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SCR Device With Double-Triggered Technique for
On-Chip ESD Protection in Sub-Quarter-Micron
Silicided CMOS Processes
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Abstract—Turn-on efficiency is the main concern for sil- Parg  Nirg  Angde  Ntrig  Pdrig

icon-controlled rectifier (SCR) devices used as on-chip elec-
trostatic discharge (ESD) protection circuit, especially in deep - y 7 ; . T
sub-quarter-micron CMOS processes with much thinner gate
oxide. A novel double-triggered technique is proposed to speed
up the turn-on speed of SCR devices for using in on-chip ESD D B R
protection circuit to effectively protect the much thinner gate
oxide in sub-quarter-micron CMOS processes. From the exper-
imental results, the switching voltage and turn-on time of such
double-triggered SCR (DT_SCR) device has been confirmed to be
significantly reduced by this double-triggered technique.
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) . ) . Fig. 1. Device structure of the DT_SCR device.
Index Terms—Double-triggered technique, electrostatic dis-

charge (ESD), ESD protection circuit, silicon-controlled rectifier
(SCR).

I. INTRODUCTION

ITH THE process evolution, the gate-oxide thickness

has been scaled down to increase circuit operating
speed under lower voltage supply. For oxide reliability con-
cerns, the normal operating voltage has been limited to some
voltage level for each CMOS technology, but the electrostatic
discharge (ESD) event often has a much higher overstress
voltage, which can burn out the junction or rupture the gate
oxide. Therefore, in order to effectively protect the thinner gate
oxide from ESD stresses, on-chip ESD protection circuit must
have lower clamping voltage and faster turn-on speed. Among
the various ESD protection devices, the silicon-controlled «
rectifier (SCR) has the lowest holding voltagé (4, about~1 e ETA
V in general CMOS processes). SCR is composed of parasitic | n-trigg -trigger
n-p-n and p-n-p transistors in CMOS process, and its turn-on 20pum
mechanism is essentially a current triggering event. With the
best area-efficient ESD robustness, SCR had been usedrigs. Layout top view of the DT_SCR device.
on-chip ESD protection for a long time [1], [2], but SCR has

some drawbacks in CMOS IC applications, such as highgite. The DT_SCR device is designed to be triggered on without
switching voltage ;1) and latchup issue [3]-[5]. Some reportsnvolving the junction avalanche breakdown mechanism. There-
have presented solutions to overcome these issues [6]-[8]. fore, the much thinner gate oxide in sub-quarter-micron CMOS
In this paper, the novel double-triggered SCR (DT_SCR) dgrocesses can be effectively protected by such DT_SCR device.
vice is proposed and verified in a 0.2%n salicided CMOS  With a suitable ESD-detection circuit, the DT_SCR device is de-
process. The purpose of the double-triggered technique is togrned to be kept off during normal circuit operating conditions,
duce theV;; and to enhance the turn-on speed of the SCR dgnd to be quickly triggered on during ESD-zapping conditions.
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Fig. 3. (a) Measurement setup and measuref-dic curves of DT_SCR under different substrate-triggered currents but no n-well triggered current. (b) Measured
dc7-V curves of DT_SCR under different substrate-triggered currents and the additional n-well triggered cux2niAf (c) Dependence of switching voltage
of DT_SCR on substrate-triggered current under different n-well triggered currents.

SCR device structure [1], extra+pand nt+ diffusions are B. Device Characteristics

inserted into the p-substrate and n-well, respectively, of the

DT_SCR device structure. The inserted pnd nt+ diffusions The fully silicided DT_SCR device in Fig. 1 has been
are connected out as the p-trigger and n-trigger nodes of fabricated in a 0.25:m salicided CMOS process. The layout
DT_SCR device. When a trigger current is applied to p-triggéop view of the DT_SCR device is shown in Fig. 2. The active
node, the n-p-n bipolar transistor in the SCR structure is actiaea of the DT_SCR device is 20m x 20 um. Fig. 3(a)

and the collector current of the n-p-n is generated to bias thieows the measured deV curves of the DT_SCR, which are
p-n-p bipolar transistor. When the p-n-p transistor is turned omeasured with different substrate-triggered currents into the
the collector current of the p-n-p is generated to further bias therigger node of the DT_SCR but no n-well triggered current.
n-p-n transistor. The positive feedback regeneration mechanishie measurement setup is shown as the inset in Fig. 3(a).
[9] of latchup is initiated by the substrate-triggered currerithe V;; of the DT_SCR is reduced with the increase of the
in the SCR structure instead of the avalanche breakdowsumbstrate-triggered current. When the triggered current at the
mechanism, so the DT_SCR will be triggered into its latching-trigger node is increased from 0 to 6 mA, thg of the
state. When a trigger current is drawn out from the n-trigg®T_SCR is reduced from-22 to~7 V. If the triggered current
node, the DT_SCR will be also triggered on into its latching continually increased, thg;; will be nearly reduced to its
state through the positive feedback regeneration mechanismhatding voltage. Moreover, in Fig. 3(b), the double-triggered
this work, two trigger currents can be synchronously applied smlution is used to further reduce thg to a relatively lower
trigger on the DT_SCR device. voltage level. Based on the similar measurement of Fig. 3(a),
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an extra n-well current of 2 mA is drawn out from the n-trigger ~ ©
node of the DT_SCR, and the measurkd’ curves under I oo 0o
different substrate-triggered currents into the p-trigger nod . Se ~
are shown in Fig. 3(b). The double-triggered measuremel r '{ (I_p-trigger, |_n-trigger
setup is also indicated in the inset of Fig. 3(b). THe of aor
the DT_SCR under the substrate-triggered current of 6 mg | _ScR =
is further reduced from-7 to only ~2 V when the n-well &

