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Substrate-Triggered Technique for On-Chip
ESD Protection Design in a 0.18n
Salicided CMOS Process
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Abstract—The substrate-triggered technique for input, output, VvDD
and power-rail electrostatic discharge (ESD) protection, as com- __1__ l
paring to the traditional gate-driven technique, has been proposed %{1 E‘:I ! ! ===
to effectively improve ESD robustness of IC products. With the Wpo1.! r-d - | o
substrate-triggered technique, on-chip ESD protection circuits for | Input | Intemal | Output :l Sowar Ral i
the input, output, and power pins have been designed and verified | PAD , Circuits | PAD |iF Circutt |y, (I;;_J
in a 0.18m salicided CMOS process. The experimental results M"‘": »—| Mno2 : | "
have confirmed that the proposed substrate-triggered design can ] : -——7r—-
effectively and continually improve ESD robustness of CMOS de- S A ]—
vices. The human-body-model (HBM) ESD robustness of NMOS “input ESD  VSS  GuiputESD B0 T Power-Rail
with a device dimension of W/L = 300 pm/0.3 um can be im- Protection Protection ESD Clamp

proved from the original 0.65 kV with the traditional gate-driven
design to become 3.2 kV with the proposed substrate-triggered de-

sign Fig. 1. Typical on-chip ESD protection circuits in a CMOS IC.

Index Terms—Electrostatic discharge (ESD), ESD protection )
circuits, gate-driven technique, second breakdown, substrate-trig- bustness of the gate-driven NMOS had been found to be de-

gered technique. creased dramatically when the gate voltage is somewhat in-
creased [8], [10]. The gate-driven design causes ESD current
to mainly crowd and discharge through the surface channel of
NMOS; therefore, NMOS is easily burned out by ESD energy
O SUSTAIN reasonable electrostatic discharge (ESD) rgy cause the sudden degradation on ESD level of the gate-driven
bustness in deep-submicron CMOS ICs, on-chip ESD pr@evices [8].
tection circuits must be added into the chips [1], [2]. The ESD |n this paper, the substrate-trigger effect on MOSFET de-
level of commercial IC products is generally required to bgices for ESD protection has been investigated in detail with
higher than 2 kV in human-body-model (HBM) ESD stress [3}he dc current-voltagdV) curve and TLP-measured second
The typical on-chip ESD protection circuits ina CMOS IC to efpreakdown currentl¢,). On-chip ESD protection circuits for
fectively protect internal circuits against ESD damage is showiput, output, and power rails are designed with this substrate-
in Fig. 1 [4]. In order to sustain the required ESD level, on-chiiggered technique [16]. The proposed ESD protection circuits
ESD protection circuits are often drawn with larger device dhave been verified in a 0.18m salicided CMOS process to suc-

mensions, which are often realized with multiple fingers in gessfully improve ESD robustness of the 1/O cells.
layout designed to reduce total layout area [5], but during ESD

stress, the multiple fingers of ESD protection MOSFET cannot
be uniformly turned on. Only several fingers of the MOSFET ) ) .
were turned on and therefore damaged by ESD [6]-[8]. THis Structure of Substrate-Triggered ESD Protection Device
often causes a low ESD level in an ESD protection circuit, evenThe device cross-sectional views and the corresponding
if the MOSFET has a large device dimension. finger-type layout patterns of the traditional gate-driven and
To improve turn-on uniformity among the multiple fingers othe new proposed substrate-triggered NMOSs are shown
NMOS, the gate-driven design [9]-[11] or substrate-triggerdd Fig. 2(a) and (b), respectively. The physical gate-oxide
design [12]-[15] had been reported to increase ESD robustiickness of those devices is abouB5 A in the 0.18zm
ness of NMOS with large device dimension. Recently, ESD rg-8-V salicided CMOS process. Such thin gate-oxide NMOSs
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(b)
Fig. 2. Device structures and corresponding layout patterns of (a) f| pendence oft, on the substrate-biased current of NMOS

traditional finger-type NMOS and (b) the proposed substrate-triggered NMO

for ESD protection.

