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ESD Protection for CMOS Output Buffer by Using

Modified LVTSCR Devices with High Trigger Current
Ming-Dou Ker

Abstract— Modified designs of the low-voltage triggering (PMOS) in the CMOS output buffer [9]-[12]. But with such
semiconductor-controlled rectifier (LVTSCR) devices with high g |Jow trigger voltage of the LVTSCR, the corresponding
trigger current are proposed to protect the CMOS output buffer trigger current of the PMOS-trigger lateral SCR (PTLSCR)

against electrostatic discharge (ESD) events in submicrometer .
CMOS technologies. The high trigger current is achieved by and NMOS-trigger lateral SCR (NTLSCR) are only about 4.7

inserting the bypass diodes into the structures of the modified MA and 12.3 mA in a 0.6:m CMOS technology, respectively

PMOS-trigger lateral SCR (PTLSCR) and NMOS-trigger lateral  [11]. The lower trigger voltage of the PTLSCR and NTLSCR
SCR (NTLSCR) devices. These modified PTLSCR and NTLSCR can provide effective ESD protection for the CMOS output
devices have a lower trigger voltage to effectively protect the buffer, but the lower trigger current may cause the PTLSCR

output transistors in the ESD-stress conditions, but they also . .
have a higher trigger current to avoid the accidental triggering and NTLSCR to be accidentally triggered on by the external

due to the electrical noise on the output pad in the normal OVvershooting or undershooting noise pulses on the output pin
operating conditions of CMOS IC'’s. Experimental results have while the CMOS IC is in its normal operating condition.
verified that the trigger current of the modified PTLSCR In this paper, a modified PTLSCR and a modified NTLSCR
(NTLSCR) is increased up to 225.5 mA (218.5 mA). The noise \yity |ower trigger voltage but higher trigger current are

margin to the overshooting (undershooting) voltage pulse on .
the output pad, without accidentally triggering on the modified proposed to safely protect the CMOS output buffer without

NTLSCR (PTLSCR), is more than VDD + 12 V (VSS— 12 V).  being accidentally triggered on by the electrical noisy pulse
Index Terms—ESD, latchup, LVTSCR, noise margin. when the CMOS IC’s are in the normal operating conditions.

II. MobDIFIED PTLSCR/NTLSCR
|. INTRODUCTION DEVICES WITH HIGH TRIGGER CURRENT

ELECTROSTATIC discharge (ESD) protection has bea Modified Device Designs

come a main concern on the reliability of IC products . . . -
y b The schematic cross-sectional views of the modified

in submicrometer CMOS technologies. Especially, the drain ,
of NMOS and PMOS devices in the CMOS output buﬁe?SFLSCR and NTLSCR in a P-substrate N-well CMOS process

are often directly connected to the output pad to drive e ShOW'_‘ in Fig. 1(a) gnd (p)’ respectwely._ The mod|_f led
external load, so the CMOS output buffer is more vuInerabFTLSCR is formed by inserting a by_pass diode Dn2 _|r_1to
to ESD stress. To improve ESD robustness of a CMOS outﬁ PTLS.CR structure_as shown in Fig. 1@' The rT‘Od'f'ed
buffer and also to drive/sink current to/from the external heay LSCR is formed by msertmlg a 'bypass diode Dp2 into the
load, the output NMOS and PMOS devices are often desig gEELSCR. structure as 'shown in Fig. 1(b). The Dn2 (Dp2) is
with large device dimensions. Even with such large devaﬁg_ateol into the latching path of the PT.LSCR (NTL.SCR)'
dimensions, the ESD robustness of the CMOS output buff Is Dn2 (Dp2) has an efiect of r.educmg the equivalent
had been reported to be seriously degraded by the advanﬁ% strate .reS|stor Rsubl (.N-well reS|stqr Rw2) and an effect
submicrometer CMOS technologies [1]—[4]. of bypassing the latchup trigger current in the P-substrate (the

Recently, the lateral semiconductor-controlled rectifié\lj'we")’ so the trigger current to initiate the positive-feedback

