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Electrostatic Discharge Protection Design for
Mixed-Voltage CMOS 1I/O Buffers

Ming-Dou Ker, Senior Member, IEEEand Chien-Hui Chuang

Abstract—A new electrostatic discharge (ESD) protection cir- VDD (3.3V) sy VDD (3.3V)
cuit, using the stacked-nMQOS triggered silicon controlled rectifier | - g _
(SNTSCR) as the ESD clamp device, is designed to protect the o Nk ---33v
mixed-voltage I/O buffers of CMOS ICs. The new proposed ESD 5 °| f | ov
protection circuit, which combines the stacked-nMOS structure 2 _Z|§f 1 To internal
with the gate-coupling circuit technique into the SCR device, is a | = o S0 tircuits
fully compatible to general CMOS processes without causing the é VGn= 1A
gate-oxide reliability problem. Without using the thick gate oxide, Q. oo e
the experimental results in a 0.35am CMOS process have proven = | " Gate-oxide
that the human-body-model ESD level of the mixed-voltage 1/0 | o Reliability
buffer can be successfully increased from the originak~2 kV to Gate-oxide o
>8 kV by using this proposed ESD protection circuit. VsS ov) Reliability VSS (V)
Index Terms—Electrostatic discharge (ESD), ESD protection (@
circuit, mixed-voltage 1/0O buffer, silicon controlled rectifier VDD (3.3V)
(SCR). T
vee N-well -=-'3.3V
Self-Biased
Gate Circuit ov
|. INTRODUCTION § Tracking
O IMPROVE circuit operating speed and performance| & oy ln
the device dimensions of MOSFET have been shrunk i| 2| voo Vin_igh = intornal

the advanced deep-submicron integrated circuits. In order Stacked del ~(DDvem) | ST

. . . —| 1™~ Vin_high= > VDD
follow the constant-field scaling requirement and to reduc vGn {(VDD-Vtn)
power consumption, the power-supply voltages in CMOS IC VSS (0V)

VSS (0V)

have also been scaled downwards. So, most microelectror...
systems require the interfacing of semiconductor chips or (b)

subsystems with different internal power-supply voltages. Wiffig- 1. Typical circuit diagram for (a) the traditional CMOS I/O buffer, and (b)
. . Jo e mixed-voltage I/O buffer with the stacked-nMOS and the self-biased-well
the mix of power-supply voltages, chip-to-chip interface I/Qyos.

circuits must be designed to avoid electrical overstress across

the gate oxide [1], to avoid hot-carrier degradation [2] on the

output devices, and to prevent undesirable leakage currgr}RUt inverter stage are over;trg;seq by thg >V inpgt signal.
paths between the chips [3], [4]. For example, a 5-V interface ,59"’9 th? gate-OXIdg reliability issue without using the

is generally required for ICs realized in CMOS processes Wiﬁgd't'onal thick gate oxide process (also known as dual gate
a normal internal power-supply voltage of 2.5 or 3.3 V. Th8x'd_es In some CMOS Processes [5.]’ [61). the stacked-MOS
traditional CMOS 1/O buffer withVpp of 3.3 V is shown Copfg?:r?io[]lg]asazze?nV\t”hdeel)p;ouvjsrdrgl tEeSIanDé(Iazadr;]vpotziir%iiig o
in Fig. 1(a), with output and input stages. When an externﬁi‘g]. The typical 3-V/5-V-tolerant mixed-voltage 1/O circuit

5-V signal is applied to the I/O pad, the channel of the outp LT
pMOS and the parasitic drain—well junction diode in the outpI shown in Fig. 1(b) [8]. The pull-up pMOS, connected from

pMOS cause the leakage current paths from the 1/O padt I/O pad to theVpp power line, has self-biased circuits

Vpp, shown by the dashed lines in Fig. 1(a). Moreover tH‘gr tracking its gate and n-well voltages, when the 5-V input
gate’oxides of the output NMOS, the gate-grounded n’M nals enter the I/O pad. The maximum output voltage level of

for i | ic disch ESD : I ch a 3-V/5-V-tolerant I/O buffer is onlypp (3.3 V).
or input electrostatic discharge (ESD) protection, and t érlESD stresses on an I/O pad have four basic pin-combi-
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robustness of CMOS 1/0O buffers [16]-[18]. The ESD current vDD