——-Isub=0A W=300pm
18 | = lsub=1mA L=0.3ym
16 Isub=2mA

——Isub=4mA
14

r| —=—Isub=8mA

Fig. 3. DC I-V curves of the substrate-triggered NMOS under different
substrate current biases.

B. Characteristics of Substrate-Triggered Device

The dc |-V curves of the fabricated substrate-triggered
NMOS with W/L = 300 pm/0.3um under different substrate
biases are measured in Fig. 3. The original trigger voltage
and holding voltage of the substrate-triggered NMOS without
substrate bias are 5.5 and 4 V, respectively. The substrate
current can lower the trigger voltage of NMOS, which can
improve turn-on efficiency of NMOS during ESD stress.

To investigate the device behavior during high ESD current
stress, a transmission line pulsing (TLP) technique has been
widely used to measure the second breakdown characteristics
of devices [18], [19]. The transmission line pulse generator
(TLPG) with a pulse width of 100 ns is used to find the
(second breakdown current) of the fabricated NMOSs under
different substrate-biased currents. The TLP-measu+&t
characteristics of substrate-triggered NMO& /(. = 300
»m/0.3m) under substrate biases of 0, 2, and 8 mA are shown
in Fig. 4(a). The corresponding leakage currents in Fig. 4(a)
are measured, after each TLP pulse stress, on the drain of
gate-grounded NMOS under the bias condition¥pf = 1.8
V and no substrate-biased current. The turn-on resistance is de-
creased from 3.92 to 2.43, while the substrate-biased current
is increased from 0 to 8 mA. The substrate bias can change the
turn-on resistance of substrate-triggered NMOS during ESD
stress. This implies that the substrate bias can modulate the
effective turn-on area or turn-on path of parasitic lateral BJT
in the NMOS to have higher ESD robustness [8], [20]. The

evices with different channel widths in a 0.4& salicided
CMOS process is shown in Fig. 4(b). The second breakdown

of the substrate-triggered NMOS in Fig. 2(b) are drawn asirrents of the substrate-triggered NMOSs wiith = 300 or
2-pm and 1um to save layout area, respectively. In Fig. 2(b), # = 100 um can be continually increased by the substrate
p+ diffusion is located at the center of NMOS layout, which idias. Thelt, of NMOS with a channel width of 30@m without
used as the substrate-triggered node of ESD protection devighstrate-triggered current is only 0.8 A, but it can be increased
An additional N-well ring locating under the source regionap to 2.2 A, while the NMOS has a substrate-triggered current
and surrounding the whole device, as shown in Fig. 2(b), & 2 mA. With a higherlt,, the NMOS can sustain a higher
used to form a larger equivalent substrate resistance for m&®8D level. While the substrate-triggered current is increased

effective substrate-triggered performance.

to 8 mA, thelts in Fig. 4(b) is not degraded. Therefore, the
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(@ Fig. 5. Proposed input ESD protection circuit with substrate-triggered design.
o5 0.18-pym CMOS process
Silicide-Blocking NMOS ) = A. Input ESD Protection Circuits With Substrate-Triggered
. Design
<. °
;_ The input ESD protection circuit with the substrate-triggered
ol designis shown in Fig. 5. The ESD detection circuits with resis-
g tors (R1 and R2), capacitors'1 andC2), and NMOS/PMOS
g (Mn2/Mp2) connected in Fig. 5 are used to detect the ESD
§ ~_, events, and then to generate substrate-triggered current to turn
-2 . > on ESD protection devices{n1 andMp1). The ESD protec-
T tion devices are kept off when the IC is under the normal circuit
(% 05 operating condition. To meet these requirements /tketime
_ ’7. W=300um constant in the ESD detection circuit is designed about 0.1
. L=03um [+-w=100um| s to achieve the desired operations.

o 1 2 3 4 5 6 7 8 During positive-toV' SS ESD stress Y DD power pin is
Substrate Current, I (MA) floating), the nodes ni4 and nins in Fig. 5 have the initial