(SCR) device had been used as an ESD-protection elemreerg.{enerative process of latchup in the PTLSCR (NTLSCR) can

for input protection in submicrometer CMOS IC’s [5]-[8]. Tobe significantly increased [13]-{14]. So, by adding this bypass

effectively protect the CMOS output buffer, the low-voltag iodg !Dn2 (Dp2), the trigger.cur.r.ent of the modified PTL.SCR
triggering SCR (LVTSCR) device has been invented with qd|f|ed NT.LSCR) can be significantly |.ncreased to avo@the
much lower triager voltage [91-I121. The triaqer voltage of tthCIdenta| triggering by the external noisy pulse. The trigger

uch lower trigger voltage [9]-[12] 1gger votag jpltage of this modified PTLSCR (modified NTLSCR) is stil

LVTSCR device is equivalent to the snapback-trigger volta .
of the short-channel NMOS (or PMOS) device, which i ept the same as the snapback-trigger voltage of the short-

inserted into the lateral SCR structure, rather than the origir}’iﬂ"’mneI PMOS (NMOS) which is inserted in the PTLSCR

switching voltage (about 3050 V) of the lateral SCR device. TLSCR) structure [11]. This modified PTLSCR (modified

To protect the output transistors in the CMOS output buffe'FI,TLSCR) can be merged with the output PMOS (NMOS) in

the inserted NMOS (or PMOS) in the LVTSCR should b€ layout to save layout area as shown in Fig. 1(a) and (b).

designed with a shorter channel length than the outputNMOSS'n_C_e ESD \_/oltage_s may have positive or negative
polarities on a pin to either the VDD or the VSS pins, there
Manuscript received October 8, 1996; revised March 3, 1997. are four different ESD-stress conditions on an output pin.
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_@ VDD + 0.6V (VSS-10.6 V_). Thus, the voltage level of output

[provurr] PAD signals on the output pad is clamped between about 3.6 V and

voo vbD —0.6 V in the normal CMOS operations with 3-V VDD and
0-V VSS. If an unexpected noisy pulse happens to the output

pad, the overshooting or undershooting voltage/current can be
bypassed by the diodes Dpl and Dnl. The modified PTLSCR

- and NTLSCR with higher trigger current have enough noise
Modified PILSCR  Rsubt margin, so the modified PTLSCR and NTLSCR are not
P-Substrate triggered on by the external noisy pulse under the clamping
guard of diodes Dpl and Dnl.

2) ESD-Stress ConditionsWwhen a PS-mode (ND-mode)
ESD event occurs at the output pad with the relatively
grounded VSS (VDD) pin, the positive (negative) ESD voltage
is diverted to the anode (cathode) of the modified NTLSCR
(PTLSCR), and then to the drain of the inserted short-channel
NMOS (PMOS). As the drain voltage is high (low) enough,
the inserted short-channel NMOS (PMOS) is first turned on

=« ] by means of drain snapback breakdown and leads to the self-
"% Modified NTLSCR regeneration of latchup in the modified NTLSCR (PTLSCR).
P-Substrate Once latchup happens in the modified NTLSCR (PTLSCR),
(b) a path with very low impedance from the output pad to VSS