paths along the traditional CMOS output buffer under the pos- | [
itive-to-Vss ESD stress condition can be discharged through | d Sel':_-;vi:'s'ed
the parasitic diode of pMOS and th&, p-to-Vss ESD clamp Circuit
circuit to ground. Therefore, the traditional CMOS output Trc:z:(?ng
buffer cooperating with thé’pp-to-Vss ESD clamp circuit Circuit Y
can sustain a much higher ESD stress [17]. But, due to the

leakage current issue in the mixed-voltage 1/O buffer, there is
no parasitic diode connected from the 1/0 padiiep power
line. Because of the limitation of placing a diode from the
pad toVpp in mixed-voltage 1/O circuits, the positive-ids ¢
ESD voltage zapping on the I/O pad cannot be diverted from Mnz
the pad toVpp power line, and cannot be discharged through : I——L
the additional power-rail W, p-to-Vss) ESD clamp circuit. VSs

Such positive-to¥ss ESD current on the 1/O pad is discharged
through the stacked-nMOS in the snapback breakdown condi- @
tion. However, the nMOS in stacked configuration has a highe ESD Detection Circuit
trigger voltageV,; and a higher snapback holding voltage, Interal ggd
but a lower secondary breakdown currefps, as compared | U 2 wo | c1
to the single nMOS [19]. Therefore, such mixed-voltage 1/C T o]
circuits with stacked nMOS often have much lower ESD level:
under the positive-tdsss ESD stress condition, as compared
to the I/O circuits with a single nMOS [19], [20].

To increase ESD level of such mixed-voltage I/O circuits
some designs with extra multiple diodes in stacked configure
tion have been added from the 1/O pad to e, power line
[3], [4]. However, while mixed-voltage 1/O circuits operate in . N
a high-temperature environment with a high-voltage input, th N ESD Conrers path
forward-biased leakage current from the padigep through
the stacked diodes with their parasitic vertical p-n-p bipola 7
junction transistors (BJT) devices must be reduced by son
extra circuit designs [21]-[24]. To sustain a high ESD level ()

within a smaller silicon area, the Iow-voltage-trlggerlng SCIEig. 2. (a) Proposed ESD protection circuit with the SNTSCR device to

(LVTSCR) device [25]-[27] has been reported as one of thgstect the mixed-voltage 1/0 buffer. (b) Realizations of the SNTSCR device
most effective ESD clamp devices in CMOS ICs. But, sudknd the ESD detection circuit with the gate-coupling technique to trigger on

an LVTSCR device cannot be directly applied to protect tHBe SNTSCR device.
mixed-voltage 1/0 buffers due to gate-oxide reliability issue on
the thin-oxide nMOS, which is inserted in the LVTSCR devicdhe SNTSCR device structure and the ESD detection circuit
structure without using the thick gate oxide. are shown in Fig. 2(b). The ESD detection circuit, designed
In this paper, a new ESD protection circuit is proposed oy using the gate-coupling technique with consideration of
significantly improve ESD robustness of the mixed-voltage I/the gate-oxide reliability issue, is used to provide suitable
buffers by using the stacked-nMOS triggered SCR device [28]ate biases to trigger on the SNTSCR device during the ESD
The new proposed ESD protection circuit, which combinegiress condition. On the contrary, this ESD detection circuit
the stacked-nMOS structure with the gate-coupling circuitust keep the SNTSCR off when the IC is under normal
technique into the SCR device, is fully process compatibfércuit operating conditions. Detailed device behaviors, circuit
for general mixed-voltage I/O circuits without causing theperating principles, and circuit design technique are given in
gate-oxide reliability problem. Without using the thick gatéhe following.
oxide, the proposed ESD protection design for 3-V/5-V-tol-
erant mixed-voltage 1/0 buffer has been successfully verifidt Device Structure and Its Characteristics
in a 0.35xm CMOS process. The cross-sectional view of the proposed SNTSCR device is
shown in Fig. 2(b). This SNTSCR device structure can be real-
ized in general CMOS processes without any extra process mod-
ification. In the SNTSCR device, two nMOS transistors (Mn1l
and Mn2) are stacked in the cascoded configuration, where the
drain of Mn1 is across the junction between an n-well region
The proposed ESD protection design with the stacked nM@8d the p-substrate. Therdiffusion, n-well, p-substrate, and
triggered silicon controlled rectifier (SNTSCR) device fon+ diffusion to form a lateral SCR device for ESD current path
protecting the mixed-voltage I/O buffer is shown in Fig. 2(apetween the I/O pad arids s is indicated by the dashed line in

vDD

Pre-Driver

Stacked
NMOS

ESD
Detection

SNTSCRJ

P-Substrate 7

Il. ON-CHIP ESD RROTECTION CIRCUIT WITH
STACKED-NMOS TRIGGERED SILICON
CONTROLLED RECTIFIER
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Fig. 3. Measured dd-V curves of the fabricated SNTSCR device with @ ()

channel length of 0.3pm for both Mn1 and Mn2 under different gate biases=ig. 4. Gate voltages oft;; and V. of the SNTSCR device during (a)

