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Substrate-Triggered ESD Protection Circuit
Without Extra Process Modification
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Abstract—A substrate-triggered technique is proposed to vDD
improve electrostatic discharge (ESD) protection efficiency ! r——-d——q
of ESD protection circuits without extra salicide blocking 4 l :
and ESD-implantation process modifications in a salicided -'1'-\ [ : I
shallow-trench-isolation CMOS process. By using the layout Input | | R ’_O( lInternaI: Power-Rail
technique, the whole ESD protection circuit can be merged into PAD N\ ——1 Circuits : ESD CI
a compact device structure to enhance the substrate-triggered NMOS L{[ ! [  w1amp
efficiency. This substrate-triggered design can increase ESD [ 1] Circuit
robustness and reduce the trigger voltage of the ESD protection D [f l :
device. This substrate-triggered ESD protection circuit with a Field-Oxide b——g———
field oxide device of channel width of 150um can sustain a Device —{

human-body-model ESD level of 3250 V without any extra process
modification. Comparing to the traditional ESD protection design

of gate-grounded nMOS (ggnMOS) with silicide-blocking process . . L L -
modification in a 0.25-4m salicided CMOS process, the proposed ::Clil Traditional input ESD protection circuit for digital input pin in CMOS

substrate-triggered design without extra process modification can
improve ESD robustness per unit silicon area from the original
1.2 V/um? of ggnMOS to 1.73 V/ um?. mixed-voltage 1/0 design [9]-[12], the IC with 3.3-V power
Index Terms—Electrostatic discharge (ESD), ESD protection SUPPly needs to accept 5-V input signals. In the traditional ESD
circuits, gate-coupled technique, substrate-triggered technique. ~ protection design, the normal input signal with high voltage
may turn on the ESD protection device, which is connected
between the input pad antdpp power line. Therefore, the
traditional input ESD protection circuit must be modified for
LECTROSTATIC discharge (ESD) damage has beconagplication in this mixed-voltage interface.
the main reliability issue for deep-submicron CMOS The ESD stress on an input pin has four modes of pin com-
integrated circuit (IC) products. To overcome this ESD problerhjnation: positive-to¥ss, negative-toVsg, positive-toVpp,
on-chip ESD protection circuits have been added around thed negative-tdpp [13]. To protect the thinner gate oxide of
input and output pads of the CMOS ICs against ESD damag#® input stage in CMOS ICs under all ESD stress conditions,
But the effectiveness of ESD protection circuits is seriously traditional two-stage ESD protection circuit for the digital
degraded by the advanced CMOS fabrication technologi@sput pin is shown in Fig. 1. A gate-grounded short-channel
especially when the lightly doped drain (LDD) structure andMOS is used as the secondary protection device to clamp the
silicided diffusion are used [1]. Therefore, salicide blockingverstress voltage across the gate oxide of the input circuits.
[2], [3] and ESD implantation [4]-[8] process modificationsTo provide a high ESD protection level, a robust field-oxide
have been added into the CMOS processes to improve thevice (FOD) is often used as the main discharge element
ESD robustness of the MOSFET. These additional procassthe primary protection stage to discharge ESD current.
modifications in CMOS technology must be done with extrBetween the primary and secondary stages, a resistor R is
process steps and mask layers, which increase the fabricadded to limit ESD current flowing through the short-channel
cost and slow down the throughput of production. MoreoveatMOS in the secondary stage. The primary ESD clamp device
with aggressive device scaling, the circuit operating voltageust be triggered on to discharge ESD current before the
has been decreased correspondingly. Some early 5-V systgaite-grounded nMOS (ggnMOS) in the secondary stage is
have changed from 5 to 3.3 V, or even 1.8 V. Thus, systedamaged by the overstress ESD current. If the primary ESD
voltages have not been kept at 5 V but mixed 5 and 3.3 V. Fdamp device has a high turn-on voltage, the resistance of R
should be large enough, even on the order of kilohms. Under
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vbD dashed line beside the FOD in Fig. 2. The collector/emitter of
r——---1 the parasitic LBJT is formed with the drain/source of the FOD
and the base formed from the substrate of the FOD. To effec-
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tively trigger on this parasitic LBJT, a suitable voltage is applied
PAD Power-Rail on the resistance R to turn on the base—emitter junction of par-
Circuit

