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Whole-Chip ESD Protection Design with
Efficient VDD-to-VSS ESD Clamp
Circuits for Submicron CMOS VLSI

Ming-Dou Ker, Senior Member, IEEE

Abstract—A whole-chip ESD protection design with efficient (1) PS-mode (2) NS-mode
VDD-to-VSS ESD clamp circuits is proposed to provide a real
whole-chip ESD protection for submicron CMOS IC’s without
causing unexpected ESD damage in the internal circuits. The
efficient VDD-to-VSS ESD clamp circuit has been designed to
provide a low-impedance path between the VDD and VSS power
lines of the IC during the ESD-stress condition, but this ESD
clamp circuit is kept off when the IC is under its normal operating
condition. Due to the parasitic resistance and capacitance along
the VDD and VSS power lines, the ESD-protection efficiency is  (3) PD-mode (4) ND-mode
dependent on the pin location on a chip. Therefore, an experimen- l
tal test chip has been designed and fabricated to build up a special Veso Veso
ESD design rule for whole-chip ESD protection in a 0.8§am
CMOS technology. This whole-chip ESD protection design has
been practically used to rescue a 0.gm CMOS IC product with
a pin-to-pin HBM ESD level from the original level of 0.5 kV to
become above 3 kV.
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Fig. 1. Four modes of ESD stress on an input (or output) pin with respect

Index Terms—ESD, ESD clamp circuit, snapback. o the grounded VDD or VSS pins,

|. INTRODUCTION across any two pins of the IC and cause some unexpected ESD
LECTROSTATIC DISCHARGE (ESD) protection hasdamages in the internal circuits. Two additional ESD testing
become an important task on the reliability of CMOSonditions, the pin-to-pin ESD stress and the VDD-to-VSS
IC's. Especially in the submicron CMOS technologies, theESD stress, had been specified in the ESD testing standard
advanced processes greatly degrade the ESD robustnesto oferify the whole-chip ESD reliability [12]. These two
CMOS IC’s [1], [2]. Besides the input or output ESD proadditional ESD testing conditions are illustrated in Fig. 2(a)
tection circuits placed around the input or output pads, soraed (b). In these two ESD testing conditions, the internal
unexpected ESD damages are still found in the internal circudiscuits are more vulnerable to ESD damage even if there are
of CMOS IC's beyond the input or output ESD protectiorinput and output ESD protection circuits in the IC’s [13]-[15].
circuits [3]-[11]. Even the parasitic capacitance and resistancdn the pin-to-pin ESD stress of Fig. 2(a), the ESD voltage
along the power lines of the IC also causes a negative impactoss the pins can be conducted into the VDD or VSS power
on the ESD reliability of the CMOS IC [9]-[11]. lines of the IC. The ESD current discharging paths in the
Since the ESD stress may have positive or negative voltage under the pin-to-pin ESD stress condition are illustrated
on an input (or output) pin with the VDD or VSS pins,in Fig. 3. In Fig. 3(a), a positive ESD voltage is applied to
respectively, grounded, there are four ESD-stress modesam input pin with some output pin relatively grounded, but
an input (or output) pin [12]. The four modes of ESD stressém®th the VDD and VSS pins are floating. Before the positive
on the input or output pins are illustrated in Fig. 1. The input &SD voltage on the input pad is discharged through the input
output ESD protection circuits are therefore designed to bypamstection diode Dnl, the ESD current is conducted into the
the ESD current from the stressed pin to the VDD or VSS pinffoating VDD power line through the forward-biased diode
However, the ESD current may enter into any pin and go oDpl in the input ESD protection circuit. The ESD current is
from another pin of the IC. The ESD voltage may be applidtierefore conducted into the internal circuits through the VDD
power line and discharged through the internal circuits to VSS.
Manuscript received February 6, 1998; revised September 16, 1998. Tips Fig. 3(b), a negative ESD voltage is applied to an output
work was supported by the Elan Microelectronics Corp. (EMC), Science- . . L
Based Industrial Park, Hsinchu, Taiwan, R.O.C. The review of this paper w4 while some Input pin Is grounded but the VDD and VSS
arranged by Editor C.-Y. Lu. are floating. Such negative ESD voltage is also conducted into
; Ths a“thorhisl_""gh “:e v LS'C[():?_SiQI“ EiVits.iOI”'TCC;]mpIUter ?:{”d Comr:“IU”it‘?fl‘the internal circuits through the VSS power line of the IC.
(TRD. Fanchu, Tatwan 310, RO.C. (e-maik maker@vim.coliorgwy. | I the VDD-t0-VSS ESD testing condition of Fig. 2(b), the
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Fig. 2. Two additional ESD-testing conditions to verify the whole-chip ESD.. . . )
reliability. (a) The pin-to-pin ESD stress: the ESD voltage is applied to 9. 3. ESD current paths through the IC under the pin-to-pin ESD testing

