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Abstract—The turn-on mechanism of silicon-controlled rectifier ~ protection circuits for a long time [11], [12]. But the SCR device
(SCR) devices is essentially a current triggering event. While a often has a higher switching voltage20 V) in the sub-quarter-
current is applied to the base or substrate of an SCR device, it micrometer CMOS technology, which is generally greater than

can be quickly triggered on into its latching state. In this paper, . .
latchup-free electrostatic discharge (ESD) protection circuits, (€ gate-oxide breakdown voltage of the input stages. To pro-

which are combined with the substrate-triggered technique and Vide more effective on-chip ESD protection, the low-voltage-
an SCR device, are proposed. A complementary circuit style with trigger SCR (LVTSCR) [13] and the complementary-LVTSCR
the substrate-triggered SCR device is designed to discharge both[14] were been invented to reduce the switching voltage of the
the pad-to-Vss and pad-to-Vpp ESD stresses. The novel comple- gop gevices. Moreover, some advanced circuit techniques have
mentary substrate-triggered SCR devices have the advantages of . .

controllable switching voltage, adjustable holding voltage, faster beep als'o aF’p"e,d to enhange the turn-on efficiency of ESD pro-
turn-on speed, and compatible to general CMOS process without tection circuits with SCR devices, such as the gate-coupled tech-
extra process modification such as the silicide-blocking mask and nigue [15] and the GGNMOS-triggered SCR [16]. However, an-
ESD implantation. The total holding voltage of the substrate-trig-  other issue limiting the use of SCR devices is the latchup con-
gered SCR device can be linearly increased by adding the stacked cern [17]-[19]. Because of the low holding voltage, such SCR

diode string to avoid the transient-induced latchup issue in the devi Idb identallv tri d b . | 20
ESD protection circuits. The on-chip ESD protection circuits evices could be accidentally triggered on by noise pulses [20],

designed with the proposed complementary substrate-triggered When ICs are in normal circuit operating conditions.
SCR devices and stacked diode string for the input/outputpadand ~ In this paper, in combination with the substrate-trig-

power pad have t_Jeen successfully verified in a 0.26m salicided gered technique, the novel p-type substrate-triggered SCR
IC:M?Sfprocessl,(wnh the hqman boclilyI model (machine model) ESD (P_STSCR) and n-type substrate-triggered SCR (N_STSCR)
evel of~7.25 kV (500 V) in a small layout ar_ea' _ devices for ESD protection are proposed. The novel comple-
Index Terms—Complementary, electrostatic discharge (ESD), mentary-STSCR devices are process compatible to general
ESD pr."teC“O(;‘ C"ﬁ”.'t’ silicon-controlled rectifier (SCR), sub- 1y sjlicided CMOS technologies without extra process
strate-triggered technique. modification for ESD protection. The latchup issue among the
complementary-STSCR devices can be successfully solved
I. INTRODUCTION by increasing the total holding voltage with the stacked diode

O N-CHIP ESD protection circuits have to be added ptring. Such novel substrate-triggered SCR devices with stacked

tween the input/output (/0) pads abig/Vss to provide d.iode strings are designed to be kept off during the normal

the desired electrostatic discharge (ESD) robustness in CME%%“ op(;ra;tintg ::gnditiogs,t, ar? d. to bc? q.uicI:Ig/ tggSgDe red on
integrated circuits (ICs) [1]. The ESD specifications of comme y the substrate-triggered technique during the -Zzapping

cial IC products are generally required to be higher than 2 kgpnditions. The on-chip ESD protection circuits designed

in human body model (HBM) [2] ESD stress and 200 V in maWith such complementary-STSCR devices and stacked diode

chine model (MM) [3] ESD stress. The typical design of on-chi

ESD protection circuits in CMOS ICs used to sustain the r

quired ESD level is illustrated in Fig. 1. To avoid unexpecte

ESD damage in the internal circuits of CMOS ICs [4]-[9], the
power-rail ESD clamp circuit must be placed betweenithg IIl. COMPLEMENTARY SUBSTRATE-TRIGGEREDSCR LCEVICES
and Vgg power lines [10]. With the highest ESD robustness ia_ pevice Structure

the smallest layout area, as compared with other ESD protec- .
tion devices [such as the diode, MOS, bipolar junction transistnghe proposed device structures of P_STSCR and N_STSCR