When a positive ESD voltage is zapping on the input pad
_ with Vss grounded, the ESD voltage can trigger Mn1 into snap-
‘[ back breakdown. Therefore, a substrate current generated by the

turned-on Mn1 will flow into the base of the parasitic LBJT in

the FOD. The parasitic LBJT of the FOD will be triggered on by
Fig. 2. Proposed ESD protection circuit with substrate-triggered FOD the substrate current. Because the nMOS with shorter channel
protect the input stage. length has smaller snapback breakdown voltage, the channel
length of Mn1 has to be designed as small as possible to quickly

then conducted through the power-rail ESD clamp circuit to ti{ég9er Mn1 on during ESD events. When the FOD in Fig. 2 is
groundedVpp pin. The efficient power-rail ESD clamp circuit 2PPlied with a positive substrate bias, the trigger voltage of FOD
is important under such ESD stress conditions to bypass g4ifh become lower than the original drain breakdown voltage of
current away from the internal circuits [14]. the FOD without substrate bias. During the ESD event, the com-
To sustain the required ESD level, the ESD protection devi€éation of Mn1 and resistor R can provide a substrate-triggered
must be drawn with larger device dimensions, which has oftéHrrent to trigger on the parasitic LBJT of the FOD, which pro-
been realized in layout with multiple fingers to reduce the tot¥|des the desired ESD protection for the input stage of ICs in
silicon area. But, during ESD stress, the multiple fingers of tf¢ep-submicron CMOS process. o _
ESD protection MOSFET cannot be uniformly turned on. Only During negative-toiss ESD stress condition, the negative
several fingers of the MOSFET are turned on and, therefofe>D voltage can forwgrd bias the p-n junction betvyeen the
damaged by ESD [15], [16]. This often causes a low ESD levéibstrate and the drain of the FOD (or Mn1l) to discharge
in the ESD protection circuit, even if the MOSFET has bedaSD current. The forward-biased p-n junction with a low
drawn with a large device dimension. To efficiently improv@Perating voltage (as a diode) in the FOD (or Mn1) can sustain
the turn-on uniformity among those multiple fingers, th&ch higher ESD levels. During the positivedtpn or the
gate-driven design [16]-[18] has been reported to increase EBggative-toVpp ESD stress conditions, the ESD current is
robustness of the large-device-dimension nMOS. Recent}jill discharged from the pad to thés power line and then
some studies have found that ESD robustness of the gate-drig@Rducted through the power-rail ESD clamp circuit to the
NMOS was decreased dramatically when the gate voltage v#8undedVpp pin. A turn-on efficient power-rail ESD clamp
somewhat increased [18], [19]. The gate-driven design cau&¥&uit [14] should be included in the chip to provide overall
ESD current to discharge mainly through the surface chanfepD Protection for the input pin. _ o
of the nNMOS, therefore, the nMOS is easily burned out by ESD BY using the substrate-triggered design, the FOD in Fig. 2
energy. To avoid the sudden degradation on ESD level of th@n be uniformly turned on to sustain higher ESD levels than
gate-driven devices, the substrate-triggered design has bE¥htraditional design in Fig. 1, under the positive ESD stress
proposed to improve ESD robustness of the ESD protectifAnditions. The two-stage ESD protection design in Fig. 1 may
devices [20]-[22]. provide high ESD protection levels for the digital input pins, but
In this paper, a new substrate-triggered design is propose(?ﬁ?ause the large seri(_as resistance and the junction cgpacitance
improve ESD robustness of the ESD protection circuit witho@ the ESD clamp devices cause a IRg delay to the input
extra silicide-blocking and ESD-implantation process modiféignal, such a traditional design is not suitable for analog pins.