(b) voltage levels the same asSss. The positive—to_VSS _ESD

Fig. 4. (a) TLP-measured—V curves and turn-on resistances of theVOItage acrpss the nput pad aﬁdS‘S power line will b-e-
suBstréte-triggered NMOS devices in a 048 salicided CMOS process. (b) conducted into theV’ DD power line throth the parasitic
The dependence dt, on the substrate-biased current of NMOS with differenélrain-to-well diode of PMOS A/ p1), and to charge up the
channel widths. node ni4 of the capacito©2. The HBM ESD voltage has

a rise time aboutv10 ns [3]. The voltage level at the node

substrate-triggered technique can continually improve ESH# IS increased much slower than the voltage level on the
robustness of NMOS, without causing the sudden degradatiBRut Pad, because the2—C2 circuit has a time constant of

on its ESD robustness that happened in the gate-driven NM@_@:rosecond._ Due_to the delay of voltage_increase on the node
8], [10]. ni4, Mp2 device with a~0-V gate voltage is turned on by the

positive ESD voltage at the pad and conducts a curfent
into the node nins to trigger on the ESD protection NMOS
(Mn1). The triggered-on NMOS provides a low-impedance
path to discharge the ESD current from the input pad to
Since the ESD events may have positive or negative ESDSS. Because the substrate-triggered NMOS is turned on by
voltage on an input (or output) pin with théD D or V.SS pins  a positive substrate current rather than by the drain snapback
relatively grounded, there are four ESD-stress conditions on lareakdown, the NMOS can be turned on at lower voltage to
input (or output) pin [3], [11]. Generally, the traditional /O ESDdischarge ESD current before the internal circuits are damaged
protection circuits in Fig. 1 have the lowest ESD levels undéy the overstress ESD voltage. So, the internal circuits can be
the positive-to¥' S.S and negative-td/ DD ESD-stress condi- effectively protected by the proposed ESD protection circuits
tions, because the protection devices in these two ESD-stresth substrate-triggered technique.
conditions are often operated in the reverse-biased breakdowbDuring the negative-td< DD ESD stress(SS power pin
condition. Thus, the proposed substrate-triggered design is ugefloating), the nodes ni5 and nips in Fig. 5 have the initial
to significantly improve ESD robustness of ESD protection ciroltage levels the same &D D, which is grounded under such
cuits in these two worst ESD-stress conditions. a ESD stress. The negative%dP D ESD voltage across the

I1l. ON-CHIP ESD RROTECTION CIRCUITS WITH
SUBSTRATE-TRIGGEREDDESIGN
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input pad and” D D power line will be conducted to the floating 45
V' SS power line through the parasitic drain-to-substrate diode al hluil
of NMOS (Mn1), and charge the node ni5 of the capacitar as |
to a negative voltage level. Due to the delay of voltage decreas
on the node ni5, th& gs of Mn2 is greater than its threshold
voltage during such a negative-tobD ESD stress. So, the <251
Mn?2 device is turned on by the ESD voltage and conducts & % 2
negative currenfn2 into the node nips to trigger on the ESD § 15
protection PMOS {/p1). The ESD protection PMOS is turned 1 |
on by a triggering current in its N-well rather than by the drain V=07V
shapback breakdown. So, the PMOS can be turned on with 051
faster speed to discharge ESD current before the internal cir 0
cuits are damaged by the overstress negative ESD voltage. 05 :

To meet the aforementioned circuit operations, the HSPICE it 0 0 0 %0 Ti"f:';ns) 20 W 3 4w
used to find the suitabl®C' value and device sizes in the ESD
detection circuit, which are chosen 8 = R2 = 10 kQ, @
C1l = C2 = 20 pF, andW/L of Mp2 (Mn2) = 20 xm/0.8 0s
um. The HSPICE simulated voltage waveformsintime domain a 0
the node nins during the positive-165'.S ESD stress is shown in os "D' ., |