(BAT), o field oxide device] in CMOS technology, the silicon evices with stacked diode strings are shown in Fig. 2(a) and

controlled rectifier (SCR) device has been used in on-chip EédB) _respectlvely. As compared W.'th the tr_aqmonal Ia_teral SCR
evice structure [11], an extra"pdiffusion is inserted into the

substrate of the P_STSCR device structure and connected out
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Fig. 1. Typical design of on-chip ESD protection circuits in CMOS ICs.
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Fig. 2. Device structures of (a) the p-type substrate-triggered SCR device (P_STSCR) and (b) the n-type substrate-triggered SCR device (NthST&RBY, w
diode string.

feedback regeneration mechanism of latchup is initiated by thance the turn-on speed of the complementary-STSCR devices
substrate-triggered current in SCR structure, so the P_STSfORmore effective ESD protection with the substrate-triggered
will be triggered into its latching state [23]. For the N_STSCRechnique, because they increase the equivalent substrate resis-
an extrar diffusion is inserted into the n-well of the N_STSCRance {..) in these device structures.

device structure and connected out as the n-trigger node of th&he required number of diodes in the stacked diode string is
N_STSCR device. When a trigger current is drawn out from thilependent on the power supply voltage level of CMOS ICs in
trigger node, the N_STSCR will be triggered into its latchingpplications. To avoid the latchup issue, the total holding voltage
state through the positive feedback regeneration mechanisnust be designed to be greater than the power supply voltage.
The SCR paths in the P_STSCR and N_STSCR devices areTihe total holding voltagd’y of the P_STSCR or N_STSCR
dicated by the dashed lines shown in Fig. 2(a) and (b), respéevice withk stacked diodes can be written as

tively. The purpose of the additional n-well region under the

nt diffusion at the end of the SCR path is used to further en- Vi = Va_scr + (k x Vp) (1)
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Fig. 3. (a) Experimental measurement setup to measuré-thiecurves of Fig. 4. (a) Experimental measurement setup to measuré-fhiecurves of
the P_STSCR device. (b) Measurkd” curves of the P_STSCR device underthe N_STSCR device. (b) Measuréel” curves of the N_STSCR device under
different substrate-triggered currents. different well-triggered currents.