Fig. 1. Schematic cross-sectional views of (a) the output PMOS and tg\éDD) is created. Then, the ESD Cu_rrent IS mal,nlly discharged
modified PTLSCR device, and (b) the output NMOS and the modifidrough the lateral SCR structure in the modified NTLSCR
NTLSCR device, in a P-substrate N-well CMOS process. (PTLSCR). The positive (negative) ESD voltage on the output
. . . . ad is clamped to near the holding voltage abouw21V
and Dnl, in the p-n junctions between the drain and bu(gk_lN_z V) of the modified NTLSCR (PTLSCR), so the
of the output PMOS and NMOS. The Dp1 (Dnl) is forward, ¢ transistors can be effectively protected by the modified
biased in the PD-mode (NS-mode) ESD-stress conditigr scr (PTLSCR).
The diode in its forward-biased condition can sustain high In the NS-mode (PD-mode) ESD event, the parasitic diode
ESD voltage. So, the CMOS output buffer often has a mu@hyy (pp1) in the output NMOS (PMOS) is forward turned on
higher ESD robustness in the PD-mode and NS-mode E§Ppynass ESD current. The negative (positive) ESD voltage
stresses than it does in the PS-mode and ND-mode EgP the pad is clamped by the forward-biased Dnl (Dpl) to
stresses. The modified PTLSCR and NTLSCR are therefojg,,t —_0.6 v (+0.6 V). The diodes Dnl and Dpl in the
used to improve the ESD robustness of the CMOS outpidfyard-biased condition can perform high ESD protection
buffer in the PS-mode and ND-mode ESD stresses. for the output transistors.
By increasing the trigger current of the modified PTLSCR
and NTLSCR but without increasing their trigger voltage, I1l. EXPERIMENTAL RESULTS
these modified PTLSCR and NTLSCR can still provide ex-
cellent ESD protection to the CMOS output buffer. With thé. Device |-V Characteristics
higher trigger current of the modified PTLSCR and NTLSCR, 1) The Modified NTLSCROne set of testkeys fabricated
as well as the voltage-clamping effect of the forward-biases§ a 0.6xm CMOS technology with LDD and polycide
diodes Dpl and Dn1l, the modified PTLSCR and NTLSCRrocesses is measured and tested. The |-V characteristics of
can be guaranteed to be off while the CMOS IC is in itthe modified NTLSCR and the output NMOS in the CMOS
normal operating conditions even if there are the overshootiBgtput buffer are independently measured by a TEKTRONIX
or undershooting noisy pulses on the output pin. Curve Tracers 370 A. The snapback |-V curve of the output
) . NMOS with a channel length of 1,0m is shown in Fig. 2(a).
B. Operating Principles The snapback trigger voltage (current) of the output NMOS is
1) CMOS Normal-Operating Conditiondn CMOS nor- 13.7 V (4.76 mA) and the snapback holding voltage (current) is
mal operations, the VDD is biased at 3 V for low-voltag®.78 V (5.42 mA). The |-V curve of the modified NTLSCR is
application and the VSS is grounded. Under this conditioshown in Fig. 2(b). The channel length of the NMOS inserted
the modified PTLSCR and NTLSCR are kept off due tinto the modified NTLSCR is 0.2m. The modified NTLSCR
the gates of the inserted short-channel PMOS and NM®&s two trigger points in its |-V characteristics. The first
being connected to their sources. The CMOS output buffeigger point is due to the drain snapback breakdown of the
is controlled by the prebuffer circuits to drive/sink curreninserted NMOS. The first trigger voltage (current) is 11.6 V
to/from the external output load. (2.0 mA). Due to the presence of the bypass diode Dp2, there
The diodes Dpl and Dnl contribute a voltage-level clamjs a buffer region in the -V characteristics [marked as “A”
ing effect on the output pad. The Dpl (Dnl) clamps thia Fig. 2(b)] before the lateral SCR in the modified NTLSCR
high-level (low-level) voltage of the output signal to abouis triggered on. This region A is the snapback region of the
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breaks down (with a breakdown voltage of 13.7 V) under the
PS-mode ESD-stress condition. Thus, the modified NTLSCR
can effectively protect the output NMOS against ESD damage.
The holding voltage of the modified NTLSCR is still as low
as that of an NTLSCR, but the trigger current (218.5 mA) of
the modified NTLSCR is much higher than that (12.3 mA) of
the NTLSCR [11].

2) The Modified PTLSCRThe turn-on characteristics of
the modified PTLSCR and the output PMOS are also measured
and compared. The snapback |-V curve of the output PMOS
with a channel length of 1.@m is shown in Fig. 3(a). The
snapback trigger voltage (current) of the output PMOS is
—15.62 V (15.85 mA) and the snapback holding voltage
iy (current) is—13.84 V (=13.9 mA). The |-V curve of the
modified PTLSCR is shown in Fig. 3(b). The channel length
of the PMOS inserted into the modified PTLSCR is Q8.

W (2Vidiv) The modified PTLSCR also has two trigger points in its
I-V characteristics. The first trigger point is due to the drain
snapback breakdown of the inserted PMOS. The first trigger
voltage (current) is-13.42 V (=15 mA). Due to the presence
of the bypass diode Dn2, there is a buffer region in the |-V
characteristics [marked as “C” in Fig. 3(b)] before the lateral
SCR in the modified PTLSCR is triggered on. The presence of
this region C is owing to the bypass diode Dn2 and the inserted
PMOS in the device structure of the modified PTLSCR. As
the applied negative current is still increased, the lateral SCR
in the modified PTLSCR can be finally triggered on and cause
a second trigger point in the |-V curve of Fig. 3(b). The
=l second trigger current (voltage) in the modified PTLSCR is
as high as—225.5 mA (6.14 V). After the second trigger
point, the |-V curve enters into the latchup holding region
[marked as “D” in Fig. 3(b)], which is due to the latching

H
=
!
E
E_I._

| (SOmAsdiv.)