triggered current is increased from 04®@ mA. (The negative w _ [ Rowel
sign on the current in this paper is used to represent the curre 5'
flowing out from the node.) The dependence of the switching E
voltage of the DT_SCR device on the substrate-triggere
current under different n-well triggered currents is depicted it ,, | R_sub
Fig. 3(c). TheV;; of the DT_SCR device can be nearly reducec L

to the holding voltage~1.5 V) more efficiently when both the r DT—SCR . _
substrate-triggered and n-well triggered currents are applie I :g::: :: :::::gg:;-;::lstep
to the DT_SCR device. These results have proven thatthe 40 s A

=(2mA, 0mA)
‘\.

of the DT_SCR device can be significantly reduced by the -20 -15 Volt -10 Vv 0
proposed double-triggered technique. oltage (V)
The measured dé-V curves of the DT_SCR under a sub- (a)

strate-triggered current of 2 mA into the p-trigger node and dif- 25
ferent n-well triggered currents out from the n-trigger node arce~ |

shown in Fig. 4(a). The measurement setup is also illustrate <~ ¢

as the inset in Fig. 4(a). When the n-well triggered current i< $20 »—’_ﬁ*\—‘\‘\‘\‘
increased from 0 to-3 mA, theV;; of the DT_SCR under g o 3
the substrate-triggered current of 2 mA is significantly reduce(© \
from ~15 to only~1.5 V, which is near to its holding voltage. o5
The dependence df;; of the DT_SCR on the n-well triggered £
current under different substrate-triggered currents is shown iﬁ
Fig. 4(b). TheV;; of the DT_SCR under the n-well triggered £ 4o [
current of—3 mA is further reduced from21 to~1.5 V, when u;, I
the substrate-triggered current is increased from 0to 2 mA. Thee
characteristics of the DT_SCR in Fig. 4(b) are similar to thos¢Q 5[
N .

in Fig. 3(c). In the p-type substrate, because the current gain |
the n-p-n transistor is higher than that of the p-n-p transistor, thE
substrate-triggered current (used to trigger the n-p-n transistt [ .

—e— |_p-trigger=floating
—v— |_p-trigger=1TmA

—a— |_p-trigger=1.5mA
—O— |_p-trigger=2mA

1 1 Il !

in the DT_SCR device) seems to have more significant effec 0 - 2 -3 4 -5 6
than the n-well triggered current (used to trigger the p-n-p tran N-Well Triggered Current (mA)
sistor in the DT_SCR device) to reduce thie of the DT_SCR (b)

and to quickly trigger on the DT_SCR [10]. The ESD protec-
tion device with lower switching voltage can be turned on mokgy. 4. (a) Measurement setup and measured-d¢ curves of DT_SCR
quickly to protect the internal circuits from ESD damage. under different n-trigger currents and the substrate-triggered current of 2 mA.

Another issue of using the SCR device as the ESD protectié Pependence of switching voltage of DT_SCR on the n-well triggered

. . . . urrent under different substrate-triggered currents.

device is the transient-induced latchup concern when the
CMOS IC is operating under normal circuit operations. The
total holding voltage of the ESD protection circuit with SCRof the parasitic bipolar transistors in the SCR device are in-
devices must be designed to be greater than the maximareased with the increase of temperature. The holding voltages
voltage level of¥pp during normal circuit operating conditionsof 1DT_SCR, for example, are 1.4, 1.24, and 1.18 V under
to avoid the latchup issue. This can be achieved by stacking the temperatures of 2%, 75°C, and 125°C, respectively.
DT_SCR devices in the ESD protection circuits. Fig. 5 shovighe total holding voltage, however, can be still raised by
the dependence of the total holding voltage of stacked DT_S@Rreasing the number of the stacked DT_SCR devices. The
devices on the temperature under different numbers of stackesdding voltages of 1DT_SCR, 2DT_SCR, and 3DT_SCR at
DT_SCR devices. The measurement setup to measude-the the temperature of 125C are 1.18, 2.5, and 3.9 V, respectively.
curves of stacked DT_SCR devices is depicted in Fig. 5(a). Tiiee dependence of the holding voltage on temperature in the
I-V curves of two (three) DT_SCR devices in stacked costacked DT_SCR devices is compared in Fig. 5(d). Although
figuration, which is marked as 2DT_SCR (3DT_SCR), undéhe DT_SCR devices in stacked configurations have increased
different temperatures are measured in Fig. 5(b) [Fig. 5(c}btal switching voltage, such stacked DT_SCR devices can still
The insets in Fig. 5(b) and (c) are the enlarged views around the quickly triggered on to provide effective ESD protection
holding points. The total holding voltage has some degradatiatmen the double-triggered technique is synchronously applied
when the temperature is increased, because the current®jaing all stacked DT_SCR devices.
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Fig.5. Temperature dependence on the total holding voltage of stacked DT_SCR devices with different stacked numbers. (a) Experimental rsetguranent
Measured -V curves of two DT_SCR devices in stacked configuration (2DT_SCR). (c) Measufédurves of three DT_SCR devices in stacked configuration
(3DT_SCR). (d) Relation between holding voltage and temperature under different numbers of stacked DT_SCR devices.

