-measured I-V characteristics of type C (9um)
Table 3.23
The measurement data of type C (9um)
TLP DC (#) ESD (%)
Ve (V) | Va(V) | le(A) | BV(V) |HBM (kV)| MM (V)
2 units 17.58 17.03 2.52 16.1 5 300
3 units 26.42 25.32 2.51 24.2 5 300
4 units 34.82 33.92 2.59 324 5 350
5 units 43.43 42.5 2.61 40.5 5 350
6 units 52.02 50.91 2.55 493 5 350
7 units 61.09 59.54 2.57 56.6 5 400
8 units 69.83 68.14 2.56 64.8 5 400
9 units 79.2 76.55 2.43 74 5 400
10 units 88 85.35 2.53 81 5 450

#DCBV:I=1pA  *ESD failure criteria: I-V curve shift = 10%
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From table 3.14, table 3.15, table 3.16, and table 3.17 (type B), the DC breakdown
voltages of 7-PMQOSs are limited by HV-NWELL/PWELL junction. The numbers of stacked
PMOSs are 8, 9, and 10, DC breakdown voltages are also limited by HV-NWELL/PWELL
junction. From table 3.18, and table 3.19, the DC breakdown voltages of stacked PMOSs are
lower. Due to the spacings of HV-NWELL and another HV-NWELL are too closer, the DC
breakdown voltages of stacked PMQOSs are not the multiple of the DC breakdown voltage of
single PMOS.

From table 3.20, table 3.21, table 3.22, and table 3.23 (type C), the DC breakdown
voltages of stacked PMOSs are the multiple of the DC breakdown voltage of single PMOS.
The total holding voltage of stacked PMOSs is the multiple of the holding voltage of single
PMOS. The total trigger voltage of stacked PMQOSs is also the multiple of the trigger voltage
of single PMOS. The secondary breakdown-current (lz) of stacked PMOSs are almost the

same in spite of different stacking numbers.

3.3.3 Discussion

The TLP measured 1-V curves of 2-PMQOSs with the three types of guard ring layout are
shown in Fig. 3.44. The detailed characteristics of 2-PMOSs with different types of guard ring
layout are listed in Table 3.24.

Table 3.24 also shows area information. Guard rings occupy lots of area. The total area
are composed by LV PMOS area and guard ring area. Higher Iy, smaller total area and higher
Vy, are important for the stacking purpose, so combine these parameters into the factor, (I, X
Vp)/A, for evaluating performance.

The TLP measured I-V curves of 3-PMOSs with the three types of guard ring layout are
shown in Fig. 3.45. The detailed characteristics of 3-PMOSs with different types of guard ring

layout are listed in Table 3.25.
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Fig. 3.44 The TLP-measured I-V characteristics of 2-=PMOSs with different types of layout

Table 3.24

Area information and-comparison of 2-PMOSs

2 unit | HYNW DC |TLP Area (pm?) k2 (leX Vi)/
spacing | BV (V) |le v |Guard | Total | (10rmmm | (10:VANE)
(Hm) (A) ring

TypeA | 12 16.5 256 | 4350 |9398 13748 | 1.86 31.51

TypeB | 12 16.1 255 4350 |5208 |[9558 |267 45.87
10 16.1 254 4350 |5055 [9405 |27 46.09

16.2 253 4350 |4902 |[9252 273 46.33

6 16.1 252 4350 |4750 [9100 |2.77 4723
4 11.8 - 4350 | 4597 8947 |- -
2 8 - 4350 |4444 8794 |- -

Type C | 12 16.1 266 | 4350 |6884 11234 | 2.37 40.24
11 16.2 259 4350 |6800 11150 | 2.32 39.42
10 16.1 247 4350 |6715 11065 | 2.23 37.82
9 16.1 262 4350 |6631 10981 | 2.39 40.7
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Fig. 3.45 The TLP-measured I-V characteristics of 3-PMOSs with different types of layout

