CEEE LI S SR Ty

g R gL

Ji * 3T 5} NBSRT R R F R ORT P ER

On-Chip ESD Protection Design for Output Driver Applications




e fEFaR R L

DRES L F T X R T Y R

Abstract (Chinese)

@_
~E
=
T\4
XN
=3
3

=
(e
bl

P T B A T T A
TH T AR AR ¢
ERWTBSIT o A R SR

& 0.18um 1.8V/3.3V CMOS @42 T §F I o 5 i 7 %

P32 %;‘;5"":&,/?] f:‘

e:n

KRR ARLEL g o 53 AR 2KV en A R R
ST HRBEBFLRCRIPPEHEALLATETLR S G Ahe Ryt mﬁi%]

>

Mgt B e » 5N L E (Embedded SCR) o — 74| e#2 T % T 7

EaPGAKf Nk Lol AET T HpEL 4 o R E A 0.18um 1.8V/3.3V
=78

CMOS @AT R R AH 2 TR NP R E

TRT o ot L HEFT T O EL Y O BP TR DRI E



On-Chip ESD Protection Design for Output Driver
Applications

Student : Yan-Lian Chiu Advisors : Dr. Chun-Yu Lin

Department of Electrical Engineering

National Taiwan Normal University

Abstract (English)

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

In the application of integrated circuit, several novel ESD protection devices are
designed in this work. By designing the structure, this work has been fabricated in 0.18-
um 1.8V/3.3V CMOS process. In the experimental results, this design can achieve large
swing tolerance and endure 2kV human-body-model (HBM) test.

In order to verify the protection ability of ESD protection device on the circuits, a
novel design of stacked-device output driver with embedded silicon-controlled rectifier
(SCR) is proposed to improve the ESD robustness. This work has been fabricated in
0.18-um 1.8V/3.3V CMOS process. Besides, the transient behaviors of the proposed
design during normal operation are not degraded. Therefore, the proposed design can be
used to improve the ESD robustness of stacked-device output driver.

Keywords: electrostatic discharge (ESD), output driver, silicon-controlled rectifier
(SCR).
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Chapter 1

Introduction

1.1 Background of ESD

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

referred to as ground, then spontaneously discharges as an electrical current impulse

[1].

1.2 Models of ESD

Atypical specification for acommercial IC on ESD robustness is 2kV for the human-
body-model (HBM) and 200V for the machine-model (MM) [2]-[4]. The equivalent
circuits of HBM and MM ESD tests are shown in Fig. 1.1 and Fig. 1.2, respectively. In
the equivalent circuits of HBM ESD test, a 100 pF capacitor represents the charged
human body and the 1.5kQ resistor is used to model the discharging resistance of human
body. In the MM ESD test, the circuit component is a 200 pF capacitor with no resistive
component. HBM is the most prevalent ESD event model and widely used as a basic

ESD protection standard for the semiconductor products at industry.
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Fig. 1.1. Equivalent circuits of HBM ESD test.
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Fig. 1.2. Equivalent circuits of MM ESD test.



1.3 Typical Design of On-Chip ESD Protection Circuits

ESD failure is the major electronics reliability problems at system level and
component. Industrial standards require satisfactory on-chip ESD protection for all ICs
and systems, which becomes a constantly increasing IC design challenge for complex
ICs using advanced IC technologies [5].

With the design of considering the possible ESD damage sites, the ESD discharging
current paths need to be created and constructed. The Typical Design of On-Chip ESD

Protection Circuits is shown in Fig. 1.3.

VDD

Q =

Input output | & 3
2 =sb Internal Eeb e
— Protection — . : — Protection |— 04 o
N Circuits N o=

Circuit Circuit T €

s ®©

8 O

VSS

Fig. 1.3. Typical design of on-chip ESD protection circuits.

The ESD-testing modes at input-output (1/0) pads with respect to Vpp or Vss pins,
pin-to-pin and the Vpp-to-Vss ESD stresses have been specified to judge the whole-
chip ESD robustness. Under the ESD-stress condition, the Vpp-to-Vss ESD clamp
circuit can provide a low impendence path to discharge the ESD current between the

Voo and Vss power lines.



1.3.1 ESD Protection Design with Diodes

Diode is widely used as ESD protection. Both its reverse and forward operational
mode can be used to conduct ESD current. For reverse biased diode, it has smaller
current conduction ability and need to deplete large area to reach the prospective
protection specification. For forward biased diode, it is always assisted with power-rail
ESD clamp circuits together to realize a rail based protection. Fig. 1.4 show the ESD
stress modes on 1/O pads. When positive electrostatic discharge form 1/0 PAD to Vss
(positive-to-Vss, PS), electrostatic current will flowing through the Dp and then
discharge by the power-rail ESD clamp circuit. When negative electrostatic discharge
form I/O PAD to Vss (negative-to-Vss, NS), electrostatic current will discharge by the
forward bias Dn. When positive electrostatic discharge form 1/0 PAD to Vop (positive-
to-Vpp, PD), electrostatic current will discharge by forward bias De. When negative
electrostatic discharge form 1/0O PAD to Vpp (negative-to-Vpp, ND), electrostatic
current will flowing through the power-rail ESD clamp circuit and discharge by the

forward bias Dn.

PD VDD ND

o
110 =
PAD 'i_J e
Internal ® O

; . (14
Circuits i g—

(<))
Dy 80
[ =

NS V PS
SS

Fig. 1.4. ESD protection design with diodes.
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1.3.2 ESD Protection Design with GGNMOS
A gate-grounded NMOS (GGNMOS) is widely used in ESD protection. GGNMOS,
structure is made from the standard NMOS structure by grounding the gate terminal [6].
Fig. 1.5 also marked the electrostatic discharge path when this circuits is affected by
ESD stress. In all different ESD protection devices, GGNMOS is often used in the
industry. There are still several issues existed for the GGNMOS structures. Large layout
area is required due to its destitute protection reliability needs to be improved to

implement a high ESD protection.

VDD ND PD

110 I(% =
=

PAD o
X — 5 Internal O
| Circuits It o

3 S

L

o

Power-Rail

PS h:S VSS

Fig. 1.5. ESD protection design with GGNMOS.



1.3.3 ESD Protection Design with SCR

Silicon-controlled rectifier (SCR) device consists of a vertical PNP and a lateral NPN
bipolar transistors to form a 4-layer PNPN (P+/N-well/P-well/N+) structure, which is
instinctive in the CMOS processes. Due to have the low holding voltage (Vh, about
~1.5V in general CMOS processes) of SCR device [7], the power dissipation (power =
lespxVh) located on the SCR device during ESD stress is meaningful less than that
located on other ESD protection devices, such as the BJT, diode, and field-oxide device.
The SCR device can sustain a much higher ESD level within a smaller layout area in
CMOS ICs. Fig. 1.6 also marked the electrostatic discharge path when this circuit is

affected by ESD stress.