C. Turn-On Speed

DT_SCR are shown in Fig. 6(b)—(h), WhéVrg.ode, Vp—trigger:

DT_SCR is turned on.

erators, are synchronously applied to the p-trigger and n-trigger
From the measured dB&-V curves of the DT_SCR, it hasnodes. The original voltage pulses generated synchronously
been verified that thé;; of DT_SCR can be significantly from pulse generators are shown in Fig. 6(b). The pulse height
reduced by the substrate and n-well triggered currents. Taed pulsewidth are changed in the experimental measurement
turn-on time of the DT_SCR, which is defined as the time fdp verify the required turn-on time of the DT_SCR. However, in
the DT_SCR to enter into its latching state, will be verifie@rder to avoid the loading effect of oscilloscope interfering with
in this section. Fig. 6(a) shows the measurement setup to fitig accuracy of the measured waveform, only ¥e ¢igger
the turn-on time of DT_SCR devices with the double-triggerealill be monitored. When a 0-1.5 V positive voltage pulse with
technique. The measured results in the time domain for taepulsewidth of 100 ns is applied into the p-trigger node of
the DT_SCR and the n-trigger node is floating, the voltage
and V,_uigeer are the voltage waveforms on the anodeyaveform atthé/,,.qe 0of the DT_SCR which is triggered into
p-trigger, and n-trigger nodes, respectively, of the DT_SCiRe latching state is shown in Fig. 6(c). After the triggering of
shown in Fig. 6(a). The anode of the DT_SCR device is biaséd-V voltage pulse at the p-trigger node, tg,,q. is latched
at 5 V through the resistance of 10 which is used to limit the at a low voltage level of2.5 V and theV, _yigger is kept at
sudden large transient current from the power supply when thevoltage level of 0.8 V. If the pulsewidth of 1.5-V pulse at
the p-trigger node is reduced to 30 ns, the DT_SCR device
The positive and negative voltage pulses with a fixed risg&nnot be triggered on by this 1.5-V voltage pulse. So, the
time (or fall time) of 10 ns, which are generated from pulse geManode iS Still kept at the same voltage level of 5 V as shown in
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Fig. 6. Turn-on verification of DT_SCR under different voltage pulses. (a) Measurement setup. (b) Synchronous positive and negative voltageepulses
measured voltage waveforms on the anode and p-trigger nodes of the DT_SCR device under 1.5-V positive voltage pulse with pulsewidth of (c) 100 ns and
(d) 30 ns, while the n-trigger is floating.

Fig. 6(d). However, based on the same condition of Fig. 6(d@bsolute pulse height of the negative voltage pulse applied to
the DT_SCR device can be triggered into the latching statetlife n-trigger node is increased from 0 to 5 V. These results
an additional 5-0 V negative voltage pulse with pulsewidtimfer that the turn-on speed of the DT_SCR device can be in-
of 30 ns is synchronously applied to the n-trigger node aleed increased by the proposed double-triggered technique. The
the DT_SCR device, as shown in Fig. 6(e). So, the requirddpendence of the turn-on time of the DT_SCR on the n-well
pulsewidth for the DT_SCR to trigger into the latching statbias under different substrate bias conditions with a fixed rise
can be shortened if both positive and negative voltage pulgese of 10 ns is summarized in Fig. 7. The turn-on time of the
are synchronously applied to the p-trigger and n-trigger nodd3T_SCR can be shortened when the substrate and/or the n-well
The turn-on time forthe DT_SCR into its latching state is olbias voltages are increased. In addition, the dependence of the
served by the closeup view of th&, .4 Voltage waveform at turn-ontime ofthe DT_SCR on the rise time of the voltage pulse
the falling edge. The closeup views of thg,.q. at the falling under different substrate bias conditions is measured and shown
edge, while the DT_SCR is synchronously triggered by the pae-Fig. 8. With the reduction of rise time of the applied voltage
itive voltage pulse of 1.5 V at the p-trigger node and the negatipelse, the turn-on time of the DT_SCR can be shortened to trace
voltage pulse of floating, 5-2 V, and 5-0 V at the n-trigger nod&e rise time of the voltage pulse at the p-trigger node, if enough
are compared in Fig. 6(f)—(h), respectively. The pulsewidths ptilse voltage is applied to the trigger nodes of the DT_SCR. To
the positive and negative voltage pulses in the measurementsiofiance the turn-on speed of the DT_SCR, both the pulse height
Fig. 6(f)—(h) are 200 ns. The turn-on time of the DT_SCR iand rise time must be well designed to trigger on the DT_SCR
37.6 nsin Fig. 6(f) if only a 1.5-V positive voltage pulse is apedevice more efficiently.
plied to the p-trigger node. Hence, the DT_SCR cannot be trig-
gered onif only a 1.5-V voltage pulse with a pulsewidth smaller
than 37.6 ns is applied to the p-trigger node alone, which has ) o
been verified in Fig. 6(d). Moreover, from Fig. 6(f(h), undef- ESD Protection Circuit for the Input/Output Pad
the positive voltage pulse of 1.5 V at the p-trigger node, the Based on above measured results, the ESD protection de-
turn-on time can be reduced from 37.6 to 11.8 ns, while tlségn for the input/output (I/O) pad, realized with the stacked