- 1 1

Fig. 6(a). The simulated voltage waveformsin the time domain a -
the node nips during the negative P D ESD stress is shown A \/ v=o.v
in Fig. 6(b). In Fig. 6(a), a ramp voltage with a rise time of 10 S4s |

ns is used to simulate the rising edge of an HBM ESD pulse in
the positive-toV S.S ESD-stress condition. The ESD detection

circuit should be designed to generate the triggering current intc
the substrate-triggered NMOS (or PMOS), before the ESD pro- 2|
tection NMOS (or PMOS) is broken down by the ESD voltage. 35 |

ge

2t

Volta

Because the NMOS has a snapback-breakdown voltag® &f 4|

Vin the 0.18um CMOS process, the pulse height of the ramp ¢ ‘ ‘ . vam ‘ .
voltage in this simulation is set as 4 V to monitor the voltage 0 0 100 150 200 2650 300 350 400
on the node nins before the ESD protection NMOS is broker Time (ns)

down. As shown in Fig. 6(a), the voltage waveform on the node ()

nl_ns IS Slml'."taneOUSIy increased Wh?” the ramp voltage is ia—'%_. 6. HSPICE simulated voltage waveforms to find the turn-on time of

plied to the input pad, whereas thes'S is grounded an® DD the proposed input ESD protection circuit under (a) the positive-f5

is floating. By changing th&C time constant or the device sizeESD-stress condition and (b) the negativetd D ESD-stress condition.

of Mp2, the turn-on timét,,,,) of ESD protection NMOS can be

adjusted. In Fig. 6(b), a negative ramp voltage with a falltime « 500 =

10 nsis used to simulate the falling edge of anegative HBMES  45q || ~® negativeto-VDD ESD stress

pulse in the negative-t&-D D ESD-stress condition. As shown —$—positiveto-VSS ESD stress

in Fig. 6(b), the voltage waveform on the node nips is simultan

ously decreased when the negative ramp voltage is appliedto 350 |

input pad, whereas tHé D D is grounded and S S is floating. 300 t

Because NMOS//n2 has a higher driving current than that of

PMOS M p2 in the ESD detection circuit, the simulated turn-oi

time (¢, ) in Fig. 6(b) is longer than that in Fig. 6(a). If the device

dimensionofV/p2isincreased, theturn-ontinig,,) in Fig. 6(a) 150

can be further increased. The dependence of turn-on(tisng 100 |

on the device dimension @ffp2 or Mn2 is shownin Fig. 7. The

turn-on time can be modified by changing the device dimensi

of Mp2 or Mn2 or by changing th&C time constantinthe ESD 0 v

_detect_ion circuit. The turn-on time of the ESD protec_tion de\_/ic 0 0 Chann§?Width o??\ﬂ 62 o |\7|?12 (um) %0 60

is designed about200 ns to meet the half-energy discharging

time of the HBM FTSD waveform [3] . . ...Fig. 7. Dependence between the turn-on tithg ) and the device dimension
When the IC is in the normal circuit operating condition withy 3732 or A/n2 in the proposed input ESD protection circuit during

the power supplies, the node ni4 (ni5) is biased &tD (VV.S.S) positive-toV SS or negative-tol” D D ESD-stress conditions.

through the resistaR2 (R1) to turn off theM p2 (Mn2). There-

fore, the substrate-triggered ESD protection NMOS (PMOS)tisn NMOS (PMOS) is adjusted to meet the required ESD level

guaranteed to be kept off. The device dimension of ESD protegithin a specified layout area.
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Fig. 8. Output ESD protection circuit with the proposed substrate-triggered

design. the chip to save the total layout area. For example iheC2

in Fig. 5 can be shared d%—C4 in Fig. 8, and also shared as
B. Output ESD Protection Circuit With Substrate-Triggered R5—C5inFig. 9. So, the I/O cells in a chip can shared with only
Design oneRC delay circuit (z2—C'2) for triggering all ESD protection