VDD ND PD

/O
PAD ¢
& p: | Internal
l Circuits N
=
SCR HE
P+ B0
x5
N-Well = o £
I = ®©
b (@]
P-well |- g ©
N+

PS NS VSS

Fig. 1.6. ESD protection design with SCR.



There are some ESD design issue. The first one is ESD design optimization and
prediction, which necessitate comprehensive mixed-mode ESD simulation to address
the complex coupling effects among process, device, circuit and layout. Second, ESD
protection device will introduce parasitic effects, such as resistance (Resp), capacitance
(Cesp), and leakage current (lieak), etc., which will unfavorably affect IC chip
performance [8].

To promise the effectiveness of an ESD protection design, it has been approved that
the 1-V characteristics of ESD protection devices should locate within the ESD
protection window. As shown in Fig. 1.7, the ESD protection window is defined that
trigger voltage (V1) should be smaller than breakdown voltage of internal circuits (Vep,
Internal) to ensure successful protection, and holding voltage (Vnoid) should be higher

than the operational voltage (Vpp) to avoid the a possible latch-up issue [9].

A

O

Current (A)

Internal circuit
Breakdown Voltage

10%~20%

I

Trigger Voltage
(Vi)

>
Vh<Vpp, Vi1>VEp, Internal
Latch-up issue Voltage (V) Fail to Protect

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



1.4 Applications for Output Driver

1.4.1 Architecture of Electrical Stimulator

As medical science and electronics engineering evolving, bioelectronics combined
the microelectronics technology with medicine knowledge results in a new generation
of therapy and healthcare. Nowadays, the stimulator that transmits artificial electrical
signals into nervous system to repair some physical functions of a human has been
investigated and verified [10]. Therapeutic electrical stimulation (TES) and functional
electrical stimulation (FES) systems have been developed for restoring function in
different applications such as cardiac pacing, vision restoration, muscle exercising and
suppression of epileptic seizure [11]-[13]. Comparing with the traditional treatments by
using surgery or medicine, the electrical stimulation is more harmless, flexible, and
recoverable [14], [15].

The output driver methodology about electrode configuration is classified into two
types: two leads per site (bipolar stimulation) and one lead per site (monopolar
stimulation). To realize the output driver, the usually used configurations of monopolar
and bipolar stimulators are shown in Figs. 1.8 and 1.9 [16], [17]. In Fig. 1.8, the
monopolar stimulator utilizes the dual supply voltages (Vun and Vi) with anodic and
cathodic output drivers to deliver anodic and cathodic stimulus currents. In Fig. 1.9, the
bipolar stimulator utilizes the single supply voltage (Vun) with single output driver

from Vuh.
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Fig. 1.8. Output driver with monopolar configuration.
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Fig. 1.9. Output driver with bipolar configuration.



The anodic and cathodic stimulus currents of the bipolar stimulator are generated by
reversing the current paths using switches. The monopolar stimulation is preferred over
a bipolar counterpart if the current is intended to spread over a wider area, and the
monopolar stimulation is usually more efficient than the bipolar stimulation [18]. For
multi-channel application, the number of interconnect leads between the stimulator and
tissue by monopolar type is a half of the number by bipolar type, reducing chip area of
contact pads . On the other hand, in the simultaneous stimulation using electrode arrays,
the bipolar stimulation is preferred to monopolar stimulation, as the former can reduce

crosstalk among neighboring sites [19].

1.4.2 ESD Protection Challenges

Biomedical electronics is becoming indispensible to health care solutions. Obviously,
reliability may be the most important affect for biomedical electronics because of its
life threatening nature, especially for portable and implantable devices.

For some biomedical electronics applications, the signal swing at input/output (1/0)
pads may be higher than the supply voltage (Vpp) or lower than 0V (GND) [20]. To
prevent from the reliability issues such as electrical overstress, the stacked MOS
configuration is used to design the biomedical integrated circuits in these applications.
Of course, the ESD protection devices at 1/0 pads also need to tolerate the signal swing

which is higher than Vpp or lower than 0V, as illustrated in Fig. 1.10.
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Fig. 1.10. Integrated circuits with large signal swing.

Because of its essence, biomedical electronics obviously requires robust ESD
protection. Various distinct ESD design challenges must be affected for biomedical ICs.
[21] - [23]. ESD has been considered as a major reliability in semiconductor industry
for. As CMOS technology scales down, design of ESD protection circuits becomes
more challenging. This is due to smaller channel lengths and thinner gate oxides in
advanced technologies that make them more sensitive to ESD damages. As a result,
design window for the ESD protection circuit becomes narrower. In the design of an
ESD protection circuit, in addition to ESD robustness, the interaction between the main

circuit and the protection circuit should be well understood.
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The ESD specifications of commercial IC products are generally required to be
higher than 2 kV in HBM ESD stress. In order to design a robust ESD protection circuit,
a deeper insight of the device behavior under high current and high voltage stress

conditions is required.

1.5 Thesis Organization

In Chapter 1, introduces the basic background knowledge of ESD protection design
and the thesis organization.

In Chapter 2, novel dual-directional silicon-controlled rectifier (DDSCR) ESD
protection devices will be introduced in detail. In this study, all testing devices are
fabricated in 0.18um CMOS process.

In Chapter 3, novel high-voltage output driver is successfully verified in 0.18um
CMOS process in the chapter, some simulation of the high-voltage output driver will
be introduced. Next, the novel high-voltage output driver will also be equipped with
the novel ESD protection devices to measure the ESD robustness of the circuits.

The last chapter, chapter 4, recapitulates the major consideration of this thesis and

concludes with suggestions for future investigation.
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Chapter 2
Novel Dual-Directional SCR in Output Stage with

Monopolar Configuration

2.1 Introduction

CMOS technologies are attractive to implement the integrated circuits for biomedical
electronics applications [24]-[26]. However, the transistors currently used in CMOS
technologies are vulnerable to electrostatic discharge (ESD) events, which is the major
reliability concern. In order to sustain the required ESD robustness, the on-chip ESD
protection devices must be added in the IC products. A typical specification for a
commercial IC on human-body-model (HBM) ESD robustness is 2 kV. If consider the
reliability of biomedical integrated circuits used on the human, the required ESD
robustness may be even higher.

The conventional ESD protection devices have the drawback of leakage current.
Fig. 2.1 shows the conventional ESD protection devices used in the CMOS
technologies, including diode, gate-grounded NMOS (GGNMOS), silicon-controlled
rectifier (SCR), and dual-directional SCR (DDSCR) [27]-[30]. A parasitic pn junction
exists in the conventional ESD protection devices with the common grounded
P-substrate, as shown in Fig. 2.1.