I1l. A PPLICATIONS FORON-CHIP ESD RROTECTION
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Fig. 6. (Continued.)Turn-on verification of DT_SCR under different voltage pulses. The measured voltage waveforms on the anode and p-trigger nodes of the
DT_SCR device under 1.5-V positive voltage pulse with pulsewidth of (e) 30 ns while 5-0-V negative voltage pulse is applied to the n-triggerupheesigse

of the V,..q. at the falling edge while the DT_SCR is synchronously triggering by the 1.5-V positive voltage pulse and under the negative voltage pulse of:
(f) floating, (g) 5-2 V, and (h) 5-0 V.
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Fig. 7. Dependence of turn-on time of DT_SCR on the n-well biases undgig- 8. Dependence of turn-on time of DT_SCR on the rise time of voltage
different substrate bias conditions with a fixed rise time of 10 ns. pulse under different substrate bias conditions.

double-triggered SCR devices, is shown in Fig. 9. Two stackedrmal circuit operating conditions for 2.5-V circuit applica-
DT_SCR devices are used to avoid the latchup issue duritigns. TheRC-delay circuit technique is used to distinguish the
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DT_SCR_2

Mp2

ESD-zapping conditions from the normal circuit operating corare biased atpp (Vss). Therefore, théVipl, Mp2, Mnl, and
ditions. Mn2 are all in off state, whenever the input signal is logic high
In Fig. 9, the p-trigger (n-trigger) nodes of the two stacke@i’pp) or logic low (Vss). The p-trigger (n-trigger) nodes of the

DT_SCR devices between the I/O pad andithgline are con- stacked DT_SCR devices are keptlat (Vpp) through the
nected to the drain (source) of the pMQ&p1 (Mp2). The parasitic resistorsR,.i1 andRs,p), S0 such stacked DT_SCR
p-trigger (n-trigger) nodes of the two stacked DT_SCR devicegvices are guaranteed to be kept off under normal circuit
between the I/O pad and tHé,p line are connected to the operating conditions.
source (drain) of the nMOBIn1 (Mn2). The gates ofthe pMOS  An ESD event zapping on a pad may have positive or neg-
Mpl andMp2 (nMOS Mn1 andMn2) are connected tdpp  ative voltage with reference to ground&gp or Vsg, so there
(Vss) through the resistaR1 (R2), which is better realized by are four modes of ESD stresses at each I/O pad. The four modes
the nt diffusion resistor for the concern of the antenna effectf ESD stresses are positive-t@s (PS), negative-td&g (NS),
[11]. The resistorR1 andR2 can be shared by each 1/0 padositive-todpp (PD), and negative-tdpp (ND) modes [12],
to save layout area in the CMOS IC. A capacior (C2) is [13]. To clearly comprehend the ESD current paths under these
placed between the gates of pMOS (nMOS) afrd (Vpp). ESD stresses, the equivalent circuit of the ESD protection cir-
These capacitors can be formed by the parasitic capacitorc@it designed with the stacked DT_SCR devices for I/O pads
the gates of the pMOSMp1 and Mp2) or nMOS (Mnl and is illustrated in Fig. 10. The Dn_1 is the n-well (under the n
Mn2). The blocking diodes Db are used to block the curreudiffusion at the end of the SCR path) to p-sulyq) parasitic
flowing through the metals connected among the trigger noddiede in DT_SCR_4. The Dp_1 is the-go n-well (connected
of the stacked DT_SCR devices. Without the blocking diodet® Vpp) parasitic diode in the DT_SCR_1.
the larger ESD current will flow out from the first p-trigger/n- Under the PS-mode ESD-zapping condition (with grounded
trigger node of the DT_SCR into the metal connection, throughs but floatingVpp), the gates oMpl andMp2 are initially
the last p-trigger/n-trigger node of the DT_SCR to ground ifloating with a zero voltage level, thereby thépl and Mp2
stead of the expected current path. So, without the blockimgll be turned on due to the positive ESD voltage on the pad.
diodes, the accumulative property in holding voltage for th®o, theMpl will conduct some initial ESD current into the
stacked DT_SCR configuration does not exist. Also, there grerigger nodes of the two stacked DT_SCR devices between the
two parasitic diodes (Dp_2 and Dn_2) in this ESD protectioO pads and thé/ss line. Synchronously, th&Ip2 will draw
circuit. The Dp_2 is the source-to-n-wellffp) parasitic diode some initial ESD current out from the n-trigger nodes of the
in pMOSMpl. The Dn_2 is the source-to-p-suldsf) parasitic stacked DT_SCR devices. Thg of the two stacked DT_SCR
diode in nMOSMun2. devices will be reduced to a low voltage level, therefore, the two
In normal circuit operating conditions withipp and Vss  stacked DT_SCR devices can be quickly triggered on. So, the
power supplies, the gates dfpl and Mp2 (Mnl andMn2) ESD current can be discharged from the 1/0 pad to the grounded
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voo Under the NS-mode (PD-mode) ESD-zapping condition, the
%R well |'J parasitic diodes Dn_1 and Dn_2 (Dp_1 and Dp_2) will be for-
- ward biased and turned on to discharge the ESD current from
the 1/0O pad to the groundeldss (Vpp). The four modes (PS,
N NS, PD, and ND) of ESD stresses can be clamped to a very
R mb% low voltage level by the stacked DT_SCR devices or the for-
b - ward-biased parasitic diodes, so the thinner gate oxide in deep
= sub-quarter-micron CMOS technologies can be fully protected.
The diode in forward-biased condition can often sustain a very
high ESD level. The ESD level of an I/0O pad is dominated by the
weakest ESD current path, so the experimental measurements
in the following will be focused on the PS-mode or ND-mode
ESD-zapping conditions.