B il

sty action of the lateral SCR structure in the modified PTLSCR.
g The minimum holding voltage (current) in the region D is as
" R low as —1.72 V (-13.5 mA).

W (2Vidiv] In the region C of Fig. 3(b), the modified PTLSCR can be
safely operated in this snapback region without causing any

(0) damage. With this buffer region C, the modified PTLSCR is

Fig. 2. The snapback I-V characteristics of (a) the output NMOS devigtot triggered on by the external noisy pulse, but it can be
and (b) the modified NTLSCR device. triggered on by the ESD pulse. Comparing the |-V curves

between Fig. 3(a) and (b), it is guaranteed that the modified

inserted NMOS. As the applied current is still increased, tclgT ; ) .
. o . . : LSCR (with the first trigger voltage 0£13.42 V) can
lateral SCR in the modified NTLSCR will be finally triggere e tumed on before the output PMOS breaks down (with a

on. _So, there is the second trigger p_omt in the I=v CUNSteakdown voltage 0f£-15.62 V) under the ND-mode ESD-
of Fig. 2(b). The measured second trigger current (voltag

. e ; . ess condition. Thus, the modified PTLSCR can effectively
in the modified NTLSCR is as high as 218.5 mA (9.06 V)protect the output PMOS against ESD damage. The holding

After the segond tr?gger point, the I_V, curve enters iqto ﬂ\?oltage of the modified PTLSCR is still as low as that of
latchup holding region [marked as “B” in Fig. 2(b)], which IS;n PTLSCR, but the trigger current-225.5 mA) of the

due to the latching action of the lateral SCR structure in thgo jified PTLSCR is much higher, in the magnitude, than that
modified NTLSCR. The minimum holding voltage (current) 02_4.7 mA) of the PTLSCR [11].

region B is as low as 1.34 V (12.5 mA). In the region A, the
modified NTLSCR can be safely operated in this snapbagk Noise Margin

region without causing any damage. With this buffer region 14 jhyestigate the efficiency of the bypass diode Dp2 in the
A, the modified NTLSCR is not triggered on by the externghogified NTLSCR, a positive voltage pulse with a low-level
noisy pulse, but it can be triggered on by the ESD pulse. yoltage of 3 V generated from a pulse generator is used to
Comparing the |-V curves between Fig. 2(a) and (b), it cafimulate an overshooting noise on the output pad while the
be guaranteed that the modified NTLSCR (with the first triggeC is in its normal operating condition with the power supply
voltage of 11.6 V) can be turned on before the output NMO& 3-V VDD and 0-V VSS. The output NMOS is kept off
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remains at 0 V. So, the modified PTLSCR is not triggered on
by the applied-12 V undershooting voltage pulse.

Through above verification, this proposed output ESD pro-
tection circuit with the modified PTLSCR and NTLSCR has
a noise margin more (less) than VDP 12 V (VSS— 12 V)
to avoid the accidental triggering due to the overshooting or
undershooting voltage pulses on the output pad.

IV. CONCLUSION

An area-efficient output ESD protection design by
using the modified PTLSCR and NTLSCR devices has
been practically verified in a 0.6m CMOS process. The
accidental triggering on the LVTSCR device, due to the
overshooting or undershooting noise pulses on the output
pad, has been successfully overcome by increasing the
trigger current of the modified LVTSCR devices. With the
high trigger current, these modified PTLSCR and NTLSCR
devices have been experimentally confirmed with a noise
margin more thant12 V against the accidental triggering due
to the overshooting/undershooting noise pulses on the output
pad in the normal operating conditions. Because of still
remaining a lower trigger voltage, the modified PTLSCR and
NTLSCR can be triggered on before the output transistors
break down in the ESD-stress conditions. These modified
PTLSCR and NTLSCR can effectively provide the CMOS
output buffer with a 4000-V human-body model (HBM) ESD
robustness in a small layout area of only £037.6 ;zm?.

REFERENCES

C. Duwvury, R. N. Rountree, Y. Fong, and R. A. McPhee, “ESD
phenomena and protection issues in CMOS output buffersProc.
IRPS 1987, pp. 174-180.