input (or output) pin while all other input and output pins are grounded bGPndition- (a) A positive ESD voltage is applied to some input pin while
thg VI(DD ang V)Sg pins are floating. ?b) The VDB—tO?VSS ES?D stress: ﬂ%’uother output pin is grounded_. (®) A negative ESD voltage is applied to
ESD voltage is directly applied to the VDD pin with the VSS pin groundeéome output pin while another input pin is grounded.

but all input and output pins are floating.

pin grounded but all the input and output pins are floating.
The ESD current discharging path in this VDD-to-VSS ESD
stress condition is illustrated in Fig. 4. Because the internal

circuits are often drawn with the minimum device dimensions = ' PMOS
and layout spacings to save layout area, the internal circuits are Dp1 : :
very vulnerable to the ESD current. The ESD damages in th§nput internal Output
internal circuits are difficult to be found by only measuring the{ PAD . Circuits Pad
leakage current on the input or output pins. Complex failure " '
analyzes with full function verification are often required to . v
find the failure location. IES"i[
In order to clamp the ESD overstress voltage across the VSS

power lines, the gate-grounded NMOS was used as the ESD
clamp device between the VDD and VSS power lines [7]-[9],
[14], [15], as shown in Fig. 5. In the pin-to-pin or the VDD-Fig. 4. ESD-current discharging path through the IC under the VDD-to-VSS
to-VSS ESD stresses, the ESD voltage across the VDD dfP testing condition.

VSS power lines of the IC is clamped by the gate-grounded

NMOS in its snapback-breakdown region. Because the ESDHowever, when more functions and circuits are integrated
current is discharged through the gate-grounded NMOS, thigo a single chip, the die size of a CMOS IC is enlarged with
gate-grounded NMOS has to be drawn with a larger deviggnger VDD and VSS power lines surrounding the whole chip.
dimension to protect itself. However, the device dimensiorthe longer power lines can cause a delay to discharge ESD
and layout spacings of the internal circuits are further reducedrrent through the desired ESD clamp circuit in the CMOS
in the scaled-down CMOS technology. During the pin-toyLSI [9]-[11]. This causes that the ESD levels of different
pin or the VDD-to-VSS ESD stresses, the internal circuiisins are dependent on their pin locations in the chip. If the
with minimum device dimensions and spacings are eas#BSD-stressed pin is far from the desired VDD-to-VSS ESD
damaged by the ESD overstress voltage before the gattxmp circuit, the ESD current can be still conducted into the
grounded NMOS with larger device dimension is broken dowinternal circuits to cause some unexpected ESD damages in
to bypass the ESD current. So, to really protect all the circuitise internal circuits.

in an IC, a suitable ESD clamp circuit has to be placed betweenn this paper, the dependence of ESD level on different
the VDD and VSS power lines of the IC to clamp the ESPin location is investigated by an experimental test chip.
overstress voltage across the power lines [16]-[20]. Therefore, a whole-chip ESD protection design with efficient
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Fig. 5. Prior art of VDD-to-VSS ESD protection design by using a gate-grounded NMOS as the ESD clamp device between the VDD and VSS power lines.
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Fig. 6. An effective VDD-to-VSS ESD protection design to achieve the whole-chip ESD protection.