Table 3.25

Area information and comparison of 3-PMOSs

3 unit HVNW B\E;CV ;rLP Area (um-) I'I'zc;,tal area Sllg:a}l;:;a
.(‘.‘»;)ri(;mg (V) (t;) LV S:;rd Total (108A/m2) | (108VA/m?2)
TypeA | 12 249 252 | 6525 13763 | 20288 | 1.24 31.48
Type B | 12 242 254 | 6525 |8270 14795 | 1.72 43.64
10 24.2 259 | 6525 |7964 14489 | 1.79 45.91
24.3 2.56 | 6525 |7659 14184 | 1.8 45.61
6 243 251 | 6525 | 7354 13879 | 1.81 45.81
Type C | 12 242 2.56 |6525 10495 17020 | 1.5 38.12
1 24.2 2.55 | 6525 10326 | 16851 | 1.51 38.23
10 243 263 | 6525 10157 | 16682 | 1.58 40.02
9 242 251 | 6525 |9989 16514 | 1.52 38.49
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The TLP measured 1-V curves of 4-PMQOSs with the three types of guard ring layout are
shown in Fig. 3.46. The detailed characteristics of 4-PMOSs with different types of guard ring

layout are listed in Table 3.26.
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Fig. 3.46 The TLP-measured I-V characteristics of 4-PMOSs with different types of layout
Table 3.26

Area information and comparison of 4-PMOSs

4 unit HVN‘:M B‘E;CV ;rLP Area (um?) !:'f:tal area Sll'g:(a}l;ia
?l:);c;mg (V) (t;) LV ﬁ:;rd Total (108 A/m2) | (108VA/m?)
TypeA | 12 324 2.56 | 8700 18129 | 26829 | 0.95 32.13
Type B | 12 32.3 2.53 | 8700 13332 | 22032 | 1.15 39.28
10 323 2.58 | 8700 10874 | 19574 | 1.32 45.03
324 2.69 | 8700 10416 19116 | 1.41 47.94
6 324 2.62 | 8700 9957 18657 | 1.4 48.09
TypeC | 12 332 259 | 8700 14106 | 22806 | 1.14 38.79
11 324 258 | 8700 13853 | 22553 | 1.14 38.68
10 32.3 2.59 | 8700 13599 | 22299 | 1.16 39.32
9 32.4 2.59 | 8700 13346 | 22046 | 1.17 39.69
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The TLP measured I-V curves of 5-PMQOSs with the three types of guard ring layout are
shown in Fig. 3.47. The detailed characteristics of 5-PMOSs with different types of guard ring

layout are listed in Table 3.27.
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Fig. 3.47 The TLP-measured I-V characteristics of 5-PMQOSs with different types of layout

Table 3.27

Area information and comparison of 5-PMOSs

5 unit | HYNW DC | TLP Area (um?2) k! (lex Vi)
spacing | BV(V) [lo [y | Guard | Total | (10oam | (10oVAIeE)
(um) (A) ring

Type A | 12 40.5 251 10875 |22494 | 33369 | 0.75 31.7

Type B | 12 404 245 | 10875 | 14394 | 25269 | 097 41.24
10 405 26 10875 | 13783 | 24658 | 1.05 44 94
8 405 26 10875 | 13172 | 24047 | 1.08 4593

405 253 110875 [ 12561 | 23436 | 1.08 46.08

Type C | 12 405 248 10875 (17716 | 28591 | 0.87 37.03
11 40.5 246 | 10875 (17379 | 28254 | 0.87 36.91
10 40.5 26 10875 | 17042 | 27917 |0.93 39.74
9 40.5 261 10875 [ 16704 | 27579 | 0.95 40.38
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The TLP measured 1-V curves of 6-PMOSs with the three types of guard ring layout are
shown in Fig. 3.48. The detailed characteristics of 6-PMOSs with different types of guard ring

layout are listed in Table 3.28.
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Fig. 3.48 The TLP-measured I-V characteristics-of 6-PMOSs with different types of layout

Table 3.28

Area information and comparison of 6-PMOSs

6 unit | HYNW DC |TLP Area (pm?) leo/ (leoX Vn)/
spacing | BV(V) |1, |y Guard | Total (Tf(}?L?.ZTS LOJ?Lzrz)
(um) (A) ring