HSPICE is used to verify the functions of ESD-detection cir-
cuits on the ESD protection circuit for the 1/0 pad. The tran-
sient simulation of the ESD-detection circuits in Fig. 9 under
PS-mode and ND-mode ESD-zapping conditions are shown in
Fig. 11(a) and (b), respectively, wheRd = R2 = 100 k2,

Cl = C2 = 1 pF, and the device dimensiof/L of Mpl,
Mp2, Mnl, andMn2 are 10/0.25:m, 20/0.25:m, 10/0.25.m,
and 5/0.25.m. Because the overdrive voltagg, of Mp2 is
smaller than that dfip1 under the same pad voltage, ¥e2 in
Fig. 9 is designed with a larger channel width than thatipfi.
In Fig. 11(a), when a 0-8-V voltage pulse with a rise time of 10
ns is applied to the I/0 pad of Fig. 9, the substrate-triggered and
1/‘ }j well-triggered currents can be synchronously generated by the
ESD-detection circuit, which is formed 1, C1, Mpl, and
R_sub Mp2, to trigger on the stacked DT_SCR devices. In Fig. 11(b),
the substrate-triggered and well-triggered currents can be also
1 synchronously generated by the ESD-detection circuit, which
= is formed byR2, C2, Mn1, andMn2, when a 0—8)-V nega-
tive voltage pulse with a fall time of 10 ns is applied to the I/O
pad of Fig. 9. Because of the difference of the overdrive voltage
betweenMn1 andMn2, the Mn1 in Fig. 9 is designed with a
Vgs through the stacked DT_SCR devices. However, the gd@sger channel width than that 8n2. From the simulation re-
voltages ofMpl andMp2 may be charged up by the ESD ensults in Fig. 11, the trigger currents at the p-trigger and n-trigger
ergy through the forward-biased diodes Dp_1 and Dp_2, so thedes can be generated almost following the voltage pulse on
R1C1 time constant is designed to keep the gateslpl and the I/O pad. The delay resulting from the ESD-detection circuit
Mp?2 at a relatively low voltage level. Then, the voltage pulsé Fig. 9 can be almost negligible. The triggered currents, which
can be generated at the p-trigger and n-trigger nodes to succégg-the function of resistanc&{, R2), capacitance((1, C2),
fully trigger on the stacked DT_SCR devices during ESD stre8sd device dimensions of pMOS and nMOS devices, can be fine
conditions. With the double-triggered technique, the requirédned by HSPICE simulation to fit the practical applications of
pulsewidth to trigger the DT_SCR into the latching state can lgéferent CMOS processes.
shortened, as shown in Fig. 6, so fR€ time constant can be
designed smaller to save layout area.