cations. Such design can be further modified for use in CM@®' current-mode input signals or high-frequency applications,
output buffers to improve ESD robustness. the series resistance between the input pad and input stage is

forbidden. The traditional two-stage ESD protection design in
Fig. 1 is no longer suitable for analog applications. On the con-
trary, the proposed substrate-triggered ESD protection circuit
A. Substrate-Triggered Input ESD Protection Circuit without series resistance, as that shown in Fig. 2, can provide
The proposed input ESD protection circuit with the substratwer triggered voltage to effectively protect the thin gate oxide
triggered design is shown in Fig. 2. This input ESD protectio®f the input stage. It is, therefore, more suitable for analog cir-
circuit is combined with a short-channel gate-grounded nMG®lit applications.
(Mnl), aresistor (R), and a FOD. During ESD stress, the short- ) i )
channel gate-grounded nMOS with a lower snapback bre:ﬁ(_— Al_ternat|ve Substrate-Triggered Input ESD Protection
down voltage can be more quickly triggered on than the Fopireuit
with a higher breakdown voltage. Both the source and the sub-An alternative design of the proposed input ESD protection
strate of the gate-grounded nMOS is connected to the substiG@teuit with a long-channel-length nMOS is shown in Fig. 3.
of the FOD to form a trigger path to the base of the parasitic lafhe alternative design is similar to the proposed circuit in Fig. 2,
eral bipolar junction transistor (LBJT), which is shown by théut the long-channel-length nMOS (Mn2) is used in place of

Input Stage  \VSS
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Fig. 3. Alternative design of the proposed substrate-triggered ESD protecti
circuit with long-channel-length nMOS Mn2 to protect the input stage.

the FOD. The alternative ESD protection circuit includes
first NMOS (Mn1), a resistor (R) and a second nMOS (Mn2,.
Both the source a_nd the SUb_Strate of Mn1 are also conne | d4. Merged device structure of the whole input ESD protection circuit with
to the substrate-triggered point of Mn2. The gate of Mn2 ige substrate-triggered FOD in Fig. 2.

connected tolVss. Mnl is designed with a lower snapback
breakdown voltage than that of Mn2 to quickly generate tr
substrate-triggered current. Further, a parasitic LBJT is al Kg

included in Mn2, as shown by the dashed lines beside the M
in Fig. 3. The parasitic LBJT has a collector/emitter forme:
with the drain/source of Mn2 and a base formed from th
substrate of Mn2.

Under positive ESD stress, the parasitic LBJT in Mn2 can k
triggered on by the substrate current generated from Mnl a
resistor R. The operation principles of the input ESD protectic
circuit with the long-channel-length nMOS are similar to that o
the input ESD protection circuit with the FOD.

C. Realization of Substrate-Triggered ESD Protection Circuit

To realize the effective substrate-triggered input ESD prt
tection circuit, the whole circuit is merged into a single devic
structure. The cross-sectional view and layout top view of the
input ESD protection circuitin Fig. 2 are shown in Fig. 4, whiclig 5 merged device structure of the whole alternative input ESD protection
is fabricated in a 0.2%m salicided shallow-trench-isolationcircuit with substrate-triggered nMOS Mn2 in Fig. 3.