TypeA | 12 48.6 2.5 13050 | 26859 | 39909 | 0.63 31.89

Type B | 12 48.4 2.55 [ 13050 | 17455 | 30505 |0.84 43.12
10 48.4 2.49 | 13050 [ 16692 | 29742 |0.74 37.81

48.6 259 | 13050 | 15929 | 28979 |0.89 45.26

6 48.2 2.48 | 13050 | 15165 | 28215 | 0.88 44.85

Type C | 12 49.2 258 | 13050 | 21327 | 34377 |0.75 38.18
11 48.6 2.44 | 13050 [ 20905 | 33955 |0.72 36.7
10 48 4 252 | 13050 | 20484 | 33534 |0.75 38.38
9 493 2.55 | 13050 |20062 |33112 |0.77 39.2
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The TLP measured I-V curves of 7-PMQOSs with the three types of guard ring layout are
shown in Fig. 3.49. The detailed characteristics of 7-PMOSs with different types of guard ring

layout are listed in Table 3.29.
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Fig. 3.49 The TLP-measured I-V characteristics of 7-PMOSs with different types of layout

Table 3.29

Area information and comparison of 7-PMOSs

7 unit | HYNW DC TLP Area (um?) o/ (lx Vi)
spacing | BV(V) I, |y Guard | Total | (100am | (10VAmE)
(um) (A) ring

TypeA | 12 56.6 257 | 15525 30925 | 46450 | 0.55 32.58

TypeB | 12 52 2.5 15525 | 20217 | 35742 | 0.7 42.06
10 51.2 247 | 15525 | 19301 | 34826 | 0.71 42 .42

51 - 15525 | 18385 | 33910 |- -

6 494 - 15525 | 17469 | 32994 |- -

TypeC | 12 56.6 26 15525 | 24638 | 40163 | 0.65 38.77
11 56.6 26 15525 | 24132 | 39657 | 0.66 39.26
10 56.6 249 | 15525 | 23626 | 39151 | 0.64 38.07
9 56.6 257 | 15525 | 23120 | 38645 | 0.67 39.89
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The TLP measured I-V curves of 8-PMOSs with the three types of guard ring layout are
shown in Fig. 3.50. The detailed characteristics of 8-PMOSs with different types of guard ring

layout are listed in Table 3.30.
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Fig. 3.50 The TLP-measured I-V characteristics:-of 8-PMOSs with different types of layout

Table 3.30

Area information and comparison of 8-PMOSs

8 unit | HVNW DC | TLP Area (um?2) o/ (lox Vi)/
spacing | BV(V) [l [Lv | Guard | Total | (10smmm | (10svame
(Hm) (A) ring
TypeA | 12 64.8 254 | 17400 | 35590 | 52990 |(0.48 32.53
Type B | 12 52 2.6 17400 | 23579 | 40979 | 0.63 43
10 51.2 - 17400 | 22511 | 39911 |- -
51.2 - 17400 | 21442 | 38842 |- -
6 48.8 - 17400 | 20373 | 37773 |- -
TypeC | 12 64.8 259 | 17400 | 28548 | 45948 | 0.56 38.24
11 648 259 | 17400 | 27958 | 45358 | 057 38.94
10 64.8 263 | 17400 | 27368 | 44768 | 0.59 40.13
9 64.8 256 | 17400 | 26777 |44177 | 0.58 39.52
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The TLP measured I-V curves of 9-PMQOSs with the three types of guard ring layout are
shown in Fig. 3.51. The detailed characteristics of 9-PMOSs with different types of guard ring

layout are listed in Table 3.31.
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Fig. 3.51 The TLP-measured I-V characteristics of 9-PMOSs with different types of layout

Table 3.31

Area information and comparison of 9-PMOSs

9 unit | HYNW DC TLP Area (um?) o/ (lox Vi)
spacing | BV (V) |l [Lv  |Guard | Total | (10same | (10svame
(Hm) (A) ring

TypeA | 12 73 2.51 | 19575 | 39955 | 59530 | 042 32.02

TypeB | 12 52 2.58 | 19575 | 26641 | 46216 | 0.56 4312
10 514 - 19575 | 25420 | 44995 | - -
8 514 - 19575 | 24198 |43773 | - -