(X axis: 1 V/div;Y axis: 1 mA/div). the normal circuit operating condition, and (b) the ESD stress condition, in a
3-V/5-V-tolerant mixed-voltage I/O circuit.

Fig. 2(b). The purpose of Mn1 and Mn2 connected in stacked | ) ) )
configuration is to sustain the high voltage level of input signaf@ndition, respectively, in the 3-V/5-V-tolerant mixed-voltage

without causing gate-oxide reliability issues in the SNTSCHKO circuit. o . - _
device under the normal circuit operating condition. If only a !N the normal circuit operating condition, the SNTSCRiis kept

single nMOS is inserted in the lateral SCR device, such as it sothatitdoes notinterfere withthe voltage levels of signals on
traditional LVTSCR [25], the voltage across the gate oxide wil'e /O pad. Atsuchanormalstate, the Mn3inFig. 2(b) actsasare-
be greater thal}, , when a high-voltage signal enters into théistortobiasthe gate voltage;, ) ofMnlatVn . But, the gate of
/O pad. This causes the gate-oxide reliability issue on the tralin2 is grounded through the resisig;. When the 1/0 padis ap-
tional LVTSCR for long-time operation in such mixed-voltag®liedwithahighinputvoltage (5V), the centercommetrmegion
/0 circuits. During ESD stress condition, Mn1 and Mn2 arBetweenthe Mnland Mn2transistors has avoltage level of about
both turned on by suitable gate-biased design to trigger the [&p —Vinn (WhereVy,, isthethreshold voltage ofnMOS). So, all
eral SCR on for discharging ESD current. Without using tH&€ devicesinthe ESD protectioncircuitcan meetthelimited elec-
thick gate oxide in CMOS process, the proposed SNTSCR d#cal-field constraint of gate-oxide reliability during the normal
vice has no gate-oxide reliability issue for using to protect ttircuitoperation condition. Whenthe voltage ofthe /O pad trans-
mixed-voltage I/O circuits. fers from O to 5V, the coupled gate voltalg: of Mn2 through
The measured—V characteristics of a standalone SNTSCHRhe capacitot’; is designed to be below the threshold voltage of
device with channel length of 0.32m for both Mn1 and Mn2 nMOS, as that shown in Fig. 4(a). The coupled voltage through
under different gate biases &f; andV,,, are shown in Fig. 3. the capacito€; can also increase the gate voltage of Mn1, when
The trigger voltagd’; of the SNTSCR device decreases fronthe voltage onthe I/O pad transfersfrom0to 5 V. The pMOS (Mp)
10 to 6 V, when the gate bias increases frop = V,» = 0V inFig. 2(b) is therefore designed to clamp the excessive voltage
toV,u = Vyp = 05V.AsV,;; = Vjpu => 0.6V, both once the voltage of Mn1’s gate increase¥ip + Vi, (Where
the Mn1 and Mn2 are turned on to trigger SNTSCR on, theréz;,,, is the magnitude of the threshold voltage of Mp). The cor-
fore theV, decreases to around 1-2 V. The holding voltage oésponding voltage waveforms &f); andV, are illustrated in
the SNTSCR device is aroundl V, which is not obviously Fig. 4(a), whenthe voltage on I/O pad transfers from0to 5 V. By
changed by the different layout parameters on the channel lengtiitable design on the ESD detection circuit, the SNTSCR can be
of Mn1 and Mnz2 in this investigation. With suitable gate biasdgpt off under the normal circuit operating condition. Moreover,
on Mnl1 and Mn2, the trigger voltage of SNTSCR device cathe pMOS (Mp) can further clamp the gate voltage of Mn1 to en-
be reduced much lower than the snapback breakdown voltagge gate-oxide reliability on Mn1, even if the I/0O pad has a high
of the stacked-nMOS (about10 V) in the mixed-voltage I/O input voltage level.
buffer. Therefore, the new proposed ESD protection circuit with During the positive-to¥ss ESD stress condition, a positive
the SNTSCR device can effectively protect the mixed-voltaggégh ESD voltage is applied to the 1/0 pad wiks grounded
I/O buffers. but Vpp floating. In this ESD stress condition, the gate of Mp
is grounded since the initial voltage level on the floatiigp
power line is zero. So, the Mp is turned on, but the Mn3 is off.
The capacitorg’; andCs are designed to couple ESD transient
Fig. 4(a) and (b) shows the desired voltage waveforms of theltage from the 1/O pad to the gates of Mn1 and Mn2, respec-
gate biasesl,;; andVj;) provided by the ESD detection circuittively. The coupled voltage should be designed higher than the
in the normal circuit operating condition and the ESD stresisreshold voltage to turn on Mn1 and Mn2 for triggering the