(STI) CMOS technology [23]. The symmetric device structure

in Fig. 4 allows a balanced current path that can help to increake parasitic LBJT in the FOD during ESD stress. The proposed
the current uniformity among the multiple fingers of the FODnput ESD protection circuit is, thus, considerably enhanced in
in the input ESD protection circuit. As shown in Fig. 4, théts ESD robustness through the substrate-triggered design.
nMOS Mnl with thin gate oxide, the resistor R, and the The geometric spacing between twe- rdiffusions of the
FOD are formed on the same p-type substrate, where neitR€@D is marked with “B” in Fig. 4. This can affect the turn-on
silicide-blocking nor ESD-implantation process modificationsfficiency of the parasitic LBJT during ESD stress. In Fig. 4,
are added in the device structure. the n-well overlapped spacing from the edge of drain diffusion

Without using the silicide-blocking process, a first n-well iso the edge of the n-well is kept at 0;8n for those FOD
connected to the input pad and also to the drain of Mn1 to protel@vices drawn with different B spacings in the experimental
Mn1 from being burned out during ESD stress. Because Mnltést chip.
formed with short-channel LDD and silicided diffusion, which The cross-sectional view and layout top view of the input
would be weak to ESD stress [1], the first n-well can help MnESD protection circuit with the long-channel-length nMOS
to sustain some ESD overstress before the FOD is triggered (vin2) in Fig. 3 are shown in Fig. 5. The realization of this
The resistor R is realized by the parasitic substrate resistaraiéernative input ESD protection circuit is also formed with the
The second n-well is formed into the drain of the FOD. Thifirst and second n-wells. The first n-well can suppress ESD
n-well also has the effect of increasing the equivalent resistarmarent flowing through the short-channel nMOS (Mn1). The
of the resistor R. The-fa diffusion in the source of the FOD cansecond n-well covers the partial source region of Mn2, as that
collect the triggering current from the trigger point of @lif- shown in Fig. 5, to enhance the performance of the parasitic
fusion, which is directly connected to the source of Mn1 by tHeBJT in Mn2 and also to increase the equivalent substrate
low-resistance silicided layer upon the diffusion, to trigger oresistance R. The channel length of Mn2 is marked with “B”
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Fig. 7. Overall dcI-V" curve around the trigger point of the proposed input
ESD protection circuit with the substrate-triggered FOD.

voltage of the FOD is as high as 11.9 V, but the trigger voltage
for the FOD entering into its snapback region is significantly
reduced if there is a triggering current into its base. Th&-d¢
curves of the LBJT in nMOS Mn2 with a channel length qfr#

are measured under different substrate currEntnd shown in
Fig. 6(b). The original snapback breakdown voltage of Mn2 is
8.4V, but the trigger voltage for Mn2 entering into its snapback
region is also significantly reduced if there is a triggering current
into its base.

The overall dc/-V curve around the trigger point of the
whole substrate-triggered input ESD protection circuit with
the FOD in Fig. 2 is measured and shown in Fig. 7, which is
the combination of the dé-V" curves of the FOD, the nMOS
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(®) Mn1, and the substrate resistance. In Fig. 7, the trigger voltage
Fig. 6. Measured d¢—V/ curves of the standalone (a) FOD and (b) nMOSof the input ESD protection circuit has been significantly
with a B spacing of 2¢m under different substrate current biases. reduced to only 6.4 V by the substrate current generated from

the short-channel-length nMOS Mn1. The turn-on efficiency
in Fig. 5 to compare with that in the FOD device. Neithepf the FOD to discharge ESD current is, therefore, enhanced
silicide-blocking nor ESD-implantation process modificationgy the substrate-triggered design. This input ESD protection
are added in this alternative input ESD protection circuit in thgrcuit with the substrate-triggered FOD can provide effective
experimental test chip. voltage-clamping function to protect the thin gate oxide of
50 A in the 0.25um salicided CMOS technology.
I1l. EXPERIMENTAL RESULTS

The proposed input ESD protection circuits with thin gatB- Transmission-Line Pulsing (TLP) Measurement

oxide and silicided diffusion, but no ESD implantation, have To investigate the turn-on behavior of the device during high
been designed and fabricated in a Oy28-salicided STICMOS ESD current stress, the TLP technique has been widely used to
process. Compared with the traditional design, some ggnM@@asure the second breakdown characteristics of devices [24],
devices with extra silicide-blocking processes are also desigred). The transmission-line pulse generator (TLPG) with a pulse
and fabricated in the same 0.2 salicided CMOS process. Towidth of 100 ns is used to find the second breakdown current
clearly investigate the characteristics of the LBJTs in the FOR2) of the fabricated FOD and nMOS devices under different
of Fig. 2 or in the nMOS Mn2 of Fig. 3, the standalone FOLRpstrate biases.

