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SCR Device With Dynamic Holding Voltage for
On-Chip ESD Protection in a 0.25- m Fully

Salicided CMOS Process

Ming-Dou Ker and Zi-Ping Chen

Abstract—A dynamic-holding-voltage silicon-controlled rectifier
(DHVSCR) device is proposed and verified in a 0.25- m/2.5-V salicided
CMOS process. In the DHVSCR device structure, the control nMOS and
pMOS transistors are directly embedded in SCR device structure. The pro-
posed DHVSCR device has the characteristics of tunable holding voltage
and holding current by changing the gate voltage of embedded nMOS
and pMOS. Under normal circuit operating condition, the DHVSCR
has a holding voltage higher than the supply voltage without causing a
latch-up issue. Under an electrostatic discharge (ESD) stress condition, the
DHVSCR has a lower holding voltage to effectively clamp the overshooting
ESD voltage. From the experimental results, the DHVSCR with a device
width of 50 m can sustain a human-body-model ESD level of 5.6 kV.

Index Terms—Electrostatic discharge (ESD), holding voltage, latch-up,
silicon-controlled rectifier (SCR).

I. INTRODUCTION

On-chip electrostatic discharge (ESD) protection is necessary for
advanced subquarter-submicrometer CMOS integrated circuits (ICs).
A silicon-controlled rectifier (SCR) device is an attractive choice
for on-chip ESD protection, since it can offer the maximum ESD
robustness while occupying the smallest layout area. But, the SCR
device often has a high trigger-on voltage in the subquarter-microm-
eter CMOS technology, which is generally greater than the gate-oxide
breakdown voltage of the input stage. To reduce the trigger-on voltage
of the SCR device, a low-voltage-triggered SCR (LVTSCR) device
was reported [1], [2]. However, an LVTSCR device is often suscep-
tible to latch-up danger during normal circuit operations in a noisy
environment [3]. Such latch-up phenomenon often leads to IC function
failure or even destruction. Two methods were reported to solve this
problem [4]. One way is to increase the holding voltage of the SCR
device to be larger than the supply voltage [5], [6]. But, this method
leads to more power dissipation ( Power �= IESD � Vhold) located on
the LVTSCR device during ESD transition, therefore, in turn causing
a lower ESD robustness. The other way is to increase the triggered
current of SCR greater than 200 mA [7], [8]. Besides, the high-holding
current SCR (HHI-SCR) device [9] has been also reported to increase
holding current above certain minimum latch-up triggered current.
But, this device needs to shunt a very small resistance (� 2 
) [9]
from the external shunt resistor to increase its holding current. To
fabricate this small resistance with high current conduction, it will
take up a large layout area on the chip. Recently, the latch-up free
gate-couple LVTSCR (LFGCPSCR) device [10] was reported to avoid
SCR turn-on during normal condition. But, the device width of the
controlled nMOS for LFGCPSCR should be very large (� 1000 �m)
to increase the holding voltage of LFGCPSCR [10]. A large chip
area must be occupied by the controlled nMOS transistor with a huge
channel width to realize the LFGCPSCR.
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According to previous solutions and problems, a dynamic holding
voltage SCR (DHVSCR) device is proposed in this brief to solve
ESD protection issues without latch-up danger [11]. Compared to the
HHI-SCR [9] and LFGCPSCR [10], the DHVSCR does not need to
shunt an external resistor to modify the holding current of HHI-SCR,
nor to add a large controlled nMOS transistor to increase the holding
voltage of LFGCPSCR. The control transistor is directly embedded in
the DHVSCR device structure, therefore, the layout area of the new
proposed DHVSCR device can be efficiently reduced to save silicon
cost.

II. HOLDING VOLTAGE OF SCR DEVICES

The first-order equivalent circuit of SCR device is shown in Fig. 1(a)
[12], where Rwell and Rsub denote the equivalent N-well and p-sub-
strate resistances, respectively. The Qpnp and Qnpn denote the p-n-p
and n-p-n bipolar junction transistors, respectively. The Rs1 and Rs2

denote the parasitic resistances in the semiconductor. The external
variable resistance Rext is shunted to the p-substrate resistance Rsub.
When SCR operated in latch-up holding state, the p-n-p and n-p-n
transistors should be both turned on. The holding voltage (Vhold) of
SCR device can be expressed as [13]

Vhold �= Vcep + Vben � 1 +
Rs2

(Rsub==Rext)
(1)

where the Vcep is the voltage difference between the collector and
emitter of p-n-p bipolar junction transistor Qpnp. The Vben is the
voltage difference between the base and emitter of n-p-n bipolar
junction transistorQnpn. According to (1), the holding voltage of SCR
can be adjusted by changing the resistance of Rext. If the resistance of
Rext is smaller than that of Rsub, the holding voltage of SCR can be
increased. On the contrary, the holding voltage of SCR device can be
reduced when the resistance of Rext is larger than that of Rsub.