where Vir_scr is the holding voltage 1.5 V) of single gependences of the switching voltage of the P_STSCR and
P_STSCR (or N_STSCR) device ahg is the cut-in voltage \_STSCR devices on the substrate-triggered/well-triggered
(~0.6 V) of a diode in the forward-biased condition. current are shown in Fig. 5(@) and (b), respectively. The
o . higher trigger current leads to a much lower switching voltage
B. I-V Characteristics of the STSCR Devices in the complementary-STSCR devices. Without involving
The P_STSCR and N_STSCR devices with differehe avalanche breakdown mechanism, the P_STSCR and
numbers of stacked diodes have been drawn in layout aNdSTSCR devices can be effectively triggered on by applying
fabricated in a 0.2%:m salicided CMOS process. The experthe substrate-triggered technique. With a much lower switching
imental setups to measure the fieV characteristics of the voltage, the turn-on speed of the P_STSCR/N_STSCR device
P_STSCR and N_STSCR devices are illustrated in Figs. 3€an be further improved to quickly discharge ESD current. This
and 4(a), respectively. The measured I[dd” characteristics is an excellent feature for the proposed complementary-STSCR
of stand-alone P_STSCR and N_STSCR devices are shadavices used to protect the thinner gate oxide of input circuits
in Figs. 3(b) and 4(b), respectively. When the P_STSCR sub-quarter-micrometer CMOS processes.
device has no substrate-triggered currehft.{ = 0), the Due to the parasitic SCR path, the transient-induced latchup
P_STSCR is turned on by its original n-well/p-substratghenomenon has been an inherent concern for bulk CMOS
junction avalanche breakdown. In Fig. 3(b), the origindCs when the IC is operating under normal circuit conditions.
switching voltage of the P_STSCR device is as high as 22 avoid the latchup issue, the total holding voltage of the
when the substrate-triggered current is zero. But the switchiB@D protection device must be designed to be greater than
voltage of the P_STSCR device is reduced to 9 V when thige maximum voltage level ofpp during the normal circuit
substrate-triggered current is 5 mA. Furthermore, the switchingerating conditions. This can be achieved by the complemen-
voltage of the P_STSCR device can be reduced to only 1.83afy-STSCR devices with stacked diode strings in the ESD
when the substrate-triggered current is increased up to 8 nphotection circuits. The dé-V curves of the P_STSCR and
The characteristics of the N_STSCR device, as shown M STSCR devices with different numbers of stacked diodes
Fig. 4(b), are similar to those of the P_STSCR device. Ttage shown in Fig. 6(a) and (b), respectively. The corresponding
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measurement setups are inset into Fig. 6(a) and (b), respec-
tively. The total holding voltages of the complementary-STSCR ®)
devices with stacked diode strings can be raised by increasfigj6. Measured-V curves of (a) the P_STSCR and (b) the N_STSCR with
the number of stacked diodes. The holding voltages of tHgerent numbers of stacked diodes under Z5emperature.
complementary-STSCR devices with one, two, four, and six
diodes at the temperature of 256 are 2.6, 3.2, 4.6, and 5.8 V,calibrated under different temperatures. Theld&” curves of
respectively. The switching voltages of complementary-STSGRP_STSCR with four diodes and an N_STSCR with six diodes
devices with stacked diode strings shown in Fig. 6 have a litlmder different temperatures are measured in Fig. 8(a) and (b),
increase when increasing the number of stacked diodes, tgpectively. The insets in Fig. 8(a) and (b) are the enlarged
they can be reduced by the substrate-triggered techniqueviews around the holding point for clear observation. The
provide effective ESD protection. Fig. 7(a) and (b) shows thelding voltages of the P_STSCR with four diodes at the tem-
I-V curves of the P_STSCR and N_STSCR with six diodgseratures of 28C, 75°C, and 125C are 4.6, 4.1, and 3.85 V,
under different substrate- or well-triggered currents, respaespectively. The dependences of the total holding voltage of
tively. With the substrate-triggered technique, the switchinge P_STSCR and N_STSCR with stacked diode strings on
voltages of the P_STSCR and N_STSCR with six diodes canthe number of stacked diodes under different temperatures are
significantly reduced. Thus, the proposed P_STSCR/N_STSGRown in Fig. 9(a) and (b), respectively. With increase of the
with stacked diode strings have the adjustable holding voltagember of stacked diodes, the holding voltages of such ESD
and controllable switching voltage, so they can provide effeprotection devices are increased. The total holding voltages
tive ESD protection for internal circuits as well as avoid thslightly reduce when the temperature is increased, because the
transient-induced latchup issue. current gaing of the parasitic bipolar transistor in the SCR
For precise design of the ESD protection circuits, the devidevice is enhanced with the increase of temperature. For safe
characteristics of complementary-STSCR devices must &gplications in 2.5-V CMOS ICs, two diodes are suggested to
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and (b) the N_STSCR with six stacked diodes under different temperatures.
Fig. 7. Measured turn-od-V curves of (a) the P_STSCR and (b) the

N_STSCR with six stacked diodes under different triggered currents.

In Fig. 10(a), the p-trigger (n-trigger) node of the P_STSCR

(N_STSCR) device is connected to the output of the inv_1
be stacked with the P_STSCR or N_STSCR devices in the EERy_2). The input of the inv_1 (inv_2) is connected ¥®p

prgtection f:ircuits tq_avoid the latchup issue under normal cifvss) through the resistor R1 (R2), which is better realized by
cuit operating conditions. the nt diffusion resistance for the concern of the antenna effect
[24]. The resistors R1 and R2 can be shared with every 1/O pad