and nMOS Mn2 are also fabricated in the test Chlp When the human-body-mode| (HBM) ESD stress Zapping
i o on the input pad is greater than the It2 of the input ESD pro-
A. Device Characteristics tection circuit, the input ESD protection circuit will be per-

The Tek 370A curve tracer, produced by Tektronix Inc., isxanently damaged by the overstress current. By adjusting the
used to measure the deV curves of the LBJTs in the FOD or device dimensions of the FOD (or the nMOS Mn2), the It2 can
nNMOS devices. The measuredBé/ curves of the LBJT inthe be proportionally increased and, thus, the ESD robustness of
FOD with spacing B of 2um under different substrate currentghe input ESD protection circuit can be adjusted. Two impor-
Ip are shown in Fig. 6(a). The original snapback breakdowant device layout parameters, which have a strong effect on the
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Fig. 8. TLP-measured-V curves of the proposed input ESD protection 25
circuits with nMOS Mn2 or FOD under different B spacings. < '
5 A
HBM ESD level of the input ESD protection circuit, are the E ‘GE, 2
spacing in Fig. 4 (Fig. 5) and the total channel width of the FO' §
(or the nMOS Mn2) in the input ESD protection circuits. The 2 15
TLP-measured—V curves of the input ESD protection circuits 3
with the FOD in Fig. 4, with Mn2 in Fig. 5, under different B % ]
spacings but with the same channel width of 1/, are shown %
in Fig. 8. From the TLP-measured It2 in Fig. 8, the dependenc §
of I1t2 on the B spacing of the input ESD protection circuit: T o5 -& Input ESD protection CKT with FOD
with the FOD or nMOS Mn2 are shown in Fig. 9(a), where th § & Input ESD protection CKT with Mn2
channel width for the FOD and Mn2 is kept at 166h. When @ o “B” Spacing = 2um

the B spacing is increased from 1 tq:B, the It2 of the input 50 100 150 200 250 300 350

ESD protection circuit with the FOD is slightly decreased fror Channel Width (um)

1.38 to 1.22 A. But the It2 of the input ESD protection circuit b)

with nMOS Mnz2 is increased from 1.11 to 1.42 A, when the B _ ' _

spacing i increased ffom 1 tojBn. The dependence of sect8 . Corvareans on he TLR.messd 2 1 e it 220 pioectr

ondary breakdown current on the channel width of the FOD §ed channel width of 15@m and (b) different channel width but with a fixed

nNMOS Mn2 in the input ESD protection circuits is shown irB spacing of 2um.

Fig. 9(b), where the B spacing for the FOD and Mn2 is kept at

2 pm. The FOD or nMOS Mn2 with a longer channel width caand nMOS devices under ESD stress, the proposed ESD pro-

sustain a higher secondary breakdown current. tection circuits with the substrate-triggered FOD or Mn2 under
In Fig. 5 with the nMOS Mn2 device, the effective turned-onlifferent B spacings will have different ESD robustness.

region of the parasitic LBJT in Mn2 is distributed among the

substrate under the gate of Mn2 and the surface channel of Mz, ESD Test

The B spacing will modify the turn-on characteristics of the par- The ZapMaster ESD tester, produced by Keytek Instrument

asitic LBJT in the proposed circuit. The parasitic LBJT with difCorporation, is used to investigate the HBM ESD level of the

ferent turn-on resistance and turn-on region has different E$abricated test chip. The failure threshold is generally defined

robustness [26]. The nMOS device with a shorter B spacing aaslthe minimum ESD stress to cause the leakage current greater