VDD-to-VSS ESD clamp circuits is demonstrated to fullygrounded output pin. Therefore, the ESD-transient detection
protect a submicron CMOS IC without causing unexpectegicuit is biased by the ESD energy and turns on the ESD-
ESD damage in the internal circuits [21]. This whole-chiglamping NMOS to provide a low-impedance path between the
ESD protection design has been successfully implementedMBD and VSS power lines to bypass ESD current. Thus, the
a mass-production consumer IC to improve its human-bodgSD current can be efficiently discharged through the forward-
model (HBM) ESD level from 0.5 to above 3 kV in all ESDbiased diode Dpl, the ESD-clamping NMOS, and the diode
testing conditions, but without increasing the die size of tHen2. The devices operating in the forward-biased conditions

IC product. can sustain much higher ESD current than they operating in
the reverse-biased breakdown conditions. But, when the IC is
II. EFFICIENT VDD-T0-VSS ESD @CaAMP CIRCUIT in the normal operating condition with the power supplies, this
ESD-clamping NMOS has to be kept off to avoid power loss
A. Concept of the Efficient ESD Clamp Circuit from VDD to VSS.

To efficiently clamp the ESD voltage across VDD and o o
VSS power lines before the internal circuits are damaged, Bn Realization of the ESD Clamp Circuit
ESD-transient detection circuit is used to turn on the VDD- To realize the aforementioned ESD-transient detection func-
to-VSS ESD-clamping NMOS, as illustrated in Fig 6. Théion, a RC-based VDD-to-VSS ESD clamp circuit is shown
ESD-transient detection circuit is designed to detect the ESD Fig. 7. This ESD clamp circuit is designed to be turned
event and sends a control voltage to the gate of the ES@® when the ESD voltage appears across the VDD and VSS
clamping NMOS. Because the ESD-clamping NMOS is turnggbwer lines. But, this ESD clamp circuit is kept off when
on by a positive gate voltage rather than by the drain snapbatike IC is under the normal power-on condition. To meet
breakdown, the NMOS can be turned on at lower voltagbese requirements, tHeC time constant in the VDD-to-VSS
to bypass the ESD current before the internal circuits aESD clamp circuit is designed about 0.1x4 to achieve the
damaged by the ESD overstress voltage. In the pin-to-plesired operations.
ESD stress condition, as shown in Fig. 6, the ESD current islnitially, the nodesV,, and V; have the voltage levels the
diverted from the input pin into the floating VDD power linesame as the VSS level because the IC is in the floating
The floating VSS power line is initially biased at a ground levelondition without power supplies. The ESD voltage across
through the parasitic diode Dn2 in the output NMOS with the VDD and VSS power line will charge the capacit@rto
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rise up the voltage level oV, in Fig. 7. The ESD voltage 5 ,,,.
has a rise time about10 ns [12]. The voltage level of, < soo.
is increased much slower than the voltage level on the VD_@ 500
power line, because thBC circuit has a time constant in thes *°*
order of microsecond;{s). Due to the delay of the voltage§ 200.

increase on the nodg,, the M, device is biased by the ESD 100, |

E NSNS RS T SRS R L i
voltage and conducts a voltage into the nad@eto turn on the o 0.5 1.0 1.5 20
ESD-clamping NMOS. The turned-on NMOS, which provides Time (ms)
a low-impedance path between the VDD and VSS power lines, (b)

(_:an clamp the ,ESD VOItajge ficross the VDD ",ind VSS pOWI_EIE]_ 10. HSPICE simulated voltage waveforms in the VDD power-on
lines. So, the internal circuits can be effectively protecte@ndition: (a) a ramp voltage with a rise time of 1 ms to simulate the VDD
without ESD damage. A schematic voltage waveform on tiewer-on voltage and (b) the simulated voltage waveform on the higde
nodeV under the ESD-stress condition is shown in Fig. g(aje" the VDD power-on voltage in (a) is applied to VDD.