B. Operating Principles
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SNTSCR device on, before the devices in the mixed-voltage I/t \ &V
circuit are damaged by ESD energy. The corresponding volta¢  ,
waveforms orV,; andV,, are illustrated in Fig. 4(b), when the
positive-toVss ESD voltage is applied to the I/O pad. When the
SNTSCRiis triggered on, the ESD current is mainly discharge 5
fromthe I/O pad td/s s through this SNTSCR device. The char- g
acteristics of lower trigger voltage and low holding voltage of £ Input waveform
the gate-coupling SNTSCR device can safely protect the thi 2
gate oxide in the mixed-voltage I/O circuits, as well as sustai

a much higher ESD level within a smaller silicon area. Vth e .
P \‘-/ ng

Vg1

I1l. DESIGN AND SIMULATION OF ESD RROTECTIONCIRCUIT

190 200n 2020 2080 2060 2 n 2128 2un 2160 2en 2200 22zn 224 260 2280

;ime (ns)

@)

A. Design Optimization on the ESD Detection Circuit
The purpose of the ESD detection circuit is to provide the

suitable gate biases for the SNTSCR device under the norm  « oy
circuit operating condition and ESD stress condition. To obtai " 3.1 / """"""""""""""""
suitable gate biases, itis important to determine the values of tl >3 S
coupling capacitor€’; andC, and the sustaining resistafg SRS 0 T A A VU A0 D S S SO S A
and R,. Based on the above operating principles, the suitabl2 .. Ji... i Sinputwaveform "
values ofCi, C, Ry, and R, to meet the desired circuit oper- ., 1
ation in different CMOS processes can be adjusted and fineg : oo e N
tuned by using HSPICE simulation. > g L S S e

The dependence between the coupling capacitance and = ™ 3. / TR - I . i
sustaining resistance can be investigated by HSPICE simulatic  * B AR 2 S DL U N D B

with different turn-on time periods on Mn1 and Mn2. A 0-5-V 1% S e e
input waveform with a rise time of 10 ns is used to simulate V= == mon o e T =0

5-V input signal applied to the 1/0 pad, when the mixed-voltag: ' " g mma w v S T
/0 circuitis under normal circuit operating condition with Time (ns)
bias of 3.3 V. The HSPICE-simulated voltage waveform&pn (b)

andV,, are shown in Fig. 5(a), when tii¢y = C5 is chosen at Fig, 5. HSPICE-simulated results under (a) the normal circuit operating
20fFandthe?; = R, ischosenat 130&. The coupled voltage condition with a 5-V input signal, and (b) the ESD stress condition with a 10-V

on V,, in Fig. 5(a) is smaller thai¥,,, (~0.6 V), therefore MSing voltage, on the /O pad.
the SNTSCR is not triggered on. The coupled voltagégnis
further limited to~3.8 V after the rising transition of the inputthreshold voltag#’;,,, under such a 0—10 V rising transition. In
5-V signal, which is clamped by the pMOS Mp in Fig. 2(b). Fig. 5(b), the turn-on time is found to be abeutl7 ns. This