IIl. ON-CHIP ESD RROTECTION CIRCUITS WITH to save layout area in the CMOS IC. A capacitor C1 (C2) is
COMPLEMENTARY-STSCR [EVICES placed between the input of the inv_1 (inv_2) anig (Vpp).
These capacitors can be formed by the parasitic capacitors
A. ESD Protection Circuit for the Input/Output Pads

at the input node of the inverter. There are also two parasitic
Two kinds of ESD protection designs for 1/O pads, realizediodes (Dp_1 and Dn_1) in this ESD protection circuit. The

with the complementary substrate-triggered SCR devices wip_1 is the source-to-n-welllpp) parasitic diode of the
stacked diode strings, are shown in Fig. 10(a) and (b). RMOS in the inv_1. The Dn_1 is the source-to-p-substrate
Fig. 10(a), the principle oRC delay is used to distinguish (Vss) parasitic diode of the nMOS in the inv_2.
ESD-zapping events from the normal circuit operating con- In the normal circuit operating conditions withhp andVsg
ditions. In Fig. 10(b), the gate-coupled circuit technique igower supplies, the input of inv_1 is biased/aty. Therefore,
used to generate the trigger current to turn on the complemdme output of the inv_1 is biased &ts due to the turn-on of
tary-STSCR devices during ESD-zapping conditions. the nMOS in the inv_1, whenever the input signal is logic high
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Fig. 9. Dependence of the total holding voltage of (a) the P_STSCR with

stacked diode string and (b) the N_STSCR with stacked diode string on fhig. 10. Design of ESD protection circuits for the input or output pads with the

number of stacked diodes under different temperatures. proposed complementary-STSCR devices and stacked diode strings by using (a)
RCdelay and (b) gate-coupled circuit techniques.

(Vbp) or logic low (Vss). The p-trigger node of the P_STSCR

device is kept aVss by the output of the inv_1, so the P_STSCRre four modes of ESD stresses at each 1/0 pad of CMOS IC

device is guaranteed to be kept off in the normal circuit opeproducts. These four modes of ESD stresses are the PS, NS,

ating conditions. The input node of inv_2 in the normal opeRD, and ND modes [14], [15]. To clearly comprehend the ESD

ating conditions is biased &%s. Thus, the output of the inv_2 is current paths under these ESD stresses, the equivalent circuit of

kept atVpp due to the turn-on of the pMOS in the inv_2, whenthe ESD protection circuit designed by complementary-STSCR

ever the input signal is high or low. The n-trigger node of thdevices and stacked diode strings for I/O pads is illustrated in

N_STSCR device is biaseddtp by the output of the inv_2, so Fig. 11. The Dn_2 is the n-well to p-substraié{) parasitic

the N_STSCR s also guaranteed to be kept off in the normal aifiode in diode Dbk structure. The Dp_2 is thetpto n-well

cuit operating conditions. To avoid the noise transient-inducearasitic diode in the P_STSCR device structure.

latchup issue on such P_STSCR or N_STSCR devices undetnder the PS-mode ESD-zapping condition (with grounded

normal circuit operating conditions, the total holding voltage dfss but floatingVpp), the input of the inv_1 is initially floating

the ESD protection device must be designed to be greater thiéth a zero voltage level, thereby the pMOS of the inv_1 will

the power supply voltage or maximum voltage level of inpuie turned on due to the positive ESD voltage on the pad. So the

signals. By changing the number of stacked diodes, the totaitput of the inv_1 is charged up by the ESD energy to gen-

holding voltage can be adjusted to meet different circuit appkrate the trigger current into the p-trigger node of the P_STSCR

cations. device. Therefore, the P_STSCR device is triggered on and the
An ESD energy applied on a pad may have the positive or ndgSD current is discharged from the 1/0 pad to the grouridgd

ative voltage with reference to ground&gp or Vss, so there pinthrough the P_STSCR device with stacked diode string. The

(b)
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VDD technologies can be fully protected. In addition, the ESD level
of an I/O pin is dominated by the weakest ESD current path, so
IA’I the experimental measurements in the following are focused on
the PS-mode and ND-mode ESD-zapping conditions.