The turn-on time 4,,) of the ESD-clamping NMOS can be

mainly adjusted by thé&C time constant in the ESD-transient Under the normal VDD power-on condition, the VDD
detection circuit. The turn-on time of the ESD-clampingower-on voltage waveform has a rise time in the order of
NMOS is designed about 200 ns to meet the half-energyillisecond (ms). With such a slow rise time of ms, the voltage
discharging time of the HBM ESD event [12]. level on the nodé&’,. in the ESD-transient detection circuit with
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process. Thed SPICE simulated voltage waveforms in the

to keep thelf,, off. Because thé’,, is simultaneously increased"™® domain at the nodéz during the ESD-sfress condition

to the VDD voltage level in the VDD power-on condition, theand the normal \,/DD power-on condition are shown n Flgs: 9
and 10, respectively. In Fig. 9(a), a ramp voltage with a rise

M,, is turned on to keep the v/ at a voltage level of 0 V. © ) . o
e of 10 ns is used to simulate the rising edge of an HBM

So, the ESD-clamping NMOS is guaranteed to be kept din
when the IC is under the VDD power-on condition or in th(__ESD pulse. Because the NMOS snapback-breakdown voltage

normal operating conditions. The schematic voltage wavefoli@Pout 12 V in the 0.6-m CMOS process, the pulse height
of V in the time domain under the VDD power-on conditiorf the ramp voltage is set as 10 V to monitor the voltage on the
is illustrated in Fig. 8(b). Thé/z maybe has a little glitch NodeVe before the ESD-clamping NMOS is broken down. As

when the VDD just rises up, but the glitch &%:(t) can be shown in Fig. 9(b), the voltage waveform on the ndde is

below the NMOS threshold voltage to keep the ESD-clampirfgnultaneously increased when the ramp voltage is applied to
NMOS always off during the VDD power-on transition. DD, whereas the VSS is grounded. By changing it time

Due to the difference in the rise times between the ESgPnstant, the turn-on time of the ESD-clamping NMOS can be
voltage and the VDD power-on voltage, the VDD-to-vs@djusted. In Fig. 10(a), a VDD power-on voltage waveform
ESD clamp circuit provides a low-impedance path betwed¥ith a rise time of 1 ms and a voltage height of 6 V is applied
VDD and VSS power lines in the ESD-stress conditions, bt the VDD line of the ESD clamp circuit. During such a
it becomes a open circuit between the power lines in the VD#PD power-on condition, the voltage waveform on the node
power-on condition. To actually meet the aforementionéd: is shown in Fig. 10(b), where the: peak voltage is only
operations, the circuit simulation prografhS PICE is used about 0.96 mV which appears in the initial time period. With
to find the suitableRC value and device sizes for this VDD-a V¢ voltage as that shown in Fig. 10(b), the ESD-clamping
to-VSS ESD clamp circuit. The device dimensions for thiMOS can be always kept off when the IC is in the normal
ESD-transient detection circuit in a typical Q.68 CMOS operation conditions.
process are chosen @ = 10 k2, C = 10 pF, W/L of The device dimension of the ESD-clamping NMOS is
M, =100/1.2, andW/L of M,, = 20/1.2. The resisto? of designed as large as possible to provide a much low turn-on
10 K is realized by an N-well resistance, and the capacitogsistance between the VDD and VSS power lines to quickly
of 10 pF is realized by an NMOS device with a devicéypass the ESD current. But, an NMOS with a large device
dimension W/L) of 48/40 (um/um) in the 0.6am CMOS dimension also occupies a larger layout area. So, the device

a RC time constant ofis can follow the VDD voltage in time
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dimension of the ESD-clamping NMOS is strongly dependenften causes a lowek, (secondary breakdown current) value
on the required ESD level and the specified layout area of tf&2], [23], because a shallow current flows through the channel
IC. For an IC product with a higher ESD specification, it needsirface of the NMOS. Thus, the ESD-clamping NMOS were
a larger ESD-clamping NMOS to protect the internal circuitdesigned with a large device dimension of 8000/0.8 in [16] to
of the IC and itself. sustain an HBM ESD level of 3 kV. In the advanced submicron
CMOS technology with silicided diffusion and LDD structure,
the ESD-clamping NMOS has better to be drawn with the
C. Turn-On Verification of the ESD Clamp Circuit silicide-blocking mask, the ESD-implant mask, and a wider