The SNTSCR device should be triggered on by the ESrn-on time can be further adjusted by changing the coupling
detection circuit during the ESD stress condition, before tlwapacitors and sustaining resistors in the ESD detection circuit.
devices in the mixed-voltage I/O circuit are broken down byhe values of the coupling capacitars, C> and sustaining re-
the overstress ESD voltage. A 0—10 V ramp voltage waveforsistorsR;, R, are changed and simulated by HSPICE to choose
with a rise time of 5 ns is therefore used to simulate the risirggiitableR andC values for different required turn-on times.
transition of ESD voltage, before the mixed-voltage 1/O circuit Fig. 6 depicts the simulated results on the relation between
is broken down by ESD voltage. Under the positiveigs coupling capacitanc&; = 5 and sustaining resistance
ESD stress conditionyp p is floating with an initial voltage R; = R» under two different turn-on times (10 and 20 ns). The
level of 0 V. The HSPICE-simulated voltage waveforms oturn-on time can be kept the same by using different values of
V,1 and Ve under such an ESD stress condition are shown the coupling capacitance and sustaining resistance. This leads
Fig. 5(b), when the?; = Cs (R;y = R») is still kept at 20 fF to a more feasible design to realize the ESD detection circuit
(130 K2). The coupled voltage ol,; andV,. in Fig. 5(b) are in different CMOS processes. To obtain a longer turn-on time,
both greater thartyy,,, (~0.6 V). From the measured resultsthe R; (R») and C; (C2) have to be designed with larger
shown in Fig. 3, the SNTSCR is turned on when e and values, but, with too much largek; (R.) andCy (Cy), the
Vg2 are greater than 0.6 V. Therefore, the SNTSCR can B&TSCR could be also trigged on by the normal 0-5 V input
triggered on to discharge ESD current before the mixed-voltagignals under the normal circuit operating condition. Therefore,
I/O circuit is broken down by ESD voltage. there is a design boundary to choose suitafile(R,) and

To further investigate the dependence between the couplifig (C2) to meet the desired circuit operation. Such a design
capacitors’;, C> and sustaining resistor, , R» to trigger on boundary on the coupling capacitance and sustaining resistance
the SNTSCR device under ESD stress condition, a turn-on tim@n be found by HSPICE simulation, which is shown by the
is further defined in Fig. 5(b) as the time period when the codashed line in Fig. 6. The overdesign region in Fig. 6 means
pled voltages orV,; andV,, are both greater than the nMOSthat the coupling capacitance is overdesigned in the ESD
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Fig. 6. HSPICE-simulated results on the relation between the couplidgsign window.
capacitanc€’; = C; and the sustaining resistanfg = R, under different
turn-on times. o
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Fig. 7. Modified design on the ESD detection circuit with the SNTSCR

device to have a larger design region on the sustaining resistance and coupiitg9- HSPICE-simulated voltage waveformsign andV/;- in the modified
capacitance for protecting the mixed-voltage 1/O buffer. circuit of Fig. 7, under normal operating condition with a 5-V input signal of

1-ns rise time on the 1/O pad.

detection circuit, which will cause the unexpected turn-on @f > always off. Therefore, the SNTSCR can be guaranteed off
SNTSCR under normal 5-V input operation. So, the coupling, yar the normal circuit operating condition.

capacitance and sustaining resistance located in the overdesiqgnder the ESD stress condition, Mn4 is off since the initial
region is not suitable for practical applications. With the deSi%ltage level on the floating , power line is zero. The voltage
boundary, the coupling capacitance and sustaining reSiStanC?/ig‘coupled to the gate of Mn2 is determined by the sustaining
ESD detection circuit can be still correctly chosen to meet ﬂ?ésistanceRQ and the coupling capacitancs. Therefore, the

desired circuit operation for a given CMOS process. suitable design window for the sustaining resistance and cou-
_ i pling capacitance of this modified ESD detection circuit can be
B. Improved Design Window fd¥ and ¢ obviously improved. The sustaining resistance and coupling ca-

To further improve the design region for easily choosing thgacitance of this modified ESD detection circuit to have the de-
suitable sustaining resistance and coupling capacitance in ggined turn-on times of 10 or 20 ns are simulated and shown in
eral CMOS processes, a modified design on the ESD detectkeig. 8, where the entire region is suitable for choosing the sus-
circuit with an additional nMOS (Mn4) is shown in Fig. 7. Thetaining resistance and coupling capacitance.
extra device, Mn4, is added across the sustaining resistor ~ With a device dimensioni{’/L) of only 10 m/0.35.m for
which is located between the gate of Mn2 angk. The gate of Mn4, theV,; andV,, voltage waveforms in this modified cir-
Mn4 is biased al/,p. The gate of Mn4 is better connected tauit, under the normal circuit operating condition with a 5-V
the Vi p power line through a diffusion resistor for considerainput signal applied to the 1/0 pad, is simulated and shown in
tion with the antenna rule issue. Under the normal circuit opdfig. 9, where the input signal has a rise time of only 1 ns. As
ating condition, Mn4 is always turned on to clamp the couplingeen in Fig. 9, even if the rise time of the 5-V input signal is as
voltageV,. below the threshold voltag,,,, and to keep the fast as 1 ns, the coupldd,, voltage waveform during the input
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VDD structure. Only the noise, higher than the voltage level of the
[ ?:»'1'6"5 IJ | n-well pulsing the cut-in voltage of a diode, can reach to the
[ °||_ LA el Biasod ESD detection circuit. Therefore, this modified ESD protection
L Tomng 4 5P| Lo design not only has a high ESD level, but also a better noise
Circult N . 110 margin to the input signals on the I/O pad with an overshooting
S U Pad glitch

Internal o . .

