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Abstract—To prevent from electrostatic discharge (ESD) 
damages, the ESD protection design must be added on chip. The 
ESD protection design with low parasitic capacitance is needed 
for high-speed applications. In this work, an ESD protection 
design realized by stacked diodes with embedded silicon-
controlled rectifier was proposed. Verified in silicon chip, the 
proposed ESD protection design with lower parasitic capacitance 
and higher ESD robustness was more suitable for high-speed 
ESD protection in CMOS technology. 

I. INTRODUCTION 

The high-speed integrated circuits have been designed and 
fabricated in nanoscale CMOS processes due to the advantages 
of high integration and potential for mass production [1]. 
However, the transistors currently used in nanoscale CMOS 
technologies are sensitive to electrostatic discharge (ESD) 
events [2], [3]. In order to sustain the required ESD robustness, 
all integrated circuits need to be equipped with ESD protection 
designs [4], [5], including the high-speed integrated circuits [6], 
[7]. However, the parasitic capacitance of the ESD protection 
circuit at the I/O pad is one of the most important design 
considerations for the high-speed circuits [8]. As shown in 
______ 

 
Fig. 1.  Signal loss at I/O pad of high-speed circuits with ESD 
protection circuit. 

Fig. 1, the parasitic capacitance of ESD protection circuit will 
cause the signal loss from the pad to ground, and then the 
circuit performance is deteriorated. 

In order to effectively protect the high-speed circuits and to 
minimize the parasitic effects of ESD protection circuits, 
several high-speed ESD protection designs have been reported 
[6]-[10]. For improved ESD robustness and reduced parasitic 
capacitance, a novel ESD protection design for high-speed 
applications is proposed in this work and is verified in a 
nanoscale CMOS process. The performances of the proposed 
ESD protection design are compared with those obtained using 
conventional ESD protection design. 

II. CONVENTIONAL AND PROPOSED ESD PROTECTION DESIGNS 

The ESD protection diodes have been widely used for high-
speed applications, since they can fit the typical specification 
on the parasitic capacitance and ESD robustness [10]. A 
conventional ESD protection circuit for high-speed I/O consists 
of a pair of primary ESD diodes (DP1 and DN1), a pair of 
secondary ESD diodes (DP2 and DN2), and a series resistor 
(RESD), as shown in Fig. 2. The device cross-sectional views of 
P-type diode (DP1 and DP2) and N-type diode (DN1 and DN2), 
are shown in Figs. 3(a) and 3(b), respectively. 

In the ESD-test standards, there are several ESD-test pin 
combinations, including positive I/O-to-VDD (PD), positive 
I/O-to-VSS (PS), negative I/O-to-VDD (ND), and negative I/O-
to-VSS (NS) ESD tests. When DP (DP1 and DP2) and DN (DN1 
and DN2) in the conventional ESD protection design are under 
forward-biased condition, they can provide the efficient 
current-discharging paths from I/O pad to VDD and from VSS to 
I/O pad, respectively. With the help of power-rail ESD clamp 
circuit, the conventional ESD protection design provides the 
whole-chip ESD protection for all ESD-test pin combinations. 

In order to reduce the parasitic capacitance from ESD 
protection diodes without sacrificing ESD robustness, the ESD 
protection diodes in stacked configuration can be used. The 
stacked diodes with embedded silicon-controlled rectifier 
(SDSCR) has been reported to be useful for ESD protection 
with low parasitic capacitance, fast turn-on speed, and high 
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ESD robustness [11], [12]. In this work, the SDSCR are further 
applied to the high-speed applications. The proposed ESD 
protection circuit for high-speed I/O consists of a pair of 
primary SDSCR (SDP1 and SDN1), a pair of secondary SDSCR 
(SDP2 and SDN2), and a series resistor (RESD), as shown in Fig. 
4. This ESD protection design also provides the whole-chip 
ESD protection for all ESD-test pin combinations. 

Figs. 5(a) and 5(b) show the device cross-sectional views of 
P-type SDSCR (SDP1 and SDP2) and N-type SDSCR (SDN1 and 
SDN2), respectively. The terminals which connected to I/O pad 
are always laid at the center to reduce the parasitic capacitance. 
Besides, the top metal is used for routing to I/O pad. In the 
beginning of ESD stress, the stacked diodes will turn on to 
discharge the initial current, and then the embedded SCR will 
take over to discharge the primary current, as shown with the 
dotted lines in Fig. 5. 