The VDD-t0-VSS ESD clamp circuit had been fabricatelyout spacing from the drain contact to its ploy gate to
in a 0.6um single-poly double-metal CMOS process. Témprove its ESD-sustained level. In other design to increase the
verify the aforementioned ESD-transient detection functiofSD-sustained level of the ESD-clamping NMOS, an N-well
an experimental setup is shown in Fig. 11(a), where a voltafsistor was added into the drain region of the ESD-clamping
pulse generated from a pulse generator (Hp 8116) is used\WOS in the VDD-to-VSS ESD clamp circuit [24]. In order to
simulate the HBM ESD pulse. The voltage pulse generat@doid the gate-driven effect [23] which causes a low ESD level
from the pulse generator initially has a square-type voltag® the NMOS device, and also to reduce the device dimension
waveform with a rise time about 5 ns. When the voltage pulg&@d layout area for the ESD-clamping device between VDD
is applied to the VDD power line with the VSS grounded, thand VSS power lines, a substrate-triggering technique has been
sharp-rising edge of the ESD-like voltage pulse will trigger o@iPplied to trigger on a field-oxide device to provide a more
the ESD-damping NMOS to provide a |0W_impedance pawea-efficient design for VDD-to-VSS ESD clamp circuit [25].
between the VDD and VSS power lines. Due to the limited To verify the action of the VDD-to-VSS ESD clamp circuit
driving current of the pulse generator, the voltage waveforifi the normal VDD power-on condition, an experimental setup
on the VDD power line will be degraded by the turned-of shown in Fig. 12(a). A ramp voltage with a rise time of
ESD-clamping NMOS. The degraded voltage waveform dhl ms and a high-level voltage of 5 V is applied to the VDD
the VDD power line is shown in Fig. 11(b), where a Vo|tag@OW6r line with the VSS power line grounded to simulate the
pulse with a pulse height of 8 V and a pulse width of 400 néDD power-on condition. The voltage waveform on the VDD
is applied to the VDD power line. The voltage waveform igower line is monitored and shown in Fig. 12(b), where the
degraded at the rising edge because the ESD-clamping NM@sgfage waveform is still remained as a ramp voltage without
is simultaneously turned-on when the ESD-like voltage pulg&ly degradation on the waveform. So, the ESD-clamping
is applied to the VDD power line. The voltage degradation ffMOS in the VDD-to-VSS ESD clamping circuit has been
dependent on the turned-on resistance of the ESD-clampkgjified to be indeed kept off in the VDD power-on condition.
NMOS and the output resistance of the pulse generatdhis ESD clamping circuit can be always kept off while the
The maximum V0|tage drop from the 8-V V0|tage level MC is in the normal operating condition with the static VDD
Fig. 11(b) is 5.2 V. A larger device dimension of the ESDPOWer supply.
clamping NMOS leads to a more serious degradation on the
voltage waveform. When the nodé, is charged up greater
than the logic threshold voltage of the invertet/( and
M,,) in the ESD-transient detection circuit, the ESD-clamping The operation of pin-to-pin ESD protection with the efficient
NMOS will be turned off and the voltage waveform willVDD-to-VSS ESD clamp circuit has been explained in Fig. 6.
be restored to the original voltage level. In Fig. 11(b), theith suitable design on the ESD-transient detection circuit, the
applied 8-V voltage pulse has a recovery period about 185D-clamping NMOS can provide an effective discharging
ns, which is corresponding to the turn-on time of the ES[path between VDD and VSS power lines to bypass ESD
clamping NMOS. current away from the internal circuits of the IC. However, the