In this chapter, a novel ESD protection design for output stage is investigated in a

0.18-um 1.8V/3.3V CMOS process.
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Fig. 2.1. Cross-sectional view of conventional ESD protection devices: (a) diode,

(b) GGNMOS, (c) SCR, and (d) DDSCR.
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2.2 ESD Robustness of Stand-Alone Output Stage with

monopolar configuration

The stacked PMOS and NMOS of the output stage of electrical stimulator are shown
in Figs. 2.2(a) and 2.2(b), respectively. To investigate the 1-V characteristics of the
stand-alone output stage of electrical stimulator under ESD-like conditions, the
transmission line pulsing (TLP) system with a 10-ns rise time and a 100-ns pulse width
is used. The TLP-measured I-V curves of the test devices are shown in Fig. 2.3.

According to the test results, the stacked PMOS and NMOS under ESD-like
conditions can sustain up to 27V and 25V, respectively, without damage (increasing
leakage current). In other word, the additional ESD protection device must clamp the
overshoot voltage lower than 25V to prevent the electrical stimulator from ESD

damages.
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Fig. 2.2. Cross-sectional view of output stage of electrical stimulator: (a) stacked PMOS

and (b) stacked NMOS.
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Fig. 2.3. Measured TLP I-V curves of (a) stacked PMOS and (b) stacked NMOS.
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2.3 ESD Protection Design for Output Stage

2.3.1 DDSCR-Based Devices for CMOS On-Chip ESD Protection

A typical SCR device provides only one direction ESD protection path. The dual-
direction SCR (DDSCR) device can protect each 1/0 pad against ESD stress in the PS-
mode (positive-to-Vss), NS-mode (negative-to-Vop), PD-mode (positive-to-Vpp), and
ND-mode (negative-to-Vss) [31]. The device structure of a DDSCR device illustrated
in Fig. 2.4(a) is a symmetrical five-layer NPNPN structure comprising two vertical
NPN and one lateral PNP. Adding another layer of N+ isolation can avoid leakage
current issue of conventional ESD devices.

When a positive ESD pulse is applied to the anode of DDSCR and its cathode is
relatively grounded. The positive ESD current can be discharged through the current
pathl is shown in Fig. 2.4(b). Similarly, when a negative ESD pulse is applied to anode
of DDSCR with its cathode grounded, the negative ESD current can be discharged
through the current path2 is shown in Fig. 2.4(b). The DDSCR provides low holding

voltage and low impedance path to discharge the ESD current under every stress mode.
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Fig. 2.4 (a) The cross-sectional view of the dual-direction SCR structure, (b) Equivalent

circuit schematic of a SCR device.
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2.3.2 Novel Dual-Directional SCR

In this work, a novel dual-directional SCR (DDSCR) device for ESD protection in
biphasic output driver was proposed. This design can achieve low leakage, large swing
tolerance, and high ESD robustness.

Two kinds of layout of the DDSCR device are shown in Fig. 2.5. In the Figs. 2.5(a)
and 5(b), the SCR paths are divided into 4 and 8 segments, respectively. The SCR paths
consist of P+/P-well/N-well/P-well/N+. The SCR paths along A-A" and B-B' provide
the discharging path from 1/0 to GND and from GND to I/0, respectively, as shown in
Fig. 2.6. The distance between 1/0 and GND of SCR is wished to be minimized, so the
layout style with minimized “d” is used. The test devices have been fabricated in a 0.18-

um 1.8-V CMOS process. All the dimensions of test devices are listed in Table 2.2.

N N
P+ N+
P+ N+
A vA Al P A
B 4 N+ P+ ; B B ! ' B'
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P+ N+
N+ P+]]ls
N+ P+ IS
A 4 _F d L ¥ K d ]

(a) (b)

Fig. 2.5. Layout top view of DDSCR1 with (a) 4 segments and (b) 8 segments.
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In order to reduce the switching voltage of DDSCR1 device to provide more effective
ESD protection for the internal circuits, the DDSCR2 and DDSCR3 was invented. The
devices structure of the DDSCR2 and DDSCR3 are illustrated in Fig. 2.7 and Fig. 2.8.

The DDSCR2 and DDSCR3 devices are made by adding an N+ diffusion is inserted
into the N-well to lower the avalanche breakdown voltage of N-well/P-well junction.
The inserted N+ diffusions are connected out as the n-trigger nodes of the DDSCR2

and DDSCR3 devices.

110 GND 1/10 GND
A ? ? A' B ? ? B
STI Pt STI N+ STI STI * STI " STI
N- N- N- N- N- N-
wen|  PWell - Apwen|  PWell  fyyey wen|  PWell e  PWell e
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P-Substrate P-Substrate
_— —
1 [ R R | 1 [ R I 1
! X1 "x2' x3 "x2' X1 : U X1 "x2' x3 'x2' X1 !
(a) (b)
Fig. 2.6. Cross-sectional view of DDSCR1 along (a) A-A'and (b) B-B'.
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Fig. 2.7. Cross-sectional view of DDSCR2 along (a) A-A'and (b) B-B'.
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Fig. 2.8. Cross-sectional view of DDSCR3 along (a) A-A"and (b) B-B".

2.4 Experimental Results of novel DDSCR

2.4.1 Measured TLP I-V Characteristics

To investigate the turn-on behavior and the I-V characteristics in high-current regions
of the ESD protection devices, the transmission-line-pulsing (TLP) system with 10-ns
rise time and 100-ns pulse width is used. The TLP-measured I-V characteristics are
shown in Figs. 2.9~2.11. The trigger voltages (V1) of the test devices are about 9~12V,
which means the ESD protection devices can sustain the signal swing up to £9V. The
secondary breakdown current (l) of ESD protection device, which indicated the
current-handling ability, can also be obtained from the TLP-measured I-V curves. All

these measurement results are also listed in Table 2.3.
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Fig. 2.9. Measured TLP I-V curves of DDSCR1 with (a) 4 segments and (b) 8 segments.
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Fig. 2.10. Measured TLP I-V curves of DDSCR2 with (a) 4 segments and (b) 8 segments.
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Fig. 2.11. Measured TLP I-V curves of DDSCR3 with (a) 4 segments and (b) 8 segments.
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2.4.2 Measured DC I-V Characteristics

In order to further ascertain the possibility of the parasitic bipolar to reach and
maintain holding state, relationship between power supply voltage and holding voltage
need to be explored. In this work, the snapback holding voltage of novel DDSCR
devices, have been investigated by curve tracer, the measurement was carried out with
Tektronix 370A curve tracer as shown in Fig. 2.12~ 2.17. All these measurement results

are listed in Table 2.1.
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Fig. 2.12. I-V characteristics of DDSCR1 with 4 segments measured by dc curve tracer.
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Fig. 2.13. I-V characteristics of DDSCR1 with 8 segments measured by dc curve tracer.
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Fig. 2.14. 1-V characteristics of DDSCR2 with 4 segments measured by dc curve tracer.