 
Fig. 2.  Conventional ESD protection circuit. 

 
(a) 

 
(b) 

Fig. 3.  Device cross-sectional view of (a) P-type diode and (b) N-
type diode, used in conventional ESD protection circuit. 

 
Fig. 4.  Proposed ESD protection circuit. 

 
(a) 

 
(b) 

Fig. 5.  Device cross-sectional view of (a) P-type SDSCR and (b) N-
type SDSCR, used in proposed ESD protection circuit. 

III. EXPERIMENTAL RESULTS 

The conventional and proposed ESD protection designs 
have been fabricated in a nanoscale CMOS process. The width 
of each ESD device is selected to be 30μm. The RESD utilizes 
50Ω resistor, and the power-rail ESD clamp circuit utilizes the 
RC-inverter-triggered NMOS. Figs. 6(a) and 6(b) show the 
chip photographs of the conventional and proposed ESD 
protection designs, respectively. 

A. ESD Robustness 

The human-body-model (HBM) ESD robustness of both 
test circuits are tested. 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. The HBM ESD 
robustness of both test circuits under all pin combinations are 
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listed in Table I. The HBM ESD robustness of the conventional 
ESD protection design is 4.2kV, which is obtained from the 
lowest level of PD, PS, ND, and NS tests. The HBM ESD 
robustness of the proposed ESD protection design can be 
improved to 4.8kV. 

 
(a)                                                   (b) 

Fig. 6.  Chip micrographs of (a) conventional ESD protection 
design and (b) proposed ESD protection design. 

B. TLP I-V Characteristics 

To investigate the turn-on behavior and the I-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 TLP-measured I-V 
curves of both test circuits under PD, PS, ND, and NS tests are 
shown in Fig. 7. The secondary breakdown current (It2), which 
indicates the current-handling ability, of the test circuit can be 
obtained from the TLP-measured I-V curve. The TLP-
measured It2 of both test circuits under all pin combinations are 
listed in Table I. The It2 of the proposed ESD protection design 
is higher than that of the conventional ESD protection design. 

C. Parasitic Capacitance 

Fig. 8 shows the extracted parasitic capacitance of both test 
circuits. The parasitic capacitance of the proposed ESD 
protection design is lower than that of the conventional ESD 
protection design. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 7.  TLP-measured I-V characteristics of test circuits under (a) PD, (b) PS, (c) ND, and (d) NS tests. 
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D. Comparison 

Since the high ESD robustness and low parasitic 
capacitance is needed for high-speed applications, the figure of 
merit (FOM) used in this work is 

=
parasitic

HBM
FOM

C
                                (1) 

where HBM denotes the lowest level of PD, PS, ND, and NS 
tests, and Cparasitic is the parasitic capacitance at 5GHz. The 
FOM of conventional and proposed ESD protection designs are 
42.1V/fF and 81.4V/fF, respectively; therefore, the proposed 
ESD protection design can achieve the better FOM. 

 
Fig. 8.  Measured parasitic capacitances of test circuits. 

 

Table I.  Measurement results of test circuits. 

 Conventional 
Design 

Proposed  
Design 

PD HBM 4.5kV 5.2kV 

PS HBM 4.5kV 5.2kV 

ND HBM 4.2kV 4.8kV 

NS HBM 4.2kV 5.2kV 

PD It2 2.5A 2.9A 

PS It2 2.4A 2.7A 

ND It2 2.2A 2.8A 

NS It2 2.2A 2.8A 

Cparasitic (at 5GHz) 99.7fF 59.0fF 

FOM 42.1V/fF 81.4V/fF 

 

IV. CONCLUSION 

The proposed ESD protection circuit has been developed in 
nanoscale CMOS process for high-speed applications. 
Measurement results verify that the proposed ESD protection 
circuit has lower parasitic capacitance and higher ESD 
robustness; therefore, the proposed ESD protection circuit can 
be a good solution for high-speed applications in CMOS 
technology. 
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