The turn-on time of the ESD-clamping NMOS is alsanodem VLSI (or ULSI) often has a very large die size, which
dependent on the voltage level of the applied voltage pulse.hds much longer VDD and VSS power lines to surround the
higher voltage pulse applied to the VDD power line leadshole chip and to connect the 1/O circuits. Such longer power
to a larger Vs voltage and a longer turn-on time on thdines had been reported to have a negative impact on the ESD
ESD-clamping NMOS. In Fig. 7, thé/; voltage will be protection of IC's [9]-[11]. The negative impact on the pin-to-
simultaneously increased to the voltage level on VDD powein ESD protection owing to the longer VDD and VSS power
line when theM,, device is turned on during the ESD-streshnes is illustrated in Fig. 13, where the VDD-to-VSS ESD
condition. When thé’; voltage level is increased higher tharclamp circuit is placed far from the stressed input and output
the snapback-breakdown voltage of thé, device, theV; pads. The longer VDD and VSS power lines generally cause
voltage is clamped by the snapback-breakdoWp device higher series resistanc&f; and R,;) along the power lines
to near its snapback holding voltage of 10 V in the Qr6- or a larger VDD-to-VSS parasitic capacitan€e,;() across the
CMOS process. power lines. The parasiti®,y, K., andCy, along the VDD

With a gate voltage of 10 V, the ESD-clamping NMOS caand VSS power lines contribute a time delay to limit the ESD
be quickly triggered into its snapback region to bypass tleirrent discharging through the ESD-clamping NMOS. The
ESD current from VDD to VSS power lines. But, an NMOSquivalent parasitid?yy, R,s, and Cy, along the VDD and
device with a higher gate voltage or a longer turn-on timéSS power lines are strongly dependent on the location of the

IIl. WHOLE-CHIP ESD RROTECTION DESIGN
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stressed pad and the grounded pad in the IC. If the VDD-teach output pad, the output PMOS and NMOS devices have
VSS ESD clamp circuit is located too far from the stressdtie same device dimensiol/{/ L) of 150/1.2 zm). The input
pad and the grounded pad, as shown in Fig. 13, the spgedis are located at the right-hand part of Fig. 14 with different
and efficiency to bypass the ESD current through the VDBpacings to the VDD-to-VSS ESD clamp circuit. At each input
to-VSS ESD clamp circuit is seriously delayed and degradedd, the dioded),, and D,, have the same anode perimeter
by the parasitic resistance and capacitance along the powkd20 um, and the spacing between the anode and cathode
lines. Some ESD current is still discharged through the interral the diodes is 2.4:m. The device dimension¥(/L) of
circuits and causes some ESD damages on the internal circults. discharging NMOS used in the VDD-to-VSS ESD clamp
So, the pins of the IC may have different ESD levels, evendircuit is 250/1.4 m). The resistorR is about 100 k and
the pins have the same ESD protection circuits. The stresslkd capacitor C is about 2 pF in the VDD-to-VSS ESD clamp
pin has a higher ESD level if the stressed pin is closer to tbe&cuit to provide aRC time constant of 0.2:s. The metal
VDD-to-VSS ESD clamp circuit. Therefore, a special desigwidth of both VDD and VSS power lines is drawn as 3
rule to specify the spacing from the input or output pins tto investigate the spacing effect on the efficiency of ESD
the VDD-to-VSS ESD clamp circuit for effective whole-chipprotection with the efficient VDD-to-VSS ESD clamp circuit.
ESD protection has to be established. This test chip has been fabricated in a @& CMOS

An experimental test chip has been designed to investigééehnology with LDD process. The HBM ESD testing results
the pin-location spacing effect on the ESD-protection perfoare measured in Figs. 15 and 16 to verify the spacing effect
mance with the efficient VDD-to-VSS ESD clamp circuit. Aon the ESD-protection efficiency. In the HBM ESD test,
schematic diagram of the experimental test chip to investigdtee ESD pulse is applied to the stressed pin with three
the spacing effect is shown in Fig. 14. The VDD-to-VSS ESRaps per stress voltage level [12]. After the ESD stress, the
clamp circuit is located on the VDD pad in the center dfest chip is inspected by the full function test including the
Fig. 14 and a VSS pad is adjacent to this VDD pad. THeakage currents on the input, output, and VDD pins to judge
output pads are located at the left-hand part of Fig. 14 witkhether the test chip is damaged by the applied ESD pulse.
different spacings to the VDD-to-VSS ESD clamp circuit. Atn Fig. 15(a), it shows the dependence of the input PS-mode
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Fig. 15. Experimental results to verify the spacing effect on the HBNTIJ- 16 Experimental results of the spacing effect on the HBM ESD

ESD robustness of the input pin in (a) the PS-mode and (b) the ND_mO&g‘bustness of the pin-to-pin ESD reliability from an ESD-stressed input pin
ESD-stress conditions. to another relatively grounded output pin. (a) A positive ESD voltage and (b)

a negative ESD voltage is applied to an input pin while another output pin is
grounded, but other pins including the VDD and VSS pins are all floating.