27



0.3 | DDSCR2
with 8 Segments
—_ —0— w=20um
< 0.2 |- —o— w=40um
b= —— w=60um
o
e
35
&)
0.1
0 2 4 6 8 10 12 14
Voltage (V)

Fig. 2.15. I-V characteristics of DDSCR2 with 8 segments measured by dc curve tracer.
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Fig. 2.16. I-V characteristics of DDSCR3 with 4 segments measured by dc curve tracer.
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Fig. 2.17. 1-V characteristics of DDSCR3 with 8 segments measured by dc curve tracer.
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Table 2.1

The 1-V characteristics of the DDSCR measured results by DC curve tracer.

Test w Vil Test w Vil
Device (um) (V) Device (um) (V)
20 1.49 20 1.14
DDSCR1 DDSCR1
) 40 1.20 _ 40 1.18
with 4 Segments with 8 Segments
60 1.06 60 1.02
20 1.22 20 151
DDSCR2 DDSCR2
) 40 1.14 _ 40 1.20
with 4 Segments with 8 Segments
60 0.99 60 0.98
20 1.20 20 1.16
DDSCR3 DDSCR3
) 40 1.00 _ 40 1.16
with 4 Segments with 8 Segments
60 0.96 60 1.06

29




2.4.3 Measured ESD Robustness

The ESD robustness of test devices are evaluated by the HBM tester. The failure
criterion is defined as the 1-V characteristics shifting over 30 % from its original curve
after ESD stressed at every ESD test level. All these measurement results are listed in

Table 2.3.

2.4.4 Measured Parasitic Capacitance

With the on-wafer measurement, the two-port S-parameters of the test devices were
measured by using the vector network analyzer. The parasitic effects of the pads have
been removed by using the de-embedding technique [32]. The parasitic capacitance of
each test device can be extracted from the S-parameters. Fig. 2.12 shows the extracted

parasitic capacitance of the test devices.
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4 Segments, W=60um: —&~— DDSCR1, —4— DDSCR2, —~— DDSCR3
8 Segments, W=20pm: —=— DDSCR1, —%— DDSCR2, —#— DDSCR3
250 1 8 Segments, W=40pm: —o— DDSCR1, —&— DDSCR2, —— DDSCR3
8 Segments, W=60pm: —— DDSCR1, —%— DDSCR2, —— DDSCR3
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Fig. 2.18. Measured parasitic capacitances.
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Table 2.2

Design parameters of test devices

Test wl dl| s | xt] x| x| x| x5
Device | (um) | (um) | (um) | (um) | (um) | (um) | (um) | (um)
20 |226| 5 | 129|043 14 | NIA | N/A
DDSCR1
witha | 40 | 226 | 10 | 120 | 043 | 1.4 | NA | N/A
Segments | o0 | 206 | 15 | 120 | 043 | 14 | NJA | N/A
20 | 226 | 25 | 129 | 043 | 14 | NIA | N/A
DDSCR1
withe | 40 | 226 | 5 | 129|043 1.4 | NA | NA
Segments o0 | 206 | 75 | 129 | 043 | 1.4 | NA | N/A
20 | 22 129 | 092 | 042 | 08 | 1.
pscre | 20 g (s 90920 08 | 15
witha | 40 | 226 | 10 | 120 | 092 | 042 | 08 | 15
Segments o | 206 | 15 | 1.20 | 092 | 042 | 08 | 15
20 | 226 | 25 | 129 | 092 | 042 | 08 | 15
DDSCR2
withe | 40 | 226 | 5 | 129|092 | 042 08 | 15
Segments
60 | 226 | 75 | 129 | 092 | 042 | 08 | 15
20 |226| 5 |1290]092|042] 08 | 15
DDSCR3
witha | 40 | 226 | 10 | 129 | 092 | 0.42 | 0.8 | 15
Segments o | 206 | 15 | 1.20 | 092 | 042 | 08 | 15
20 | 226 | 25 | 129 | 092 | 042 | 08 | 15
DDSCR3
withe | 40 | 226 | 5 | 129|092 | 042 08 | 15
Segments o | 206 | 75 | 1.20 | 092 | 042 | 08 | 15
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Table 2.3

Measurement results of test devices

Test E(i/'\e/ll Vu Vh I C Ron
Device V) (V) (A) (fF) | (ohm)
(kV)

DDSCR1 2.0 11.5 2.0 0.8 67.1 6.55
with 4 4.0 11.5 2.0 1.6 1105 | 3.39
Segments 5.0 11.6 1.9 2.3 154.9 | 2.85
DDSCR1 2.0 11.8 2.3 0.8 70.6 6.82
with 8 3.5 11.6 2.3 1.6 116.4 | 3.43
Segments 5.0 11.8 2.2 2.4 163.1 | 2.92
DDSCR? 2.0 10.4 2.0 0.8 74.9 6.48
with 4 3.5 10.5 1.9 1.5 121.0 | 3.32
Segments 5.0 10.4 1.9 2.3 167.8 | 2.89
DDSCR?2 2.0 10.4 2.0 0.8 78.9 6.73
with 8 3.5 10.4 2.0 1.5 1274 | 3.47
Segments 4.5 10.4 2.0 y.2 176.7 2.91
DDSCR3 2.0 9.2 2.0 0.7 62.5 6.57
with 4 3.5 9.2 1.9 1.5 116.7 | 3.35
Segments | 50 9.2 2.0 2.2 169.5 | 281
DDSCR3 2.0 9.2 2.0 0.8 80.1 6.63
with 8 3.5 9.2 2.0 1.5 128.0 | 3.43
Segments | 45 9.2 2.0 2.2 1773 | 2.88
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2.4.5 Document Comparison of DDSCR

The comparison among various DDSCR-based devices for CMOS on-chip ESD
protection has been summarized in Table 2.4. The trigger voltage (Vi) and the holding
voltage (Vn) of DDSCR-based devices must be finely designed to fully and effectively

protect the output stage.

Table 2.4
Comparison among the DDSCR-based devices for on-chip ESD protection
HBM
Test w Vu Vh lo C Ron
i Technology Level
Device (um) V) V) (A) | (fF) |(ohm)
(kV)
References 0.18um
30 30 | 169 [ 45 2.9 N/A | 3.33
[44] CMOS
References
N/A N/A | N/A | 10.2 4.6 2.2 N/A | N/A
[47]
DDSCR1 20 200 -5 08 | 67.1 | 6.55
) 0.18um
with 4 40 4.0 11.5 2.0 1.6 | 1105 | 3.39
CMOS
Segments 60 5.0 11.6 1.9 2.3 | 1549 | 2.85
DDSCR?2 20 20 | 104 | 20 08 | 749 | 6.48
) 0.18um
with 4 40 385 10.5 1.9 1.5 | 121.0| 3.42
CMOS
Segments 60 | 50 | 104 | 1.9 | 23 |167.8| 2.89
DDSCR3 20 2.0 9.2 2.0 0.7 | 625 | 6.57
) 0.18um
with 4 40 3.5 9.2 1.9 1.5 | 116.7 | 3.35
CMOS
Segments 60 5.0 9.2 2.0 2.2 1695 | 281