Under the ND-mode ESD-zapping condition (with grounded
Vbp but floating Vss), the gates oMnl andMn2 are initially The stacked DT_SCR devices can also be applied to design
floating with a zero voltage level, thereby thénl andMn2 the power-rail ESD clamp circuit. THéyp-to-Vss ESD clamp
will be turned on due to the negative ESD voltage on the padrcuit designed with two stacked DT_SCR devices is realized
So, theMnl will conduct some initial ESD current into thein Fig. 12 for circuit applications of 2.5 V. The function of the
p-trigger nodes of the two stacked DT_SCR devices between #8D-detection circuit, which is formed with a resisRyrcapac-

I/0 pad and thé/pp line. Synchronously, th&In2 will draw itor C, and inverters (inv_1 and inv_2), is to distinguisi@sp
some initial ESD current out from the n-trigger nodes of thpower-on event (with a rise time in milliseconds) or ESD-stress
stacked DT_SCR devices. Therefore, the two stacked DT_S@®ents (with a rise time in nanoseconds) [14]. During normal
devices will be triggered on and the negative ESD current cangp power-on transition (from low to high), the input of inv_1
discharged from the I/O pad to the groundési, through the can follow up in time with the power-oivpp waveform, so
stacked DT_SCR devices. Furthermore RI2€2 time constant the output of inv_1 (or the input of inv_2) will be biased at
is designed to avoid the gate voltages\dfil andMn2 being zero. Therefore, the output of inv_2 will be keptidip. The
charged up quickly through the parasitic diodes Dn_1 and Dn_trigger/n-trigger nodes of stacked DT_SCR devices are biased
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Fig. 10. Equivalent circuit of the stacked DT_SCR devices for the I/O pad.

ESD Clamp Circuit Between the Power Rails
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Fig. 11. HSPICE simulation. Transient simulation of the ESD-detection
circuit in Fig. 9 under (a) PS-mode and (b) ND-mode ESD-zapping cond|t|or]§1g‘ 13. Dependence of the HBM ESD levels of stacked DT_SCR

configuration on the number of the stacked DT_SCR devices. (Failure

. L . criterion: licakage > 1 pA at 2.5-V bias.
at Vas/Vpp in this situation, so the two stacked DT_SCR de- feakese = LA )

vices are kept off and do not interfere with normal circuit oper-
ating functions. C. ESD Robustness

When a positive ESD voltage is applieditgp with Vss rel- The human-body-model (HBM) and machine-model (MM)
atively grounded, th&C delay will keep the input of inv_1 at a ESD stresses are applied to the ESD protection circuits to verify
relatively low voltage level for along time. Therefore, the outpuheir ESD robustness. The HBM ESD test results on the stacked
of inv_1 (or the input of inv_2) will become high, and then th®T_SCR devices in the device level (without ESD-detection
output of inv_2 will be kept at a low voltage level. Thus, theircuit) and the circuit level (with ESD-detection circuit) are
p-trigger and n-trigger current voltage pulses can be synchammpared in Fig. 13. In these ESD verifications, the failure
nously generated to trigger on the two stacked DT_SCR devicesterion is defined as the leakage current of the device or
ESD current is discharged frobp to Vss through the stacked circuit after ESD stressed is greater thanuA under the
DT_SCR devices. When a negative ESD voltage is appliedvoltage bias of 2.5 V. For the device level, the HBM ESD
Vbp with Vg relatively grounded, the negative ESD current caevels of the 2DT_SCR, 3DT_SCR, and 4DT_SCR (without
be discharged through the forward-biased p-3@h)-to-n-well ESD-detection circuit) are 7, 4, and 1.5 kV, respectively. In the
(which is connected tdpp) parasitic diode in the ESD protec-layout, each DT_SCR device in the stacked configuration is
tion circuit. close to save layout area, so the power (thermal) dissipation

-
T

0 . . .

2 3 4
Number of Stacked DT_SCR
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Fig.14. Dependence of the MM ESD levels of stacked DT_SCR configuratiéiig. 15. TLP-measuref-V" curves of the two stacked DT_SCR devices with
on the number of the stacked DT_SCR devices. (Failure critefion:.; >  and without ESD-detection circuit. (Failure criteridieakage > 1 pAat2.5V
1 pA at 2.5-V bias.) bias.)

. . Tek #1117 | f—i— + Trig’d
among the stacked DT_SCR devices will interact to redu e;--g“ T T T T T T AL 3,00

the ESD robustness of stacked DT_SCR devices. From ¢ A
other aspect, because the total holding voltage of the stacl :
DT_SCR configuration is increased with the increase of tr= | : :
number of the stacked DT_SCR devices, the HBM ES 2 S }k, S
robustness of the stacked DT_SCR devices is decreased & SRR AR S
to power= Igsp X Vioa. But the ESD levels of the stackedeN [~ =
DT_SCR devices can be greatly improved for the 3DT_SCq | . . . .+ 1. [
or 4ADT_SCR, if the desired ESD-detection circuit is used 1y ... OV 0. i b
trigger the stacked DT_SCR devices on. From Fig. 13, the ES= |~

levels of the stacked DT_SCR devices with ESD-detecticg
circuit are all boosted up to8 kV.