ESD level on the spacing from the input pad to the VDD-

to-VSS ESD clamp circtit. The ESD level of the input IO"ijzlmother output pin is grounded but the other pins including the

is significantly increased when the input pad is closer to th . . . . .
- D and VSS pins are all floating, to investigate the spacing
VDD-to-VSS ESD clamp circuit. The PS-mode ESD level o ) . : ; L
b circul v ffect on the pin-to-pin ESD protection with the efficient

the input pad is improved from the original level about 2.5 k - . "
to more than 4 kV, while the location spacing from the inpu _DD'tOfVSS ESD chm_p circuit. In Fig. 16(a), the posmvg
pad to the ESD clamp circuit is below 20@@n. In Fig. 15(b), pin-to-pin ESD level is increased greater than 3.5 kV while
it shows the dependence of the input ND-mode ESD level #3¢ SPacing between the stressed input pad and the grounded
the spacing from the input pad to the VDD-to-VSS ESD clamfpUtPut pad is less than 30Q8n. In Fig. 16(b), the negative
circuit. The ND-mode ESD level of the input pad is improve@in-to-pin ESD level (in magnitude) is increased greater than
from the original level about 1.5 kV to more than 3 kV, while>-2 kV while the spacing *?etwee” the stressed Input pad and
the location spacing from the input pad to the ESD clanif® grounded output pad is less than 3000. By using the
circuit is below 150Qum. The shorter distance from the inpugfficient VDD-to-VSS ESD clamp circuit, the pin-to-pin ESD
pad to the VDD-to-VSS ESD clamp circuit leads to a muclgvel can be significantly improved if the spacing between the
higher ESD level of the input pad. This provides a new ESgressed pin and the grounded pin is not too large. To provide
protection concept to improve ESD level of the input pin b§t 3-KV pin-to-pin ESD reliability for the CMOS IC with the
only using the efficient VDD-to-VSS ESD clamp circuit bugower line width of 30xm in the 0.8zm CMOS process,
without increasing the device dimensions in the input ESthe VDD-to-VSS ESD clamp circuit has to be repeatedly
protection circuits. inserted between the VDD and VSS power lines in every
The pin-to-pin ESD protection performance is measured glistance of 3000um. The larger device dimension of the
Fig. 16(a) and (b). In Fig. 16(a) and (b), a positive (negativ&SD-clamping NMOS in the VDD-to-VSS ESD clamp circuit,
ESD voltage is applied to some input pin of Fig. 14, whil¢he wider metal width of the VDD and VSS power lines
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Fig. 17. Schematic diagram to show the concept of whole-chip ESD pro-
tection design with four efficient ESD clamp circuits between the VDD and
VSS power lines in an CMOS chip.

Fig. 18. Typical EMMI picture to show the failure location of ESD damage
(indicated by the arrow) on the internal circuits due to pin-to-pin ESD stress.

surrounding the whole chip, and the shorter distance of every
repeat of the VDD-to-VSS ESD clamp circuit can lead to a
much higher pin-to-pin ESD protection. Through the detalil
analysis and experimental investigation, a special ESD des
rule for whole-chip ESD protection with efficient VDD-to-
VSS ESD clamp circuits has been established in a;f8-
CMOS technology.