C. Duvvury and A. Amerasekera, “ESD: A pervasive reliability concern
for IC technologies,Proc. IEEE vol. 81, no. 5, pp. 690-702, 1993.

A. Amerasekera and C. Duvvury, “The impact of technology scaling on
ESD robustness and protection circuit design,1894 EOS/ESD Symp.
Proc,, vol. EOS-16, pp. 237-245.

C. Duvvury, R. McPhee, D. Baglee, and R. Rountree, “ESD protection

(1]

(2]
(3]

(4]

Fig. 3. The snapback |-V characteristics of (a) the output PMOS device and
(b) the modified PTLSCR device. (5
[6]
but the output PMOS is on by its gate grounded to provide
3-V voltage to the output pad. An overshooting voltage pulse
generated from a pulse generator (HP8116A), which has a low-
level voltage of 3 V and a high-level voltage of up to 15V 8
with a pulse width of 250uS, is applied to the output pad.
The 15-V high-level voltage is clamped to about only 3.5 V byl®]
the diode Dpl. After the triggering of the 15-V overshooting
voltage pulse on the output pad, the voltage waveform on thej
output pad is still kept at 3 V without any degradation. So, the
modified NTLSCR still remains off. [11
Similarly, to investigate the efficiency of the bypass diode
Dn2 in the modified PTLSCR, an undershooting voltage pulse
with a high-level voltage of 0 V and a negative Iow-leveg]
voltage is applied to the output pad, while the output PMO
is off but the output NMOS is on to provide a 0-V voltage to
the output pad. An undershooting voltage pulse generated fr&h
the pulse generator with the undershooting low-level voltage
of —12 V is applied to the output pad. The low-level voltage
of —12 V in the undershooting voltage pulse is clamped by*
the diode Dnl to only about0.72 V. After the transition of
the undershooting voltage pulse, the voltage on the output pad

in 1 #m CMOS technologies,” ifProc. IRPS 1986, pp. 199—-205.

] R. N. Rountree, “ESD protection for submicron CMOS circuits: Issues

and solutions,” in1988 IEDM Tech. Dig.pp. 580-583.

C. Duwvury and R. N. Rountree, “A synthesis of ESD input protection
scheme,” in1991 EOS/ESD Symp. Proeol. EOS-13, pp. 88-97.

C.-Y. Wu, M.-D. Ker, C.-Y. Lee, and J. Ko, “A new on-chip ESD
protection circuit with dual parasitic SCR structures for CMOS VLSI,”
IEEE J. Solid-State Circuitsvol. 27, no. 3, pp. 274-280, 1992.

] M.-D. Ker and C.-Y. Wu, “Complementary-SCR ESD protection circuit

with interdigitated finger-type layout for input pads of submicron CMOS
IC’s,”IEEE Trans. Electron Devicesol.42, no.7, pp.1297-1304, 1995.
A. Chatterjee and T. Polgreen, “A low-voltage triggering SCR for on-
chip ESD protection at output and input pads,” 890 Proc. Symp.
VLSI Technologypp. 75-76.

, “A low-voltage triggering SCR for on-chip ESD protection at
output and input padsJEEE Electron Device Lettvol. 12, no. 1, pp.
21-22, Jan. 1991.

] M.-D. Ker, K.-F. Wang, M.-C. Joe, Y.-H. Chu, and T.-S. Wu, “Area-

efficient CMOS output buffer with enhanced high ESD reliability for
deep submicron CMOS ASIC,” ifProc. 8th IEEE Int. ASIC Conf.,
Exhibit, 1995, pp. 123-126.

M.-D. Ker, C.-Y. Wu, and H.-H. Chang, “Complementary-LVTSCR
ESD protection circuit for submicron CMOS VLSI/ULSIIEEE Trans.
Electron Devicesvol. 43, no. 4, pp. 588-598, 1996.

M.-D. Ker and C.-Y. Wu, “Modeling the positive-feedback regenerative
process of CMOS latchup by a positive transient pole method: Part
I—Theoretical derivation,1EEE Trans. Electron Devicevol. 42, pp.
1141-1148, June 1995.

, “Modeling the positive-feedback regenerative process of CMOS
latchup by a positive transient pole method: Part [lI—Quantitative
evaluation,” IEEE Trans. Electron Devicesvol. 42, pp. 1149-1155,
June 1995.