Fig. 10(b) shows another ESD protection circuit designed
with the complementary-STSCR devices with stacked diode
string for the I/O pad. When a PS-mode ESD-zapping on the
pad occurs, the positive transient voltage on the pad is coupled
through the capacitor C1 to the gate of nMOS Mn. The Mn
with a positive coupled gate bias can be turned on to conduct
some ESD current from the 1/0O pad into the p-trigger node of
the P_STSCR device. Therefore, the P_STSCR is triggered on
to discharge the ESD current from the 1/0 pad to the grounded
Vss pin. When an ND-mode ESD-zapping on the pad occurs,
the negative transient voltage on the pad is coupled through the
capacitor C2 to the gate of pMOS Mp. The Mp with a negative

VDD coupled gate bias can be turned on to draw some ESD current
R_we%

n-trigger R_well

ESD
Detection

Circuit_2

we

~';i:::':'D n_2 -

PAD \ 4

out from the n-trigger node of the N_STSCR device. Therefore,
the N_STSCR is triggered on to discharge the negative ESD
current from the I/O pad to the ground&gp pin. When the

NS-mode (PD-mode) ESD-zapping on the pad occurs, the ESD
ESD

N current can be bypassed through the forward-biased parasitic

. p-trigger diodes Dn_2 and Dn_3 (Dp_2 and Dp_3) to groundéd
Detection Da_1 . LT . .

~ (Vpbp). The Dn_3 (Dp_3) is the parasitic diode in the drain of

Circuit_1 Da 2 Mn (Mp) to the p-substrate (n-well). During normal circuit
§R sub by operating conditions, the gate of Mn (Mp) is biasedVat

- -- (Vpp) through the resistor R1 (R2). So the Mn (Mp) is kept

Da_k off and no trigger current will be applied to the trigger node

of P_STSCR (N_STSCR). The ESD protection circuits are
designed to be inactive without interrupting the normal input
or output signals. The capacitance values of C1 and C2 in
Fig. 10(b) must be tuned at some value, where the coupled
VSS 1 voltage under normal circuit operating conditions is smaller

= than the threshold voltage of Mn/Mp, but greater than the

Fig. 11. Equivalentcircuitofthecomplementary—STSCRdeviceswithstackgareShOId voltage of Mn/Mp under ESD-zapping conditions
diode strings for the input and output pads. [25].

RCtime constant is designed to keep the input of the inv_1 aPa ESD Clamp Circuit Between the Power Rails
relatively low-voltage level during ESD stress condition, which The Vpp-to-Vss ESD clamp circuit realized with the
can be finely tuned by HSPICE simulation. P_STSCR device and the stacked diode string is shown in
Under the ND-mode ESD-zapping condition (with groundeBlig. 12. The function of the ESD detection circuit, which is
Vpp but floatingVss), the input of the inv_2 is initially floating formed with resistor, capacitor, and inverter, is similar to that
with a zero voltage level, thereby the nMOS of the inv_2 willised in the I/O pad, but theC value is designed with a time
be turned on due to the negative ESD voltage on the pad. Sotastant of aboutv 1us to distinguish thel’np power-on
output of the inv_2 is pulled down by the negative ESD voltagevent (with a rise time in milliseconds) or ESD stress events
to draw the trigger current out from the n-trigger node of th@vith a rise time in nanoseconds) [10]. During the normal
N_STSCR device. Therefore, the N_STSCR device is trigger&dp power-on transition (from low to high), the input of the
on and the negative ESD current is discharged from the I/O pagerter in Fig. 12 can follow up in time with the power-on
to the grounded/pp pin through the N_STSCR device withVpp voltage to keep the output of the inverter at zero. Hence,
stacked diode string. the P_STSCR device with stacked diode string is kept off, and
Under the NS-mode (PD-mode) ESD-zapping condition, tlimes not interfere with the functions of the internal circuits.
parasitic diodes Dn_1 and Dn_2 (Dp_1 and Dp_2) are forwardWhen a positive ESD voltage is applied to thgp pin with
biased and turned on to discharge the ESD current from the i@ Vss pin relatively grounded, th&C delay will keep the
pad to the groundelss (Vpp). Thus, the four modes (PS, NS,input of the inverter at a low-voltage level for a relatively long
PD, and ND) of ESD stresses can be clamped to a very lotime. Therefore, the output of the inverter will be pulled high by
voltage level by the P_STSCR with stacked diode string, Dn_the ESD energy to trigger on the P_STSCR device. While the
Dn_2, Dp_1, Dp_2, and N_STSCR with stacked diode string, STSCR device is triggered on, the ESD current is discharged
so the thin gate oxide in deep sub-quarter-micrometer CM@®®m theVpp pin to theVss pin through the P_STSCR device
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Fig. 12. Vpp-to-Vss ESD clamp circuit realized with P_STSCR and stacked
diode string.