ounded NMOS'’s as the ESD-clamping devices between the
i Ir:1)D and VSS power lines. After the pin-to-pin HBM ESD
&ress, the failed IC has been processed to find the failure
location. The EMMI (photon emission microscope) picture in
Fig. 18 has shown that the ESD damage, indicated by the
arrow, is located at the internal circuits beyond the input,
output, and VDD-to-VSS ESD protection circuits. This has
IV. APPLICATION confirmed that the VDD-to-VSS ESD clamp circuit with the
The design concept of whole-chip ESD protection witgate-grounded NMOS can not effectively protect the internal
efficient VDD-to-VSS ESD clamp circuits is illustrated incircuits in submicron CMOS technology, especially in the
Fig. 17 to provide a real whole-chip ESD protection withoupin-to-pin ESD-stress condition.
the unexpected ESD damage in the internal circuits under anyfo rescue the ESD level of this IC product, the proposed
ESD-stress condition. Four VDD-to-VSS ESD clamp circuit§DD-to-VSS ESD clamp circuits are inserted into the IC
are inserted in the four sides of the chip with the VDD and VS® perform the whole-chip protection without increasing the
power lines surrounding the whole chip. For a larger die sizetal chip size. The microphotography of this ESD-rescued IC
with a much longer VDD and VSS power lines, the numbegroduct is shown in Fig. 19. Five efficient VDD-to-VSS ESD
of the VDD-to-VSS ESD clamp circuits inserted between theamp circuits are added between the VDD and VSS power
power lines of the chip should be increased. The VDD-to-V3#es which are indicated by the five arrows in Fig. 19. One is
ESD clamp circuits can be also placed in the four comers of threserted on the VDD pad and the others are inserted between
chip without increasing the total layout area of the chip. Thibe power lines at the left- and right-hand sides of the chip,
comers are often empty without any device in the most IC'svhereas the input and output ESD protection circuits are kept
This whole-chip ESD protection design has been practicallye same in the IC product without any change. To achieve
used to improve the ESD reliability of a 0;8n CMOS IC the whole-chip ESD protection design, the added five efficient
product. In the original ESD design of this IC product, twd&/DD-to-VSS ESD clamp circuits have to be uniformly placed
gate-grounded NMOS'’sI{/L = 250/2 for each NMOS, as in the chip as that suggested in Fig. 17. By using this proposed
illustrated in Fig. 5) are used as the VDD-to-VSS ESD clamphole-chip ESD protection design without increasing the total
devices in the chip and placed around the VDD and VSS padhip size, the ND- and PS-mode ESD levels of this IC product
The input and output ESD protection circuits are the same laas been improved to above 4 kV and the pin-to-pin ESD level
those shown in Fig. 14. But, the ND- and PS-mode HBM ESI3 also improved to above 3 kV, which is much greater than the
levels of the input and output pins of this IC are only arouncommercial ESD specification of 2 kV. The pin-to-pin ESD
1-1.5 kV, whereas the pin-to-pin HBM ESD level of this Idevel is guaranteed by full function verification after the IC
is only about 0.5-1 kV. The failure criteria to judge the ESIs stressed under any ESD testing condition of Fig. 2. After
level of the IC includes the whole-chip function test and thiéhe pin-to-pin ESD test, the failed IC is also processed to find
leakage currents at all the input, output, and VDD pins. Thike failure location. The failure is located on the VDD-to-
ESD level is much below the minimum ESD specificatioNSS ESD-clamping NMOS and causes a leakage current in
of 2 kV in the commercial IC’s, even if there are two gatethe order of mA from VDD to VSS power lines. The failure
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ESD Clamp

Die size = 2500pm x 2000um
VDD/VSS Power Lines Width= 40pm

Output Buffer (W/L) = 250/2 (for PMOS and NMOS)
Input ESD Diodes = 150/2.4 (for Dp and Dn)

Fig. 19. Microphotograph of a 0.8m CMOS IC product using the proposed whole-chip ESD protection design with five VDD-to-VSS ESD clamp
circuits (indicated by the arrows).

location is not found in the internal circuits of the failedhe IC product has also improved from the original 0.5 kV to
IC. So, the internal circuits of this IC product can be fullyabove 3 kV without causing any ESD damage in the internal
protected against ESD damage by this proposed whole-chipcuits of the IC. This whole-chip ESD protection concept
ESD protection design with suitable spacing distribution to adéin be expanded to protect the IC’s with multiple VDD or
the efficient VDD-to-VSS ESD clamp circuits into the chip. VSS power pins.
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