2.5 Summary

The dual-directional SCR (DDSCR) device has been developed for on-chip ESD
protection in output driver. Verified in 0.18-um CMOS process, this design can achieve

low leakage, large swing tolerance, and high ESD robustness.
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Chapter 3
Novel Embedded SCR Device in Output Stage with

Bipolar Configuration

3.1 Introduction

In nanoscale CMOS technologies, the feature size has been scaled down to improve
circuit performances with the decreased power supply voltage for low-power
applications. However, the higher output voltage levels are still needed for the external
I/0 to communicate with other circuits in the microelectronic systems or subsystems,
such as 3.3V or 5V for some signaling standards. Even higher output voltage levels are
needed for some applications, such as >10V for display driver and biomedical
stimulator. Therefore, the high-voltage output driver must be designed with the
consideration of high-voltage tolerance [33], [34]. To avoid the overstress issue without
using additional high-voltage device, stacking low-voltage devices is usually used for
the high-voltage output driver [35]-[37]. Once the voltage drop divided equally across
the stacked devices, this configuration allows for higher voltage, and no single device
is overstressed. A conventional 3xVpp-tolerant stacked-device output driver is shown
in Fig. 3.1, which consists of a control circuit and a pair of triply-stacked MOS in the

output stage [38], [39].
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Electrostatic discharge (ESD), which is the significant reliability issue, may cause
the damage in IC products. The transistors currently used in CMOS technologies are
vulnerable to ESD events. To provide the required ESD robustness, on-chip ESD
protection design must be added in the integrated circuits, including the output driver
[40]. For example, a typical specification for acommercial IC on HBM ESD robustness
is 2kV. With the help of high-voltage-tolerant ESD clamp circuit [41]-[43] and the
parasitic body-to-drain diodes, the on-chip ESD protection for stacked-device output
driver is shown in Fig. 3.2. The ESD currents can be discharged from Vour to 3xVpp
(path (D), from GND to Vour (path (), from Vour to GND (path (D+(3), and from
3xVpp to Vour (path @) +(2)). This ESD protection design can provide the
corresponding ESD current paths during all kinds of ESD events at Vour pad. However,
in the output stage, the sizes of PMOS devices are usually larger than those of NMOS
devices to have symmetrical driving ability, which makes the asymmetrical ESD
current paths. With the smaller NMOS devices, the ESD robustness of path ) is
usually lower than that of path (). Of course, the designer can use some dummy
NMOS devices or additional ESD diodes to improve the ESD robustness. In this work,
a more efficient design by using embedded silicon-controlled rectifier (SCR) to
improve ESD robustness is proposed. With the assistance of embedded SCR, the ESD
robustness of NMOS part of stacked-device output driver can be improved without

using any additional ESD protection device and layout area.
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Fig. 3.1. Block diagram of 3xVpp-tolerant stacked-device output driver.
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Fig. 3.2. ESD current paths in 3xVpp-tolerant stacked-device output driver with high-

voltage-tolerant ESD clamp circuit.
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3.2 Design of Novel High Voltage Output Driver

Fig. 3.3 shows the design of high voltage output driver, which consists of bias circuit,
control circuit, and output stage. The 3.3V transistors in a standard 0.18um CMOS
process are used. Once the voltage differences across each transistor are lower than
3.63V (3.3V + 10%) [48], the foundry promises their reliability. The output driver is
controlled by the input signal (Vin) with voltage swing between 0V and 3.3V. The aims
of this design are that the output signal (Vout) can swing between 0 and ~10V (3xVpp),
and the voltage differences across each transistor are lower than 3.63V to prevent from
reliability issues, whether the output driver is turned on or off. In order to sustain the
high voltage (~10V) without gate-oxide overstress, the stacked MOS configuration
between 3xVpp and ground is used. The bias circuit, which consists of three PMOS-
diodes (Mr1~MRgs), is used to provide the biases of 2xVop (Vobp2) and 1xVop (Vob1)
from the 3xVpp. To reduce the bias current to the range of < mA, three PMOS with
small width/length ratio are used. The control circuit includes two level shifters, and
three buffers. The level shifters 1 and 2 transfer the signals with low-voltage level
(1xVpp) to the high-voltage levels (2xVoo and 3xVpp). The level shifter 1 with
differential structure can transfer the Vv and Viia (voltage swing: OV ~ 1xVpp) to Viz
and Vizp (voltage swing: 1xVop ~ 2xVpp). Similarly, the level shifter 2 can further
transfer the Viz and Vi to Vis (voltage swing: 2xVpp ~ 3xVpp). The buffers control

the output stage to turn on or off.
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Fig. 3.3. Structure of high voltage output driver fabricated in 0.18-um 3.3-V CMOS

process.
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As Vin is OV, the gate potentials of Mpo, Mp1, and Mp> are designed to be 1xVpp,
2xVpp, and 3xVpp, respectively, so the stacked PMOS are kept off. In the meantime,
the gate potentials of Mo, Mnz, and Mn: are all 1xXVpp, so the stacked NMOS conduct
the Vour to OV. As Vv is 3.3V, the gate potentials of Mo, Mn1, and Mn2 are 2xXVpp,
1xVop, and 0V, respectively, so the stacked NMOS are kept off. In the meantime, the
gate potentials of Mpo, Mp1, and Mp> are all 2xVpp, so the stacked PMOS conduct the
Vout to 3xVpp. Shown in Fig. 3.4 is the schematic of a triply-stacked output driver that
enables voltage drive up to 3x the transistor rating. Both scenarios are better depicted
by the schematics in Fig. 3.4(b) and 3.4(c). Simple device stacking as explained poses

certain reliability risks during switching transitions.

3XVbp 3XVpp

Vob1

Control
B Circuit

(a) (b) (©)
Fig. 3.4. (a) Atriply-stacked output driver (b) high-level drive (c) low-level drive.
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The stacked-device output driver has been simulated in HSPICE with the 0.18um
CMOS process. Fig. 3.5 ~ 3.7 shows the simulated transient waveforms of stacked-
device output driver. As long as the Vin is OV or 3.3V, the Vi is inverted
instantaneously. The Vi2, Viza, and Vizp swing between 3.3V and 6.6V, the Visa swing

between 6.6V and 9.9V, and the Vour finally swings between 0V and 9.9V.
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Fig. 3.5. Simulated transient waveforms of high voltage output driver with Vin-Vour.
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Fig. 3.6. Simulated transient waveforms of high voltage output driver with Vi>-Viap.
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Fig. 3.7. Simulated transient waveforms of high voltage output driver with