III. DHVSCR DEVICE

The device cross-sectional view of DHVSCR is shown in Fig. 1(b),
where a pMOS PM2 and an nMOS NM2 are inserted into the SCR de-
vice structure. Compared with the traditional pMOS-LVTSCR struc-
ture [2], which has a similar device structure as that of the lateral in-
sulated gate bipolar transistor [14], the shallow trench isolation region
is replaced by an embedded nMOS NM2 in DHVSCR. The source of
NM2 is connected to the cathode of DHVSCR, and the drain of NM2 is
connected to that of pMOS PM2. When NM2 operated under ON state,
the channel resistance of NM2 is smaller than the resistance of Rsub,
therefore, the holding voltage of DHVSCR can be raised up greater
than the supply voltage. So, the latch-up phenomenon will not happen
on the DHVSCR during normal circuit operating condition. On the
contrary, the channel resistance of NM2 becomes larger than the re-
sistance of Rsub, when NM2 operated under the off state. Thus, the
holding voltage of DHVSCR can be reduced smaller than the supply
voltage. The effectiveness of the embedded nMOS transistor NM2 is
similar to the variable resistance Rext. Therefore, the holding voltage
of DHVSCR can be adjusted by changing the operation state of NM2.
In addition, to improve turn-on speed of DHVSCR devices under ESD
stress condition, the gate-coupling technique [15] or RC-based detec-
tion circuit [16] can be used to control the gate of PM2. On the con-
trary, the gate of PM2 will be biased at 2.5-V supply voltage to avoid
SCR being accidentally triggered on during normal circuit operating
condition.
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Fig. 1. (a) First-order equivalent circuit of SCR device, where the resistance of Rextis used to shunt the p-substrate resistance Rsubfor adjusting its holding
voltage. (b) Device cross-sectional view of the new proposed DHVSCR.

IV. EXPERIMENTAL RESULTS

The proposed DHVSCR has been fabricated in a 0.25-�m CMOS
process with fully salicided diffusion. The snapback current-voltage
(I–V) curves of DHVSCR at different temperatures under normal cir-
cuit operating and ESD stress conditions are measured in Fig. 2(a) and
(b), respectively. Under normal circuit operating conditions, the gate
voltage of embedded PM2 and NM2 is biased at 2.5 V, as the inset
shows in Fig. 2(a). In Fig. 2(a), the trigger-on voltage (V 0

t1) and holding
voltage (V 0

hold) of DHVSCR at the temperature of 25 �C are 7.48 and
3.08 V, respectively. When the temperature is increased to 125 �C, the
trigger-on voltage (V 00

t1) and holding voltage (V 00

hold) of DHVSCR are
decreased to 6.86 and 2.73 V, respectively. Because the holding voltage
of DHVSCR at 125 �C is still higher than the Vdd supply voltage of
2.5 V, the latch-up issue can be overcome at such a high temperature.
Under ESD stress condition, the gate voltage of PM2 and NM2 is bi-
ased at 0 V. In Fig. 2(b), the trigger-on voltage (Vt1) and holding voltage
(Vhold) of SCR are dropped to only 3.57 and 2.17 V, respectively. With
the lower trigger-on and holding voltages, the overstress ESD pulse can
be effectively clamped by the DHVSCR to protect the internal circuits
against ESD damage. So, the holding voltage and trigger-on voltage of
DHVSCR can be adjusted by controlling the gate voltage of NM2 and
PM2.