The output ESD protection circuit with the proposed Suql\Flilg\;/lngi?gaglcli Eg%epiggzt?;:}:%%gzlay circuit {21-C'1) for

strate-triggered design is shown in Fig. 8. The PMQ&p()
and NMOS (M n3) of output buffer with larger device dimen-
sions to drive external load also work as the ESD protection
devices. The ESD detection circuits with resistof#3 (and To compare with the substrate-triggered design, the tradi-
R4), capacitors'3 andC4), and NMOS/PMOSRX/n4/Mp4) tional input/output ESD protection and power-rail ESD clamp
are connected in Fig. 8 to detect ESD events. The gatesciituits, as shown in Fig. 10, are also fabricated in the same
the output buffer are connected to the pre-driver buffer. Thestchip in a 0.18:m salicided CMOS process. In Fig. 10(a),
operation principles of the output ESD protection circullMOS (Mnil), and PMOS J/pil) have a gate-coupled de-
during ESD-stress conditions are similar to those of the inpsign to protect the input stage of internal circuits during ESD
ESD protection circuit described in the previous section. Thgress. In Fig. 10(b), PMOSWpo3) and NMOS {{no03), of
ESD detection circuit is designed to detect the ESD eventg output buffer with larger dimensions, are also used as ESD
and generates a triggering current into the trigger node @fotection devices to sustain ESD stress. In Fig. 10(c), the ESD
substrate-triggered NMOS\(n3) or PMOS (M p3). clamp circuit with a gate-driven design is placed between the
Because thé/p3 and Mn3 devices in the output buffer areV DD andV SS power rails [4]. The devices d¥nil, Mno3,
triggered on through their bulk nodes, the ESD detection circgihd Mnc2 with different total channel widths are drawn with
does not connect to the gates of the output buffer. The gatestef traditional finger-type layout, as shown in Fig. 2(a).
the output buffer can be fully controlled by its pre-driver circuit
without any conflict to the ESD detection circuit. So, the proA. ESD Level
posed substrate-triggered design is more feasibly applied to th
output buffer, as compared to the gate-driven design.

IV. EXPERIMENTAL RESULTS

She ZapMasterESD tester, produced by Keytek Instrument
Corp., is used to measure the HBM ESD level of the fabri-
) o ) cated testchips. The failure criterion is generally definedaf1-
C. E’ower-Raﬂ ESD Clamp Circuit With Substrate-Triggered leakage current under 1.1 tim&s, bias, when the ESD pro-
Design tection circuitis in the off state. The ESD levels of the fabricated
The power-rail ESD clamp circuit with substrate-triggerethput/output ESD protection circuits and power-rail ESD clamp
design is shown in Fig. 9. To efficiently clamp ESD voltageircuits with the substrate-triggered or the traditional designs
acrossV DD andV SS power lines before internal circuits arehave been tested, and the results are compared in Figs. 11-13,
damaged, the ESD detection circuit®, C'5, Mn5, andMp5) respectively.
is used to detect ESD events and to turn on the substrate-trigh Fig. 11, the positive HBM ESD pulses are zapping on
gered NMOS {/n6). The RC time constant in the power-rail the input pad of the input ESD protection circuit withS'S
ESD clamp circuit is designed about 8.1 us to achieve the grounded under the positive-165.S HBM ESD test. The input
desired circuit operations [4]. ESD protection circuit with a substrate-triggered design has
The RC delay circuits, connected between thié)D and made an excellent improvement on its ESD level, as compared
V'SS power rails in the input ESD protection circuit of Fig. 5, into the traditional design. The proposed input ESD protection
the output ESD protection circuit of Fig. 8, and in the power-radircuit with substrate-triggered NMOSW/L = 300 pm/0.3
ESD clamp circuit of Fig. 9, can be further merged together jm) can sustain an ESD level of 3.3 kV. However, the input
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[ Traditional Design
T PO a can be improved from 0.65 kV with the traditional design to 3.2
o5 | : ..... AT kV with the substrate-triggered design.
A . - . ..
N In Fig. 13, the positive HBM ESD pulses are stressed on the
0 ‘ ‘ ‘ ‘ ‘ V DD of the power-rail ESD clamp circuit witli S'S grounded.
0 50 100 150 200 250 300 350 f the ESD cl ircuit with substrate-tri
Channel Width (um) ESD robustness of the clamp circuit with substrate-trig-

gered NMOS ofW/L = 300 pm/0.3 um is 2.5 kV, but that
Fig. 11. Comparison of ESD robusiness between the propos\é‘ﬂth thg traditional ggte-drlven design under the same device
substrate-triggered input ESD protection circuit and the traditional inp@imension can sustain the ESD level of only 1 kV. These have
ESD protection circuit. verified the excellent effectiveness of the proposed substrate-
triggered technique to improve ESD robustness in a @8-