Vila'ViZa'Visa.
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To verify the voltage differences across each transistor are lower than 3.63V during
all Vin potentials, a ramp voltage from 0V to 3.3V is injected into V), and then the
voltage of each node is captured. Fig. 3.8 shows the simulated [Vgd|, [Vgs|, and [Vds],
of each transistor, as the Vin is between OV and 3.3V. For the Mnz, each terminal is
constrained to swing between 0V and 1xVpp, as shown in Fig. 3.8(a). For the Mnz, its
gate potential is kept at 1XVpp, its source potential is constrained to swing between 0V
and 1xVpp, and its drain potential will swing between 0V and 2xVpp. Even though, the
voltage differences across each terminals of Mn; are still lower than 3.63V, as shown
in Fig. 3.8(b). For the Mno, its gate potential will swing between 1xVpp and 2xVpp, its
source potential will swing between OV and 2xVpp, and its drain potential will swing
between 0V and 3xVpp. The simulation results show that the voltage differences across
each terminals of Mo are still lower than 3.63V, as shown in Fig. 3.8(c). The operations
of Mpo~Mp; are complementary to those of Mno~Mnz, So the similar results can be

found, as shown in Figs. 3.8(d) ~ 3.8(f).
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Fig. 3.8. Simulated |\Vgd|, |Vgs|, and |\Vds|, of transistors in output stage: (a) Mnz, (b)
Mnz, (€) Mno, (d) Meo, (8) Mpy, and (f) Mep..
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With the proper design of control circuit, the PMOS and NMOS transistors in output
stage are well controlled to turn on or off. The simulation results show that the voltage
differences across each transistor are 3.63V at most, which meets the design target.

Although the stacked-device output driver with embedded SCR can’t be simulated,
its transient behaviors should be equal to the output driver without embedded SCR,
since the additional P+ region in the proposed design will not affect the operation of

drain, gate, source, and body terminals of three NMOS devices during normal operation.

3.3 Proposed ESD Protection Design for Stacked-Device Output

Driver

The cross-sectional view of NMOS part in output stage of conventional 3xVpp-
tolerant stacked-device output driver is shown in Fig. 3.9. The N-well and deep N-well
regions are used to isolate the P-well region of each stacked NMOS from the common
P-substrate. The body-to-drain (P-well/N+) diodes form the ESD current path from
GND to Vo. Besides, a parasitic SCR (P-well/Deep N-well/P-well/N+) can also help to
discharge the ESD current from GND to Vour, but its path is too long to effectively

discharge the ESD current.

44



GND Vour

MNZ MNl MNO
' — ] =3 ] =3 |a
P | N+ N+ P [ N+ N+ A+ [N+ N
st B STI STI STI
E 1 : ] 1
i SR A e O i
N- i N- e N- Parasitic SCR 1 N-
well |11 P-Well Well P-Well i wel P-Well 1 | well
1L Rarasitic SCR YLl i
""""""""""""""" Deep N-Well  Parasitic SCR _
P-Substrate

Fig. 3.9. Cross-sectional view of stacked NMOS devices in output stage of conventional

3xVpp-tolerant stacked-device output driver.

To have symmetrical ESD protection ability in PMOS and NMOS parts, a stacked-
device output driver with embedded SCR is proposed, as shown in Fig. 3.10. In the
proposed design, additional P+ region is added into the N-well region, and then an
embedded SCR device is formed from GND to Vour. Since the existing N-well region
is usually large enough to contain the additional P+ region, this design will not increase
the layout area. Besides, the SCR device can be safely used without latchup danger in
the proposed design, since the anode (GND) potential is always lower than the cathode
(Vour) potential during normal operation, and the SCR device can’t keep turning on.

The SCR device has been reported to be useful for ESD protection. The equivalent
circuit of the embedded SCR consists of the cross-coupled PNP (P+/N-well/P-well) and
NPN (N-well/P-well/N+) BJTs. In the proposed design, the body-to-drain (P-well/N+)
diodes play the role of trigger circuit of embedded SCR to enhance the turn-on speed.
As ESD stresses from anode (GND) to cathode (Vour) of the SCR are applied, the diode
path will turn on to discharge the initial ESD currents, and then the SCR path will take

over to discharge the primary ESD currents. The positive-feedback regenerative
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mechanism of PNP and NPN BJTs results in the SCR device becoming highly

conductive to make the SCR very robust against ESD stresses.
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Fig. 3.10. Cross-sectional view of stacked NMOS devices with additional P+ region in
output stage of proposed 3xVpp-tolerant stacked-device output driver with embedded

SCR.

This research designed 2 kinds of high-voltage output driver, contains without ESD
protective element of the driver, and the driver in the output stage with embedded SCR.
The driver match output stage of different sizes to explore the characteristics of
electrostatic discharge protection design. Comparison of three different sizes, are used
in the output stage of the driver, in output stage finger to change the number of
transistors. In order to investigate the reliability of related problems, this study also

designed test circuit as shown in Table 3.1.
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Table 3.1.

Design parameters of the test circuits

(W/L)n (WI/L)p Finger width Total Width
Test
. . Mno~ Mpo~ Mno~ Mpo~
Circuits Mno~Mn2 Mpo~Mp2
Mn2 Mp2 Mn2 Mp2
Output 10/0.35 10/0.35
10um | 10um | 10um | 10 um
Driver_10 um/um um/um
Pure Output 30/0.35 30/0.35 " " 0 0
um um um um
Output Driver_30 um/um um/um
Driver Output 50035 | 50/0.35
10um | 10um | 50 um | 50 um
Driver_50 um/um um/um
Driver + 10/0.35 10/0.35
10um | 10um | 10um | 10 um
SCR_10 10 um/um um/um
Driver + 30/0.35 30/0.35
10um | 10um | 30um | 30 um
Driver SCR 30 10 um/um um/um
with Driver + 50/0.35 50/0.35
10um | 10um | 50 um | 50 um
Embedded | SCR 50 10 | um/um um/um
SCR Driver + 30/0.35 30/0.35
30um | 30um | 30um | 30 um
SCR_30 30 um/um um/um
Driver + 50/0.35 50/0.35
50um | 50um | 50 um | 50 um
SCR 50 50 um/um um/um

3.4 Experimental Results

To verify the stacked-device output driver in silicon chip, both circuits without and
with embedded SCR (pure output driver and driver with embedded SCR) have been
fabricated in 0.18um CMOS process. Each circuit occupies a chip area is less than
250x175um?, including 3xVpp, GND, Vin, and Vour pads without high-voltage-

tolerant ESD clamp circuit.
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3.4.1 Transient Waveforms

A 9.9V supply voltage is used for 3xVpp, a 3.3V and 10kHz square wave is applied
to Vi, a 100kQ resistance is loaded to Vour, and then the Vour swing is measured, as
shown in Fig. 3.11 ~ 3.18. Fig. 3.11 ~ 3.13 shows the measured waveforms of general
stacked-device output driver (pure output driver), and Fig. 3.14~ 3.18 shows those of
proposed stacked-device output driver with SCR (driver with embedded SCR). As long

as the Vin is OV or 3.3V, the Vourt of both circuits can swing between 0V and ~9.7V.