and the stacked diode string. With such a suitable ESD detec-
tion circuit, the P_STSCR device can be quickly triggered on
to discharge the ESD current. When a negative ESD voltage is
applied to thé/pp pin with theVss pin relatively grounded, the
negative ESD current can be discharged fromithg pin to the

Vss pin through the forward-biased P-substrdtes(-to-n-well
(which is connected td/pp) parasitic diode. In addition, by
adjusting the number of stacked diodes, such power-rail ESD
clamp circuits can be designed free of the latchup issue. With
a suitable ESD detection circuit, the N_STSCR device can be
also designed for the power-rail ESD clamp circuit.

IV. EXPERIMENTAL RESULTS
A. ESD Robustness

The proposed ESD protection devices and circuits for the I/O
and the power pads have been fabricated in a pr2Salicided
CMOS process without using the additional silicide-blocking
mask/process option. The layout examples of the P_STSCR de-
vice with two stacked diodes and the N_STSCR device with
three stacked diodes are shown in Fig. 13(a) and (b), respec-
tively. The device dimensions of the fully silicided P_STSCR
and N_STSCR are 20m x 21 um, and each diode has a
30 pum x 3 um anode layout area. The human body model
(HBM) and machine model (MM) ESD stresses are used to
verify the ESD levels of the proposed ESD protection circuits
designed with the complementary-STSCR devices and different
numbers of the stacked diodes. The HBM and MM ESD test re-
sults of the P_STSCR/N_STSCR with stacked diode string are (b)
compared in Fig. 14(a) and (b), respectively. In this ESD vefig. 13. Layout top views of (a) the P_STSCR with two stacked diodes and
ification, the failure criterion is defined as the leakage curreft) the N_STSCR with three stacked diodes in a Q:25-salicided CMOS
of the device after ESD zapping is greater thanALunder the PS>
normal operating voltage of 2.5 V. The HBM (MM) ESD levels
ofthe P_STSCR/N_STSCR with stacked diode string have litthd the P_STSCR/N_STSCR with stacked diode strings can al-
degradation while the number of stacked diodes is increasatbst be kept at the same value. For IC applications with power
The ESD-generated power across the ESD protection deviugply of 2.5 V, the ESD protection circuit can be free of the
can be calculated as Powef Igsp x Viea- Thus, the HBM latchup issue even if the operating temperature is up t6¢ €25
and MM ESD levels are decreased in principle when the totahen the number of stacked diodes is two. The complemen-
holding voltage is increased. But the stacked diode string witéry-STSCR devices with two stacked diodes can still sustain
the parasitic vertical p-n-p BJT structures will also generate ttiee HBM (MM) ESD level of 7.25 kV (500 V). The ESD levels
extra current paths. These extra current paths can be also usfeslibstrate-triggered SCR devices are the same as that of the
to discharge the ESD current. So the HBM and MM ESD levetsaditional SCR device under the same layout area. The aim of
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diode: anode area=30um*3um
350 L— ' . : - - The 8-V voltage pulse can be more quickly clamped to a stable
1 2 3 4 5 6 . .
. low-vol level he P_STSCR with 1.5-V r i
Number of Stacked Diodes ow-voltage level by the P_S SC. t. 5-V substrate pas
than by the LVTSCR. In order to investigate the turn-on time
() of the complementary-STSCR devices, the experimental setup

Fig. 1|4- DEPEHSdTeSnéeR 3f the (a) EBM I?néid(_b)d MM ESD |e\r/]els of gheo measure the corresponding turn-on time of the P_STSCR

complementary- evices with stacke iode strings on the number : FP H : _ H _

the stacked diodes (Failure criteriohi.sese > 1 /A at 2.5-V bias). dvice is illustrated in F|.g. 15. The.turn on time of the com
plementary-STSCR devices is defined as the corresponding

] ] o ] time from triggering state to latching state. The measured
this work is to reduce the switching voltage, to avoid the tranas,its in the time domain are shown in Fig. 17, where the
sient—induceq latchup issue, and to enhance the turn-on speeg_o‘,;node (V_trigger) is the voltage waveform on the anode
the SCR device. _(trigger) of the P_STSCR shown in Fig. 16. The anode of the