50 - 19575 | 22977 | 42552 | - -

Type C | 12 72.8 2.44 | 19575 | 32159 | 51734 | 047 35.99
11 72.8 258 | 19575 | 31484 | 51059 | 0.51 391
10 728 256 | 19575 | 30810 | 50385 | 0.58 44 4
9 74 243 | 19575 | 30135 | 49710 | 049 3751
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The TLP measured I-V curves of 10-PMOSs with the three types of guard ring layout are
shown in Fig. 3.52. The detailed characteristics of 10-PMOSs with different types of guard

ring layout are listed in Table 3.32.

3
| @
—=—A_PMOS x10 \%-
25 | C_PMOS x10_HVNW_12um
g | —C_PMOSx10_HVNW_11um
—
< —=—C_PMOS x10_HVNW_10um
=15
o
|:I ——C_PMOS x10_HVNW_Sum
1 L
05 |
0 "l e " " -y o

0O 10 20 30 40 5 6 70 80 9 100 110 120 130
TLP V (V)

Fig. 3.52 The TLP-measured I-V characteristics-of 10-PMOSs with different types of layout

Table 3.32

Area information and comparison of 10-PMQOSs

10 unit|[HYNW | DC |[TLP Area (um?) bl (I Vi)
spacing | BV (V) [lo [V |Guard | Total | roramm | (10svame
(Hm) (A) ring
Type A |12 81 271 |21750 | 44321 | 66071 | 0.41 34.84
Type B |12 52 264 | 21750 | 29703 | 51453 | 0.51 43.75
10 516 |- 21750 | 28329 | 50079 | - -
8 51.4 |- 21750 | 26955 | 48705 | - -
6 502 |- 21750 | 25581 | 47331 | - -
Type C |12 808 |2.48 |21750 | 35770 | 57520 | 0.43 36.62
11 81 2.48 |21750 | 35011 | 56761 |0.44 37.54
10 81 2.45 |21750 | 34252 | 56002 | 0.44 37.44
9 81 2,53 | 21750 | 33493 | 55243 | 0.46 39.26
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From above tables, the numbers of stacked PMQOSs are from two to six, the type B of
guard ring layout is good choice for ESD protection. The factor, (Il X Vp)/A, of the type B
gets higher value, and the value of the type A is smallest. The type B performs best in this
factor, and is suitable for the number of stacked PMOSs from two to six. However, the
numbers of stacked PMQOSs are from seven to ten, the DC breakdown voltages of stacked
PMOSs are lower than expected supply voltages. The type C performs best in this factor, and

is suitable for the number of stacked PMOSs from seven to ten.

Table 3.33 shows the type A (typical) for stacked PMOSs can multi-finger uniform
turn-on. Table 3.34 shows the type B (12um) for stacked PMOSs can multi-finger uniform
turn-on. Table 3.35 shows the type C (12uwm) for stacked PMOSs also can multi-finger

uniform turn-on.

Table 3.33
Multi-finger-.uniform turn-on of type A (typical)

Vu (V) | V,4(V) | lp(A) | Total Area |l (loX Vi)
( mz) Total area Total area

H (108A/m2) | (108VA/m2)
2 units 17.3 16.94 2.56 13748 1.86 31.51
3 units 25.85 25.39 2.52 20288 1.24 31.48
4 units 34.88 33.83 2.56 26829 0.95 32.13
5 units 4412 42.27 2.51 33369 0.75 31.7
6 units 52.87 50.62 25 39909 0.63 31.89
7 units 61.33 59.24 2.57 46450 0.55 32.58
8 units 69.88 67.77 2.54 52990 0.48 32.53
9 units 78.29 76.24 2.51 59530 0.42 32.02
10 units 87.25 84.98 2.71 66071 0.41 34.84
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Table 3.34
Multi-finger uniform turn-on of type B (12um)