Output Driver_10

—c— Vin

—— Vour

Voltage (V)

iy

0 50x10¢ 100x10°® 150x10°¢ 200x10°

Time (s)
Fig. 3.11. Measured transient waveforms of general 3xVpp-tolerant stacked-device

output driver in Output Driver_10.
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Fig. 3.12. Measured transient waveforms of general 3xVVop-tolerant stacked-device

output driver in Output Driver_30.
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Fig. 3.13. Measured transient waveforms of general 3xVob-tolerant stacked-device

output driver in Output Driver_50.
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Fig. 3.14. Measured transient waveforms of proposed 3xVpp-tolerant stacked-device

output driver with embedded SCR in Driver + SCR_10 10.
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Fig. 3.15. Measured transient waveforms of proposed 3xVpp-tolerant stacked-device

output driver with embedded SCR in Driver + SCR_30_10.
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Fig. 3.16. Measured transient waveforms of proposed 3xVob-tolerant stacked-device

output driver with embedded SCR in Driver + SCR_50 10.
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Fig. 3.17. Measured transient waveforms of proposed 3xVob-tolerant stacked-device

output driver with embedded SCR in Driver + SCR_30_30.
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Fig. 3.18. Measured transient waveforms of proposed 3xVob-tolerant stacked-device

output driver with embedded SCR in Driver + SCR_50 50.

3.4.2 ESD Robustness and TLP I-V Characteristics

The HBM ESD robustness of each circuit is evaluated by the HBM tester. The failure
criterion is defined as the I-V characteristics shifting over 30 % from its original curve
after ESD stressed at every ESD test level. According to the measurement results, the
Vout-t0-3xVpp ESD robustness of both circuits are more than 1.25kV. The GND-to-
Vout ESD robustness of general stacked-device output driver (Output Driver_10 and
Output Driver_30) are 0.75kV, while that of proposed stacked-device output driver with
embedded SCR (Driver + SCR_10 10 and Driver + SCR_30_10) are improved to
1.75kV and 2.25kV, respectively, the GND-to-Vout ESD robustness of general stacked-
device output driver (Output Driver_50) is 1.25kV, while that of proposed stacked-
device output driver with embedded SCR is improved to 2.50kV. All these HBM

measurement results are listed in Table 3.2.
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Table 3.2

HBM ESD robustness of test circuits

HBM Level
Test Circuits
GND-to-Vourt VouT-1t0-3XVpD

Output Driver_10 750V 1250V

Pure Output
Output Driver_30 750V 1250V

Driver

Output Driver_50 1250V 1500V
Driver + SCR_10_10 1750V 1250V
Driver with Driver + SCR_30 10 2250V 1250V
Embedded Driver + SCR_50 10 2500V 1750V
SCR Driver + SCR_30 30 4000V 3500V
Driver + SCR_50 50 4500V 4000V

To investigate the turn-on behavior and the 1-V characteristics of the circuits in the
domain of HBM ESD event, the transmission-line-pulsing (TLP) system with a 10ns
rise time and a 100ns pulse width is used. The current-handling ability, i.e. the
secondary breakdown current (ly), of test circuit can be obtained from the TLP-
measured 1-V curves. The TLP-measured 1-V curves of test circuits are shown in
Fig. 3.19 ~ 3.28. As measuring from Vour to 3xVop, the test circuits of Output
Driver_10 and Driver + SCR_10_10 have almost the same TLP I-V characteristics, and
the TLP-measured 1t2 are ~0.85A, the test circuits of Output Driver_30 and Driver +
SCR_30_10 have almost the same TLP I-V characteristics, and the TLP-measured I
are ~1.03A, the test circuits of Output Driver_50 and Driver + SCR_50_10 have almost
the same TLP I-V characteristics, and the TLP-measured I, are ~1.20A, the test circuits
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of Driver + SCR_30_30 and Driver + SCR_50_50 can achieve the TLP-measured ()
of 2.16A and 3.29A, respectively. As measuring from GND to Vour, the embedded
SCR in the proposed design can be triggered lower than ~2.5V, and then be latched to
~1.5V. The GND-to-Vour lw2 of general stacked-device output driver (Output Driver_10,
Output Driver_30, and Output Driver_50) are 0.47A, 0.77A, and 1.02A, respectively,
while that of proposed stacked-device output driver with embedded SCR (Driver +
SCR_10_10, Driver + SCR_30_10, and Driver + SCR_50_10) are improved to 0.81A,
0.97A, and 1.26A, respectively, the test circuits of Driver + SCR_30_30, and Driver +
SCR_50_50 can achieve the TLP-measured (ly2) of 2.29A and 3.51A, respectively.

VouT-t0-3xXVDD

1.2

L | —o— Output Driver_10
10k | —®— Driver + SCR_10_10

TLP Current (A)

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

Fig. 3.19. Measured TLP I-V curves of Output Driver_10 and Driver + SCR_10 10, as

zapping from Vour to 3xVpp.
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—o— Qutput Driver_10
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TLP Current (A)

TLP Voltage (V)

Fig. 3.20. Measured TLP I-V curves of Output Driver_10 and Driver + SCR_10_10, as

zapping from GND to Vour.
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12 14

TLP Voltage (V)

Fig. 3.21. Measured TLP I-V curves of Output Driver_30 and Driver + SCR_30_10, as

zapping from Vour to 3xVpp.
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Fig. 3.22. Measured TLP I-V curves of Output Driver_30 and Driver + SCR_30_10, as
zapping from GND to Vour.
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Fig. 3.23. Measured TLP I-V curves of Output Driver_50 and Driver + SCR_50 10, as

zapping from Vour to 3xVpp.
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Fig. 3.24. Measured TLP I-V curves of Output Driver_50 and Driver + SCR_50_10, as

zapping from GND to Vour.
Vout-t0-3XVoD
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Fig. 3.25. Measured TLP I-V curves of Output Driver_30 and Driver + SCR_30_30, as

zapping from Vour to 3xVpp.
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Fig. 3.26. Measured TLP I-V curves of Output Driver_30 and Driver + SCR_30_30, as

zapping from GND to Vour.
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Fig. 3.27. Measured TLP I-V curves of Output Driver_50 and Driver + SCR_50 50, as

zapping from Vour to 3xVpp.
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Fig. 3.28. Measured TLP I-V curves of Output Driver_50 and Driver + SCR_50_50, as

zapping from GND to Vour.
In order to investigate the reliability of driver and ESD protection device, using 3

different dimensions in the output stage to collocation the different size with embedded

SCR. TLP measurement results as shown in Fig. 3.29.
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Fig. 3.29. Measured TLP 1-V curves, as zapping from GND to Vour of driver with

embedded SCR.

As measuring from Vour to GND, the test circuits of Output Driver_10, Output
Driver_30, and Output Driver_50 can achieve the TLP-measured Il of 0.32A, 0.28A,
and 0.33A, respectively as shown in Fig.3.30.
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Fig. 3.30. Measured TLP I-V curves, as zapping from Vourto GND.
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As measuring from 3xVop to Vour, the test circuits of Output Driver_10, Output
Driver_30, and Output Driver_50 can achieve the TLP-measured ly> of 0.34A, 0.39A,

and 0.39A, respectively as shown in Fig.3.31.