By comparison, argate-grounded NMOS (GGNMOS) devigs STSCR device is biased at 5 V through the resistdhoé
with W/L = 200/0.5 has been fabricated in the same CMOZ7) \yhich is used to limit the sudden large transient current
process with additional silicide-blocking mask. This GGNMO%ym, power supply, when the P_STSCR is turned on. A voltage
occupied a layout area of 258n x 60 um can sustain the ,jse with a pulsewidth of 400 ns and a rise time~dfo ns,
HBM ESD level of 3.5 kV. This has verified the excellent areg;nich corresponds to the rise time of the HBM ESD event
efficiency of the ESD protection circuits realized with the prog applied to the trigger node. While a voltage pulse of 1 V
posed complementary-STSCR devices (§an?” for the com- js anplied to the trigger node, the V_anode has no change,
plementary-STSCR with two stacked diodes, as compared W{8 chown in Fig. 17(a). So, the P_STSCR device has at least

2.71 V/pm? for GGNMOS). a substrate noise margin of 1 V. The V_anode, however, is
o triggered into latching state while the pulse voltage is increased
B. Turn-On Verification to 2 V, as shown in Fig. 17(b). The forward-biased p-trigger

The comparison of turn-on speed between P_STSCR amutle to cathode in the P_STSCR device limited the full swing
LVTSCR [13] under an applied 0-8-V voltage pulse is showof the 2-V voltage waveform shown in Fig. 17(b). After the
in Fig. 15. The device dimensioi//L of the inserted nMOS triggering of the 2-V voltage pulse, the V_anode is still kept at
in the LVTSCR structure ig0 m/0.25 pm, and the device a low-voltage level 0o~~2.5 V. The P_STSCR device has been
area of the P_STSCR is the same as that shown in Fig. 13&jccessfully triggered on to provide a low-impedance path from
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Fig. 17. Turn-on verification of the P_STSCR device under different substrate biases. The measured voltage waveforms on the anode and trigiper nodes o
P_STSCR device under (a) 1-V voltage triggering and (b) 2-V voltage triggering. The close-up views of the V_anode at the falling edge while thei®_STSCR

triggering by the voltage pulse of (c) 1.5V, (d) 2V, and (e) 4 V, into the p-trigger node. (f) The relation between the turn-on time and the triggenodquye.

its anode to its cathode. The turn-on time for the P_STSQRotection for internal circuits as long as enough substrate bias
device into its latching state is observed by the close-up vievwgssupplied.

of the V_anode waveform at the falling edge, which are shownThe ESD protection circuits are kept off under normal circuit
in Fig. 17(c) to (e) under different triggering voltage pulsesperating conditions and triggered on under ESD-zapping con-
The dependence of the turn-on time of such P_STSCR deviigons. In order to verify the functions of the ESD protection
on the pulse height of the triggering voltage pulse is compareiicuit for the 1/0 pad, a 2.5-V voltage pulse with a pulsewidth
in Fig. 17(f). In Fig. 17(f), the turn-on time of the P_STSCPRf 400 ns and a rise time of 10 ns is applied to the I/O pad
device can be reduced from 27.4 to 7.8 ns, which is faster thanFig. 10(a), where only one P_STSCR/N_STSCR device is
the rise time £10 ns) of the HBM ESD pulse, while the pulseplaced between the I/O pad amgs/Vpp in this verification.
height of the triggering voltage pulse is increased from 1.5 to this experimental measurement, the ESD detection circuit in-
4 V. The turn-on speed is improved by a factor of about foucluding R, C, and inverter is realized witi® = 100 k2, C' =

The measured results have confirmed that the proposed ESpF, pMOS dimensiofV/L = 50/0.5, and nMOS dimension
protection circuit can indeed be turned on more quickly t#//L = 30/0.5. The channel length of nMOS/pMOS in the
discharge the ESD current, which can provide more effecti&SD detection circuit can be reduced to gain the higher triggered
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Fig.18. Measured voltage waveforms on the I/O pad of Fig. 10(a) under (a) the normal circuit operating conditions, (b) the pb§ii#ESD-zapping condition
when a 2.5-V voltage pulse is applied to the I/O pad, and (c) the negatiVe$dESD-zapping condition when-a2.5-V voltage pulse is applied to the 1/O pad.