The measurement results on the MM ESD levels of tt
stacked DT_SCR devices with and without the ESD-detectic
circuit are shown in Fig. 14. The MM ESD level is alsc
decreased when the number of stacked DT_SCR devices is Time (100ns/div.)
creased. However, the MM ESD levels of the stacked DT_SCR
devices can also be improved if the desired ESD-detectib¥d- 16 _Measured vol_tage_: ngeforms to verify the turn-oq efficiency of the
circuit is used to trigger the stacked DT_SCR devices on. TH%Wer-ralI ESD clamp circuit with two stacked DT_SCR devices.

MM ESD levels of the 2DT_SCR, 3DT_SCR, and 4DT_SCR L o )
(with the ESD-detection circuit) are 700, 525, and 375 yobustness, which is indicated in this work by. the sudden in-
respectively. crease of the leakage current at the voltage bias of 2.5 V. The

A gate-grounded nMOS (GGNMOS) device withi/L of relation between second preakdown curreptand HBM ESD
200/0.5:m has also been fabricated in the same CMOS procd@¥e! Vesp can be approximated as
with an extra silicidg-blocking_mask for comparison reference. Vissp 2 (1500 + Rop) % I 1)

The GGNMOS, which occupies a large active layout area of

25.8um x 50 um, can sustain the HBM ESD level of 3.5 kV.where R, is the dynamic turn-on resistance of the device
For the ESD protection circuit designed with 2DT_SCR angnhder test. The TLP-measurédV curves of the two stacked
ESD-detection circuit, the HBM (MM) ESD level per layoutDT_SCR devices with and without ESD-detection circuit
area is >10 Vitm? (0.88 V/um?), but it is only 2.71 Viim?  depicted in Fig. 12 are shown in Fig. 15. The stacked DT_SCR
(0.29 V/um?) for the GGNMOS. This verifies the excellentdevices with ESD-detection circuit can be triggered on at a
area efficiency of the ESD protection circuits realized with thiewer voltage level of~2 V, however, the stacked DT_SCR
DT_SCR devices. devices without ESD-detection circuit cannot be triggered on

By using the transmission line pulsing (TLP) measuremeattil a higher voltage level 0&30 V is reached. Moreover,
[15], [16], the secondary breakdown curréptof the DT_SCR the I, of the stacked DT_SCR device with ESD-detection
device can be found. Thig, is another index for the HBM ESD circuit can be improved, which is in accordance with the

N P TT ATOR R YR Y
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results in Fig. 13. This confirms that the ESD-detection circuit [9] M.-D. Ker and C.-Y. Wu, “Modeling the positive-feedback regenera-

proposed in this paper can indeed reduce the switching voltage tive process of CMOS latchup by a positive transient pole method—Part
I: Theoretical derivation,IEEE Trans. Electron Devicewol. 42, pp.

of DT_SCR and enhance its ESD robustness. 1141-1148, June 1995.
[10] R.R. Troutmanl.atchup in CMOS Technology Boston, MA: Kluwer,
D. Turn-On Verification 1986.

[11] S. Krishnan and A. Amerasekera, “Antenna protection strategy for
In order to verify the function of the ESD protection circuit ultra-thin gate MOSFETs,” irProc. IEEE Int. Reliability Physics

; i ; ; S . 1998, pp. 302-306.
in Fig. 12, a voltage pulse with a pulsewidth of 400 ns a'nd[lz] Mynlep Ker, Cp-F\)( Wu, and H.-H. Chang, “Complementary-LVTSCR

rise time.Of 10 ns is applied tépp of Fig. 1_2 with groundgd ESD protection circuit for submicron CMOS VLSI/ULSIEEE Trans.
Vss. In Fig. 16, a 0-5-V voltage pulse applied on tHgp pin Electron Devicesvol. 43, pp. 588-598, Apr. 1996.

is clamped tov3 V by the turned-on 2DT SCR. This implies [13] “ESD Association standard test method for electrostatic discharge sensi-
s ) tivity testing: Human body model-Component level,” ESD Association,

that Fhe ESD—dgtection circuit realized wiFh tRe C, inv_ll, New York, ESD STM 5.1, 1998.
and inv_2 can indeed generate the required double-triggergth] M.-D. Ker, “Whole-chip ESD protection design with efficient
currents. The stacked DT_SCR devices can be successfully Yoo-to-Vss ESD clamp circuits for submicron CMOS VLSIIEEE

tri d into latchi tat ithout i Vi the i ti Trans. Electron Devicewol. 46, pp. 173-183, Jan. 1999.
rnggered Into latching state without Involving the junction [15] T.J.Maloney and N. Khurana, “Transmission line pulsing techniques for

avalanche breakdown mechanism. The clamped voltage of * circuit modeling of ESD phenomena,” Rroc. EOS/ESD SympL985,
~3 V verifies that the proposed ESD protection circuits with pp. 49-54.

. . 6] J. Barth, J. Richner, K. Verhaege, and L. G. Henry, “TLP calibration,
two stacked DT_SCR devices are free of the IatChUp ISSUE correlation, standards, and new techniquesPioc. EOS/ESD Symp.

under normal operating conditions. 2000, pp. 85-96.