LDD structure can strongly affect the electric field distributionhan 1 uA under 1.1 x Vpp bias. In this 0.25:m CMOS

near its surface channel during ESD stress. However, the turnpgsocess, the core circuits are operated with 3.334 bias.

region of the nMOS with a longer B spacing is more easily di$o, the failure criterion is defined as ¥ leakage current

tributed far away from its surface channel [26]. Therefore, thender 3.63-V voltage bias. The fabricated input ESD protection

nMOS with a longer B spacing has a higher 1t2, as that showndircuits with the substrate-triggered FOD or Mn2 are verified

Fig. 9(a). But the longer B spacing in Fig. 4 with the FOD cahy the HBM ESD test. To compare with the traditional design,

only cause a larger turn-on resistance along the ESD current diee input ESD protection circuit with ggnMOS is also tested as

charging path, because there is no gate structure to generateatheference. The HBM ESD test results are shown in Fig. 10(a)

surface channel in the FOD. Therefore, the FOD with a longéar the devices with different B spacing but a fixed channel

B spacing has a slightly lower 1t2, as shown in Fig. 9(a). Bavidth of 150m and in Fig. 10(b) for the devices with different

cause of the different turn-on characteristics between the F@Bannel width but a fixed B spacing ofi2n.
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1000 (Mn2) is increased 44% (11%) more than that with the tradi-
50 100 150 200 250 300 350 tional ggnMOS.

Channel Width (um) In Fig. 10(b), the ESD robustness of the input ESD protection
(b) circuits with the FOD or Mn2 is increased, as the total channel

Fig. 10. Comparisons on HBM ESD levels of the input ESD protection circuiwidth of the FOD or Mn2 is increased from 100 to 30®. The
with the substrate-triggered FOD, substrate-triggered Mn2, or the traditiortélndency of ESD robustness on the channel width in Fig. 10(b)

ggnMOS, under (a) different B spacing but with a fixed channel width ofids0 . . . .
and (b) different channel width but with a fixed B spacing gfr. is also consistent to the TLP-measured It2 in Fig. 9(b).

IV. MODIFIED DESIGN TOENHANCE TURN-ON SPEED

In Fig. 10(a), the HBM ESD levels of the input ESD protec- _
tion circuit with the FOD W = 150 um) is decreased from To enhance the turn-on speed of the proposed input ESD pro-
3250 to 2750 V, when the B spacing in the FOD is increasdgction circuit for effective protection of the much thinner gate
from 1 to 5um. But the HBM ESD level of the input ESD pro-0xide of the input stage in the sub-0.28 CMOS processes,
tection circuit with nMOS Mn2 ¥ = 150 um) is increased a modified design on the input ESD protection circuit with sub-
from 2250 to 3000 V, when the B spacing in nMOS Mn2 is instrate-triggered nMOS Mn4 (or FOD) is shown in Fig. 11(a).
creased from 1 to wm. This tendency is consistent with thatVhen a positive ESD voltage is zapping on the input pad, the
verified by the TLP-measured It2 in Fig. 9(a). With a B spacingate of nMOS Mn3 will be coupled with a positive voltage
of 2 um, the input ESD protection circuit with the FOD in athrough theRC gate-coupled circuit [17]. Because the trigger
silicon area of 172%m? can sustain an ESD level of 3250 V,voltage of nMOS Mn3, which is turned on by gate-coupled
but that with Mn2 in the same silicon area can only sustain &fcuit, is much smaller than the snapback breakdown voltage
ESD level of 2500 V. The ggnMOS with a channel length g#f NnMOS Mn1 in the input ESD protection circuit of Fig. 3,
2 um and the same channel width of 150 in a silicon area of the nMOS Mn3 in this modified ESD protection circuit can be
1328um? can only sustain an HBM ESD level of 1800 V. Theguickly turned on to conduct a triggering current into the sub-
proposed ESD protection circuit with the FOD has the highesfrate of nMOS Mn4. Therefore, the parasitic LBJT in nMOS
ESD robustness per unit silicon area of 1.78.v?, as com- Mn4 (or FOD) can be quickly triggered on to discharge ESD
pared with that of Mn2 with 1.33 ¥um? and that of ggnMOS current from input pad td’ss. So, this modified design can
with 1.2 V/um?. The HBM ESD level per silicon area of theeffectively enhance the turn-on speed of the proposed substrate-
input ESD protection circuit with the substrate-triggered FODiggered input ESD protection circuits.
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The proposed substrate-triggered technique can be also uSedthe proposed substrate-triggered ESD protection design can
to improve the ESD robustness of the output stage. The siie-still suitable for use in protecting the input and output stages