To verify the effectiveness of NM2 in the DHVSCR structure, the
holding voltage of DHVSCR is measured with different external resis-
tance (VR) connected between the node R and ground. The measure-
ment setup is shown in the inset of Fig. 3, where the gate voltage of
NM2 (PM2) is biased at 0 V (2.5 V) to turn off the channel resistance
of NM2 (PM2). From the experimental results in Fig. 3, the holding
voltage of DHVSCR can be increased greater than 2.5 V when the
shunt resistance of VR is less than 100 
. This has verified the effec-
tiveness of NM2 in the DHVSCR structure, which is used to increase
the holding voltage of the DHVSCR to avoid latch-up issues under the
normal circuit operating condition.

Besides, the human-body-model (HBM) and machine-model (MM)
ESD robustness of the traditional pMOS-LVTSCR [2] and DHVSCR
are measured by a ZapMaster ESD tester, where the devices are in
a fully salicided process without using extra masks to block the sili-
cided diffusion. For ESD robustness measurement, the failure criterion
is defined at leakage current greater than 1 �A under a 2.5-V bias on
pMOS-LVTSCR and DHVSCR. With a device width of 50 �m in the
pMOS-LVTSCR, the HBM and MM ESD levels are 6.2 kV and 250 V,

Fig. 2. Snapback I–V curves of DHVSCR measured under (a) the normal
circuit operating condition with the gate bias of 2.5 V on PM2 and NM2 at
the temperature of 25 C or 125 C, and (b) the ESD stress condition with the
gate bias of 0 V on PM2 and NM2 at the temperature of 25 C.

respectively. With the same device width of 50�m in the DHVSCR, the
HBM and MM ESD levels are 5.6 kV and 200 V, respectively. The ESD
level of DHVSCR is slightly less than that of pMOS-LVTSCR, because
the holding voltage of DHVSCR (� 2:17 V) under ESD stress condi-
tion is slightly higher than that (� 1:3 V) of pMOS-LVTSCR. How-
ever, with a device width of only 50 �m, the ESD level of DHVSCR is
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Fig. 3. Dependence of the shunt resistance (VR) on the holding voltage of
DHVSCR. The measurement setup is shown in the inset.

still high enough for on-chip ESD protection design without latch-up
issues.

V. CONCLUSION

The proposed DHVSCR device has been successfully verified in a
0.25-�m/2.5-V fully salicided CMOS process. From the experimental
results, the holding voltage of DHVSCR can be adjusted by changing
the gate bias of the embedded nMOS and pMOS in DHVSCR structure
to avoid latch-up issue during normal circuit operating condition. The
proposed DHVSCR device with suitable ESD-detection circuit can be
used in I/O pads, power-rail, and whole-chip ESD protection circuits.
For whole-chip ESD protection design, all DHVSCR devices can be
controlled by a common ESD-detection circuit to save the layout area
of ESD-detection circuit for every pin.
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A Comprehensive Study on the FIBL of
Nanoscale MOSFETs

Bing-Yue Tsui and Li-Feng Chin

Abstract—Fringing-induced barrier lowering (FIBL) effect on nanoscale
MOSFET is comprehensively examined. It is observed that by combining
stack gate dielectric, conductive spacer, short sidewall spacer, and min-
imum gate/drain (G/D) overlap, the with a dielectric constant of ( )
100 is only 1.6 times higher than that with = 3 9 when the gate length
is 25 nm. The fully depleted silicon-on-insulator device shows even better
FIBL immunity. It is concluded that although the FIBL effect can not be
eliminated, it would not an issue beyond the 45-nm technology node.

Index Terms—Fringing-induced barrier lowering (FIBL), high dielec-
tric constant material, MOSFET, silicon-on-insulator (SOI), stack gate
dielectric.

I. INTRODUCTION

Silicon dioxide (SiO2) has been used as the gate dielectric of CMOS
devices for several decades and as device dimensions scale down, the
thickness of SiO2 must be reduced to keep sufficient current driving
capability. However, when the thickness of SiO2 becomes thinner than
3 nm, direct tunneling current increases dramatically [1]. Although
many high dielectric constant (high-�) materials have been proposed
to solve this problem [2]–[10], a side effect called fringing-induced
barrier lowering (FIBL) arising from the use of high-� gate dielectric
is a serious problem [11]–[16]. The electrical field originating at the
drain penetrates into the channel through the high-� dielectric and sup-
presses the barrier height from source to channel. Therefore, the degra-
dation of off-state current (Io�) limits the allowable � value of the gate
dielectric.
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