IV. CONCLUSION

Ming-Dou Ker (S'92-M’'94-SM'97) received the
B.S. degree from the Department of Electronics
Engineering and the M.S. and Ph.D. degrees from
the Institute of Electronics, National Chiao-Tung
University, Hsinchu, Taiwan, R.O.C., in 1986, 1988,
and 1993, respectively.

Anovel DT_SCR device used for on-chip ESD protection cil
cuits has been successfully investigated in a .@bsalicided
CMOS process. With both the substrate and n-well trigger:
currents, the switching voltage and turn-on time of DT_SCR d
vice can be successfully reduced to orl$.5 V and~10 ns, re- In 1994, he joined the VLSI Design Department,
spectively. For IC applications withpp of 2.5V, the ESD pro- - Computer and Communication Research Laborato-
tection circuits designed with two DT_SCR devices in stacke ﬁ EII!;SR (I§:C'II'_)" Industrial Tg_chm)tlogy Resengh lnstltllﬂe

- . : . . , lalwan, as a Circul esign engineer. In
conflguratlo_n and ESD-detection CII’CL.II'[S have a clamp voltay. 1998, he became a Department Manager in the VLS|
of ~3V, which are free of the latchup issue. Such ESD protegesign Division of CCL/ITRI. In 2000, he became an Associate Professor in
tion circuits can sustain the HBM (MM) ESD level per area ofie Department of Electronics Engineering, National Chiao-Tung University. In

2 24 i i the field of reliability and quality design for CMOS integrated circuits, he has
>10 Vipm (0'88 Vium ) ina0.25um fu”y salicided CMOS published over 150 technical papers in international journals and conferences.

process without using extra process modifications. He holds 140 patents on reliability and quality design for integrated circuits,
including 55 U.S. patents. His inventions on ESD protection design and
latchup prevention method have been widely used in modern IC products.

REFERENCES He has been invited to teach or help with ESD protection design and latchup
[1] R.Rountree, “ESD protection for submicron CMOS circuits: Issues arRiévention by more than 150 IC design houses and semiconductor companies
solutions,” inlEDM Tech. Dig, 1988, pp. 580-583. in the Science-Based Industrial Park, Hsinchu, and in the Silicon Valley, San

[2] M.-D. Ker, “Electrostatic discharge protection circuits in CMOS 1CsJ0S€, CA. His research interests include reliability and quality design for
using the lateral SCR devices: An overview,"Rmoc. IEEE Int. Conf. nanoelectronics and gigascale systems, high-speed and mixed-voltage 1/O
Electronic Circuits and Systeqs998, pp. 325-328. interface circuits, sensor circuits, and semiconductors.

[3] M. Corsi, R. Nimmo, and F. Fattori, “ESD protection of BICMOS inte- _ Dr. Ker has been a member of the Technical Program Committee and Session
grated circuits which need to operate in the harsh environments of aufd?air of many international conferences. He was elected as the first President of
motive or industrial,” inProc. EOS/ESD SympL993, pp. 209-213. the Taiwan ESD Association in 2001. He has received the Dragon Thesis Award

[4] G.Notermans, F. Kuper, and J. M. Luchis, “Using an SCR as ESD pr§om the Acer Foundation and many research awards from ITRI, the National
tection without latch-up dangerNMicroelectron. Reliabil. vol. 37, pp.  Science Council of Taiwan, and National Chiao-Tung University.

1457-1460, 1997.

[5] M.-D. Ker, “Lateral SCR devices with low-voltage high-current trig-
gering characteristics for output ESD protection in submicron CMOS
technology,”IEEE Trans. Electron Devicesol. 45, pp. 849-860, Apr.
1998.

[6] A. Chatterjee and T. Polgreen, “A low-voltage triggering SCR fol
on-chip ESD protection at output and input padiEE Electron
Device Lett.vol. 12, pp. 21-22, Jan. 1991.

[7] M.-D. Ker and H.-H. Chang, “How to safely apply the LVTSCR for
CMOS whole-chip ESD protection without being accidentally triggere| ™
on,” J. Electrostaticsvol. 47, pp. 215-248, 1999.

Kuo-Chun Hsu (S'01) was born in Taiwan, R.O.C.,

in 1976. He received the B.S. degree from the
Department of Electronics Engineering, National
Chung-Hsing University, Taichung, Taiwan, in 1998,
and the Master’'s degree from the Institute of Elec-
tronics, National Chiao-Tung University, Hsinchu,

P 1 Taiwan, in 2000. He is currently working toward the
(b ; Ph.D. degree at the Institute of Electronics, National
[8] C. Russ, M. Mergens, J. Armer, P. Jozwiak, G. Kolluri, L. Avery, anc = & 3 Chiao-Tung University.
K. Verhaege, “GGSCR: GGNMOS triggered silicon controlled recti " His current research interests include ESD physics,
fiers for ESD protection in deep submicron CMOS processes?tac. ) semiconductor devices, and ESD protection designin
EOS/ESD Symp2001, pp. 22-31. deep-submicron CMOS technologies.

- I’



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