strate-triggered output ESD protection circuit with enhanced ICs in future nanoscale CMOS technology.

turn-on speed is shown in Fig. 11(b). The pMOS Mp6 and
nMOS Mn6 of the output buffer in the integrated circuit are
also used as ESD protection devices. During positivesto- [
ESD stress, the circuit with C1-R1 and nMOS Mn5 are
used to detect the positive ESD transition and to conduct the
triggering current into the substrate of Mn6. The ESD current 2
is discharged from the output pad to groundég through 3]
the turned-on output nMOS Mn6. During negativettop

ESD stress, the circuit with C2-R2 and pMOS Mp5 are used!“l
to detect the negative ESD transition and to conduct a negays;
tive triggering current into the n-well of Mp6. The negative
ESD current is discharged from the output pad to grounded[G]
Vpp through the turned-on output pMOS Mp6. Under neg- (7]
ative-toVsg (positive-todpp) ESD stress condition, the p-n
junction in the drain region of the output nMOS Mn6 (pMOS 8]
Mp6) is operated in forward-biased condition to discharge
ESD current. Therefore, the output buffer can sustain a much
higher ESD level in the negative-idss and positive-to¥pp
ESD stresses. With this substrate-triggered design, the gates (g?]
output nMOS Mn6 and output pMOS Mp6 are not interfered[10]
by the ESD detection circuit. The gates of output buffer can be
fully controlled by the predriver of the internal circuits. So, the 17
proposed substrate-triggered design is more feasible for using
to protect the output buffers with complex gate-control circuits
such as the slew-rate-controlled output buffer.

The proposed substrate-triggered ESD protection circuitfl3]
with gate-coupled technique can provide fast turn-on speed
and high ESD robustness for the input and output pins of 1G4
products in deep-submicron CMOS processes without using
extra process modification. This substrate-triggered techniqu&S]
can also be applied in the power-rail ESD clamp circuit to
further improve ESD robustness and turn-on speed for effective
protection of the internal circuits of an IC. Some successfu[lel
design examples have been reported in [27] and [28].

12]

[17]
V. CONCLUSION

The proposed ESD protection circuit using the substrate-trigtt8l
gered technique has been practically verified in a u&bsali-
cided STI CMOS process without extra silicide-blocking and
ESD-implantation modifications. The trigger voltage of the pro-[19]
posed input ESD protection circuit with the FOD is lowered
from the original 11.9 Vto only 6.4V, so it can be quickly turned
on to effectively protect the thin gate oxide (50 A) of the input[20]
stage in the 0.2%m salicided CMOS process. The whole ESD
protection circuit can be drawn into a compact layout structure
to enhance the substrate-triggered efficiency and to save the déll
cupied silicon area. Comparing to the traditional ESD protec-
tion design with ggnMOS, the ESD level per silicon area of
the proposed input ESD protection circuits with the FOD (orl22]
nNMOS Mn2), under the B spacing of 2m and the channel
width of 150 um, can be increased 44% (or 11%). To further[23]
enhance the turn-on speed of the input or output ESD protec-
tion circuits during ESD stress, the gate-coupled technique cz;%‘”
be merged into the substrate-triggered ESD protection circuits.
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