3xVDD-to-VouT
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05F
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TLP Current (A)

0.1

0.0

TLP Voltage (V)

Fig. 3.31. Measured TLP I-V curves, as zapping from 3xVoo to Vour.

From GND to Vour, embedded SCR varies with the size of the driver, this design

consideration can be more effectively utilized in the layout area. All these TLP

measurement results are also listed in Table 3.3 and Table 3.4.
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Table 3.3

TLP measurement results, as zapping from GND-to-Vout and Vout-to-3xVbb

TLP
Test GND-to-Vout VouT—t0-3XVpp
Circuits Vi1 | Vh It2 Vit | Vh 12
M I MWMIATMI MW
Output Driver 10 | 2.89 | 2.83 | 0.47 | 2.50 | 2.25 | 0.85
Pure Output | Qutput Driver 30 | 2.85 | 2.72 | 0.77 | 2.64 | 2.64 | 1.03
Driver
Output Driver 50 | 2.77 | 2.61 | 1.02 | 2.61 | 2.61 | 1.20
Driver + SCR_10 10| 2.48 | 1.42 | 0.81 | 250 | 2.23 | 0.84
_ _ Driver + SCR_30 10| 2.37 | 1.47 | 0.97 | 2.60 | 2.60 | 1.06
Driver with
Embedded | Driver + SCR 50 10 | 2.31 | 1.46 | 1.26 | 257 | 257 | 1.24
SCR
Driver + SCR_30 30 | 2.37 | 1.46 | 2.29 | 2.40 | 2.02 | 2.16
Driver + SCR_50 50 | 2.52 | 1.53 | 351 | 2.55 | 1.94 | 3.29
Table 3.4

TLP measurement results, as zapping from Vour-to-GND and 3xVpb-to-Vour

TLP

Test VouTt-to-GND 3xVpop—to-Vour

Circuits Vil | Vh 2 | Vit | Vh It2

M1 M I Ad1TM I MK

Output Driver_10 | 13.51 | 13.51 | 0.32 | 19.38 | 19.38 | 0.34

Pure Output | Output Driver 30 | 13.64 | 13.64 | 0.28 | 18.26 | 18.26 | 0.42
Driver

Output Driver 50 | 13.53 | 13.53 | 0.33 | 18.71 | 18.71 | 0.42

62




3.4.3 Reliability of Novel High Voltage Output Driver
Measure swing voltage of novel high voltage output driver (Output Driver_10 and
Driver + SCR_10_10) for one month, as shown in Fig. 3.32. The swing voltage of novel

high voltage output driver on the 30th day still can maintain about ~9.6V.

9}k —0— Output Driver_10
—a&— Driver + SCR_10_10

Swing Voltage (V)
=]

6 Lg M ST TTTTI R PR AR
10° 103 104 10°
Time (min)

Fig. 3.32. Long-term test of high voltage output driver.

3.4.4 Comparison of High Voltage Output Drivers

Table 3.5 show the document comparison of high voltage output driver, also using
stacked MOS to achieve the purpose of the output swing voltage by n x Vpp, and
without the use of any additional wafer production technology. The proposed novel

high voltage output driver can be a good solution for ESD protection.
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Table 3.5

Comparison of high voltage output drivers

HBM ESD
Parameter Operated
Output Robustness
Technology Supply _

Swing | GND-to- | Vour-to-

Spec. \oltage
Vourt 3XVbp

References [42] 0.25um CMOS 2.5V 6.4V N/A N/A
References [45] 0.35um CMOS 5V 10V N/A N/A
References [46] 65nm CMOS 2.5V *7.5V N/A N/A

Driver + SCR_10_10 | 0.18um CMOS 3.3V 9.7V 1750V 1250V

Driver + SCR_30_10 | 0.18um CMOS 3.3V 9.7V 2250V 1250V

Driver + SCR_50_10 | 0.18um CMOS 3.3V 9.7V 2500V 1750V

Driver + SCR_30_30 | 0.18um CMOS 3.3V 9.7V 4000V 3500V

Driver + SCR_50_50 | 0.18um CMOS 3.3V 9.7V 4500V 4000V

* Simulation results

3.5 Summary

The proposed stacked-device output driver with embedded SCR has been developed
for on-chip ESD protection in high-voltage-tolerant output stage where the signal swing
may be as high as n x Vpp. The 3xVpp-tolerant stacked-device output driver with
embedded SCR has been verified in silicon chip. Without using any additional ESD
protection device and layout area, the proposed design has the symmetrical ESD
protection ability in GND-to-Vour and Vour-t0o-3xVop paths. Besides, the transient
behaviors of the proposed design during normal operation are not degraded. Therefore,
the proposed design can be used to improve the ESD robustness of stacked-device

output driver.
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Chapter 4

Conclusions and Future Works

4.1 Conclusions

This Chapter summarizes the main results and contributions of this study. Future
works of the embedded silicon-controlled rectifier for ESD protection design in CMOS
process are also provided in the chapter. In this study, a kind of novel ESD protection
device has been developed in nanoscale CMOS technology for output stage ESD
protection design. Each of the test devices and high voltage output driver has been
successfully verified in the test chip.

In Chapter 2, to protect the biomedical integrated circuits in CMOS technologies
from ESD damage, a DDSCR device was presented in this work. Verified in silicon
chip, experimental results show that the DDSCR has the advantages of high ESD
robustness and low parasitic capacitance. The DDSCR was suitable for ESD protection
in biomedical integrated circuits.

In Chapter 3, a novel design of stacked-device output driver with embedded SCR is
proposed to improve the ESD robustness. A 3xVpp-tolerant stacked-device output
driver with embedded SCR is demonstrated in a 0.18um 3.3V CMOS process. Verified
in silicon chip, the proposed design can deliver the 3xVpp output voltage. Besides, the
ESD robustness can be improved without using any additional ESD protection device
and layout area. The proposed design can be further used for n x Vpp-tolerant stacked-

device output driver to improve its ESD robustness.
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4.2 Future Works

Although there have been significant improvements in on-chip ESD protection
circuit robustness, there are still several unresolved issues that should be investigated.
According to the results of measurement, the proposed design has the symmetrical ESD
protection ability in GND-to-Vout and Vout-t0-3xVop paths, but 3xVpp-to-GND and
GND-to-3xVpp paths is relatively poor. In order to provide a complete ESD protection
ability, additional high-voltage-tolerant ESD clamp can provide ESD discharge path,
the ESD currents can be discharged from 3xVpp to GND and GND to 3xVpp.

Finally ESD protection design can provide the corresponding ESD current paths

during all kinds of ESD events at Vour pad, as shown in Fig. 4.1.
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Fig. 4.1. 3xVop-tolerant stacked-device output driver with high-voltage-tolerant ESD

clamp circuit.
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