ESD protection circuit with the same device dimension undef&@VOS process.
traditional design has an ESD level of only 0.8 kV. -

In Fig. 12, the positive HBM ESD pulses are stressed on tfe Turn-On Verification
output pad of the output buffer witii.S.S grounded under the  To verify the aforementioned ESD detection function in the
positive-toV' S S HBM ESD test. The substrate-triggered desigproposed input ESD protection circuit, a voltage pulse gener-
can also effectively improve ESD robustness of output buffexted from a pulse generatdd® 8119 is used to simulate the
The ESD level of output NMOS with?’/ . = 300 pm/0.3um  rising edge of a positive-t&-5.S HBM ESD pulse. The gen-
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ually improve ESD robustness of ESD protection devices
without sudden degradation as that found in the traditional
gate-driven design. With the substrate-triggered technique,
the input, output, and power-rail ESD protection circuits have
been successfully designed and verified in a ub8-CMOS
process to protect the internal circuits of CMOS IC. Because
the output buffers are triggered on through their bulk nodes,
the ESD detection circuit does not connect to the gates of the
output buffer. The gates of the output buffer can be fully con-
trolled by its pre-driver circuit without any conflict to the ESD
detection circuit. So, the proposed substrate-triggered design
is more feasibly applied to the output buffer, as compared to
the gate-driven design. Without adding extra ESD implantation
into the CMOS process, the ESD protection device with the
proposed substrate-triggered design can sustain much higher
ESD stress than that of the traditional gate-driven design.
This substrate-triggered technique, designed and realized by

Fig. 14. Comparison between the original 0—4-V voltage waveform with
rise time of~10 ns generated from a pulse generator and the degraded volt;
waveform on the input pad of the proposed input ESD protection circuit.

;bséng circuit and layout technique, will be one of the best and
most cost-efficient ESD protection solutions to improve ESD

robustness of IC products in the subquarter-micron CMOS

erated voltage pulse originally has a square-type voltage wa
form with a rise time of about-10 ns and a pulse height of 4
V, as shown in Fig. 14. When the positive voltage pulse is ap-
plied to the input pad of the proposed input ESD protection cir-
cuit with V'S'S grounded, the sharp-rising edge of the ESD-like
voltage pulse will trigger on ESD protection NMOS to provide [2]
a low-impedance path between the input pad &S power

line. The voltage waveform on the input pad is therefore de-E!
graded by the turned-on ESD protection NMOS. The degraded
voltage waveform on the input pad is also shown in Fig. 14. [4]
The voltage waveform is degraded at the rising edge because
ESD protection NMOS is simultaneously turned on when the 5]
ESD-like voltage pulse is applied to the input pad. The voltage
degradation is dependent on the turn-on resistance of the pargs
sitic lateral BJT in ESD protection NMOS and the output resis-
tance of the pulse generator. The maximum voltage drop from
the applied 4-V voltage level in Fig. 14 is 1.5 V. The larger de- !
vice dimension of the ESD protection device in the proposed
input ESD protection circuit can lead to a larger voltage drop
from the applied voltage level. When the node ni4 in Fig. 5 is
charged up to turn off PMOSWp2) in the ESD detection cir-

cuit, ESD protection NMOS will be turned off, and the voltage [°]
waveform will be restored to the original voltage level. From
Fig. 14, the substrate-triggered NMOS has a turn-on titne

of ~120 ns under such a 4-V voltage pulse stress.

To verify ESD detection function in the power-rail ESD
clamp circuit with substrate-triggered design, the same 4-\11)
voltage pulse is applied t& DD power line to simulate the
rising edge of a positive HBM ESD event. The measurechz]
voltage waveform is similar to that shown in Fig. 14, which
also verifies the turn-on efficiency of the proposed power-rail
ESD clamp circuit.

(1

(10]

(13]

V. CONCLUSION [14]

From the circuit analysis and experimental results, the
substrate-triggered technique has been confirmed to contin-

t%chnologies.
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