currents. These device dimensions can be finetuned by HSPI&tel then the P_STSCR clamps the voltage to 1.8 V. If the pulse
simulator to fit different circuit applications. During the normaloltage is increased to 10 V, as shown in Fig. 19(b), the turn-on
circuit operating conditions, where thgp is power-onand’'ss  time of Mn can be shortened and the P_STSCR can be triggered
is connected to ground, the input signal of 2.5 V has no degradzato latching state more quickly. In Fig. 19(c), when a negative
tion, as shown in Fig. 18(a). So the ESD protection circuit do@s-10-V voltage pulse to simulate the ND-mode ESD-zapping
not interfere with the input signal. However, during the PS-modm®ndition is applied to the 1/O pad of the ESD protection circuit
ESD-zapping condition, the ESD detection circuit is active, s$o Fig. 10(b), the voltage waveform is clamped to a low-voltage
the applied voltage pulse of 2.5 V is clampedta.2 V by the level (~—1.8 V) by the turned-on N_STSCR device. The mea-
turned-on P_STSCR, as shown in Fig. 18(b). During ND-modeired results match the results shown in Fig. 17. The higher
ESD-zapping condition, a2.5-V voltage pulse is clamped tovoltage pulse will generate the higher substrate bias through Mn
~ —1.26 V by the turned-on N_STSCR, as shown in Fig. 18(adr Mp. So the P_STSCR and N_STSCR can be triggered into
By using this method, the turn-on characteristics of the ESbe latching state more quickly by increasing the pulse voltage.
protection circuit for the 1/0 pad shown in Fig. 10(b) can als®his has verified the effectiveness of the proposed ESD protec-
be verified. In this measurement, the ESD detection circuit itien circuits designed with the substrate-triggered technique and
cluding C, R, and nMOS/pMOS is realized with = 96 fF, the SCR devices. To achieve the latchup-free condition, some
R = 10 k2, nMOS dimensioriW/L = 30/0.5, and pMOS diodes must be stacked with the substrate-triggered SCR devices
dimensionW/L = 50/0.5. When a positive 0—7-V voltage in the ESD protection circuits.

pulse to simulate the PS-mode ESD-zapping condition is ap-To verify the latchup-free property, another measurement
plied to the 1/O pad of the ESD protection circuit in Fig. 10(b)of the holding voltages of the complementary-STSCR devices
the voltage waveform on the 1/0O pad is clamped to a low-voltagégth stacked diode strings is tested under transient conditions.
level measured in Fig. 19(a). In Fig. 19(a), the nMOS, Mn in thehe turn-on behavior of the power-rail ESD clamp circuit
ESD protection circuit of Fig. 10(b), will be first turned on torealized with theR, C, inverter, and P_STSCR with stacked
conduct some ESD current to trigger on the P_STSCR devidégde strings is shown in Fig. 20. A 0-5-V voltage pulse with a
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Fig. 20. \oltage waveforms clamped by thgp-to-Vss ESD clamp circuit . . .
designed with the P_STSCR device and different numbers of stacked dioddh complementary substrate-triggered SCR devices have

when a 0-5-V voltage pulse is applied.

pulsewidth of 400 ns and a rise time of 10 ns is applied to the
Vbp pin of Fig. 11(a) to simulate the PS-mode ESD-zapping
condition. The voltage pulse applied on thgp pin is clamped

to 1.6, 2.4, 3, and 4.3 V by the ESD protection circuit realized
with ESD detection circuit, P_STSCR, and zero, one, two, and
four diodes, respectively. When the voltage pulse is applied
to the Vpp pin, the voltage pulse is quickly clamped to a
low-voltage level within only a few nanoseconds. The clamped
voltage level of the ESD protection circuit can be linearly
adjusted by changing the number of stacked diodes for practical
applications in CMOS IC products with differebt,p voltage
levels. For IC applications witlvypp of 2.5 V, the P_STSCR
with two stacked diodes has a clamped voltage of about 3V, so
it can be free of the latchup issue.

V. CONCLUSION

Latchup-free on-chip ESD protection circuits realized

been successfully investigated in a 0,2% salicided CMOS
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