;sg::':ng (um?) (108A/m2) | (108VA/m?)
2 units 17.66 17.18 2.66 9558 267 45 87
3 units 26.42 25.37 2.54 14795 1.72 43.64
4 units 34.76 34.16 2.53 22032 1.15 39.28
5 units 43.42 42.52 2.45 25269 0.97 41.24
6 units 52.36 51.33 2.55 30505 0.84 4312
Table 3.35
Multi-finger uniform turn-on of type C (12um)
HVN\.N Vu (V) Vo (V) 2 (A) TOtazI Area I';'i;'tal area Sll'gra:,;:";a
;szp::':ng (um?) (108A/m2) | (108VA/m2)
2 units 17.6 16.98 2.55 11234 2.37 40.24
3 units 26.45 25.41 2.56 17020 1.5 38.12
4 units 34.79 34.03 2.59 22806 1.14 38.79
5 units 43.43 42.56 2.48 28591 0.87 37.03
6 units 51.96 50.9 2.58 34377 0.75 38.18
7 units 60.86 59.64 26 40163 0.65 38.77
8 units 7013 68.28 2.59 45948 0.56 38.24
9 units 78.82 76.58 2.44 51734 0.47 35.99
10 units 879 8517 2.48 57520 0.43 36.62

From above tables, the factor, (I, x Vh)/A, of the type A almost gets same value. The
type B and the type C also gets similar value, respectively. The stacked PMOSs with different

guard ring layout types can turn-on uniformity. It is good for high-voltage ESD protection.
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The holding voltages (Vn) and secondary breakdown current (l,) of stacking number

_type A are shown in Fig. 3.53.
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Fig. 3.53 The V;, and Iy, of stacked PMOSs with the type A of guard ring layout

The holding voltages (Vy) and secondary- breakdown current (l) of stacking number

_type B are shown in Fig. 3.54.
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Fig. 3.54 The V; and Iy, of stacked PMOSs with the type B of guard ring layout
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The holding voltages (Vn) and secondary breakdown current (l,) of stacking number

_type C are shown in Fig. 3.55.
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Fig. 3.55 The V; and Iy, of stacked PMOSs with the type C of guard ring layout

In the three types of different guard ring layout, the total holding voltage of stacked

PMOSs is the multiple of the holding voltage of single PMOS. The secondary breakdown

current (l,) of stacked PMOSs are almost the same in spite of different stacking numbers. The

type B and type C can reduce the layout area, and they have the same ESD robustness with

the type A.

For high-voltage ESD protection, the TLP measured I-V curves of 60V ESD devices are

shown in Fig. 3.56. 60V ESD devices include the 60V typical HV PMOS and the type

C _PMOS x8 HVNW_12um. The 60V typical HV PMOS is drawn with the total width of

5000um and a channel length of 0.45um. Each LV PMOS in the stacked configuration is

drawn with the total width of 360pum and a channel length of 0.8um. The detailed

characteristics of 60V ESD devices are listed in Table 3.36.
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Fig. 3.56 The TLP-measured I-V characteristics of 60V ESD devices

Table 3.36
Summary of 60V ESD devices

DC TLP ESD (wafer | Size
level)
Vep @1pA | Vi (V) | Vi (V)| I (A)| HBM MM Total lia! (l2x
(V@1uA) (+) (kV)| (#) (V)| Area | Total | Vi)/
(108 area
Alm2) | (108
VA/m2)
60 | Typical HV 872 839 - 0 =05 =50 47624 - -
v | PMOS
WIL=5000um/S
0.45um
PMOS x8 - 64.8 7013 | 6828 | 239 |5 400 45948 0.36 36.24
type C (12pm)
WL=380pm/0.8pm

For high-voltage ESD protection, the TLP measured I-V curves of 80V ESD devices are
shown in Fig. 3.57. 80V ESD devices include the 80V typical HV PMOS and the type

C_PMOS x10_HVNW_12um. The 80V typical HV PMOS is drawn with the total width of
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5000um and a channel length of 0.45um. Each LV PMOS in the stacked configuration is
drawn with the total width of 360um and a channel length of 0.8um. The detailed

characteristics of 80V ESD devices are listed in Table 3.37.
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Fig. 3.57 The TLP-measured I-V characteristics of 80V ESD devices

Table 3.37
Summary of 80V ESD devices

DC TLP ESD (wafer Size
level)
Vep @1UA |V (V) | Vi (V)| 1o(A)| HBM | MM (+)| Total |le/ | (lex Vi)/
vV @1 +) (kV Area( | Tetal | Total area
(V@1pA) (+) (kV) | (V) umzl( area | (10°vAM?)
(108
A/m?)
80 | Typical HV 103 10026 | - 0.01 | <05 =50 65474 | 0.02
vV | PMOS
WIL=5000pm/
0.45um
PMOSx10- | 80.8 87.9 8517 | 248 |5 450 57520 | 043 | 3662
type C (12pm)
WIL=380pm/0.Bum
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The typical HV devices have larger layout area, but they have lower ESD robustness.
After the trigger voltages, the typical HV devices are failed. However, stacked PMOSs have
high holding voltage and good ESD robustness. The stacked PMOSs are the best choice for

HV ESD protection.

3.4 Summary

Stacked PMOSs with different guar-ring layouts has been investigated in a 0.5-um HV
process for HV applications. From above results with TLP-measured I, and ESD test, the
type D among the four types of guard-ring layout is the best choice for the stacked PMOSs
structure for HV ESD protection. The stacked PMOSs with guard-ring layout of type D can
achieve both of good ESD robustness and high latchup-free immunity with reasonable total
layout area.

Stacked PMOSs were verified ina VIS 0.25-pum BCD . process. From the chapter 3.3, the
type B and type C have same ESD robustness with the type A (typical), but they have smaller
layout area. By adjusting the stacking numbers of stacked PMQOSs, it can provide effectively
ESD protection for various HV applications. The stacked configuration of LV PMQOSs with
optimized guard-ring layout is recommended for on-chip ESD protection design in HV IC

products.
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Chapter 4

Conclusions and Future Work

4.1 Conclusions

Stacked PMOSs have been verified their good ESD robustness with high holding voltage.
The dependence of layout parameters on ESD robustness of stacked LV PMQOSs. In this work,
the stacked LV PMOS devices have been successfully verified in a VIS 0.5-um HV process
and 0.25-pum 80V BCD process. Stacked LV PMOSs have better ESD robustness in different
HV process.

Stacked PMOSs with different guar-ring layouts has been investigated in a 0.5-um HV
process for HV applications. From' the chapter 3.1.and 3.2, the stacked PMOSs with
guard-ring layout of type D can achieve both of good ESD robustness and high latchup-free
immunity with reasonable total layout area. By adjusting the stacking numbers of stacked
PMOSs, it can provide effectively ESD protection for various HV applications. Stacked
PMOSs with different guar-ring layouts has been investigated in a 0.25-um BCD process for
HV applications. The ESD devices should be surrounded by the guard ring in real circuit
application. The ESD device can reduce the layout area, and it can achieve same ESD

robustness and high latchup-free immunity.

4.2 Future Work
4.2.1 New Type Device

The cross-sectional view of stacked structure with two LV PMOSs is shown in Fig. 4.1.
The new type device have not PWELL under the STI. The DC breakdown voltage is not
limited by HYNW/PWELL junction. The spacing between each HV-NWELL ring in the new

type is 12um. The HVNW spacing spites from 12um to 4um.
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Fig. 4.1 The cross-sectional views of new type stacked structure with two LV PMOSs drawn

4.2.2 Guard Ring in Real Circuit Application

In chapter 3.3, the type C of guard ring layout can reduce layout area, and they also have
good ESD robustness. In addition, the ESD devices should be surrounded by the P+ guard
ring in real circuit application. The ESD device without the P+ guard ring can reduce the
layout area, but it might cause the latchup issue under-the normal circuit operation. The top
view of new structure is shown in Fig. 4.2. The spacing between HV-NWELL ring and P+

guard ring in new type need to spite.

Anode

PMOS in
NWELL B

N-RING

PMOS in
NWELL

L__N.RING |

PMOS in
NWELL

N-RING

P-RING

Cathode

Fig. 4.2 The top view of new type stacked structure in real circuit application
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