Circuits Fig. 10(b) shows another modified connection on the ESD

protection circuit with the SNTSCR device to protect the
mixed-voltage I/O buffer. The main purpose of this modified
connection on the ESD protection circuit in Fig. 10(b) is to pro-
vide the mixed-voltage 1/O buffer with a higher ESD robustness
but no extra additional parasitic capacitance (generating from
the ESD detection circuit and the SNTSCR device) to the 1/O
VSS pad. With this modified connection, the ESD protection circuit
@ with the SNTSCR device also has a higher noise margin to the
overshooting glitch at the I/O pad, during the normal circuit

|
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t

I ESD
: Detection
1

|
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|

I

vDD

Circuit

Modified ESD
Protection Circuit

VDD operating condition. Under the positive-tdx ESD stress
[ oS |J N‘l“ condition, the ESD current first flows through the parasitic
]'_ °|L o ' seg;-fjf:i"“ diode Dp into the floating n-well of the pull-up pMOS, and then
Trf:;gng | L _%5 [ is discharged td/ss through the turned-on SNTSCR device.
Circuit l o The coupling capacitance&’( and () in the ESD detection
Internal b . Pad circuit and the parasitic junction capacitance in the SNTSCR
Circuits device are blocked from the 1/O pad by the drain—well diode

\ Dp in the pull-up pMOS. This modified design is more suitable
for high-speed 1/O applications, which often require a lower
input loading capacitance to the 1/O pad.
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IV. EXPERIMENTAL RESULTS

Modified ESD
Protection Circuit

The experimental test chip has been fabricated in a Pr85-

VsSs silicided CMOS process. There is a thin-oxide pull-up pMOS
() (pull-down stacked-nMOS) device placed between the 1/0 pad

andVpp (Vss). The capacitors(; andCs), resistors 1 and

Fig. 10. Modified deign of the ESD protection circuit with the SNTSCR .
device for the mixed-voltage I/O buffer to have (a) higher noise margin to t#82), Mp, Mn3, and Mn4 are composed of the ESD detection

I/0 signals, and (b) no extra additional parasitic capacitance to the I/0 pad. circuit for providing suitable gate biases to the SNTSCR device.
Capacitorg”; andCs are realized by inserting the metal layer

- right under the metal bond pad without adding extra layout area
transition can be kept always smaller tharlits. Therefore, the 'the 1/O cell. Their capacitance can be adjusted by changing

SNTSCR can be guaranteed off under the normal circuit op ?e overlap area between the metal layer and the bond pad
ating condition by this modified circuit design. By only addin . .
ng " y i . reul '9 y only : etal. R, and R, are realized by the n-well resistance, and

the Mn4 into the ESD detection circuit, it becomes very eagy . st be adiusted by chanaing the lenath of th
and feasible to determine the suitable values for the coupli Ir resislance can be adjusted by changing the fength of the
n=well regions in layout.

capacitance; and(5) and the sustaining resistande;(and
Ry).

A. Leakage Current

C. Modified Design to Improve Noise Margin of SNTSCR | Th? leakage current under norma_\l cm_:wt_operatlng condi-
tions is a concern for an ESD protection circuit connected to an

When the mixed-voltage 1/0 buffer is under normal circui/O pin. The leakage currents of the fabricated mixed-voltage
operating condition with a high-voltage input signal, the ovetfO buffers with and without the proposed ESD protection cir-
shooting noise pulse generated from the external circuits or tuit are measured and compared in Fig. 11. The leakage current
terfaces could be coupled into the I/O pad to accidentally triggisrmeasured (using an HP4155) by applying a voltage ramp from
on the SNTSCR in the ESD protection circuit [29]-[32]. T® to 5 V to the 1/O pad under the bias condition of 3.3%p
further improve the noise margin of the SNTSCR device iand 0-VVss. In Fig. 11, the maximum leakage current of the
the proposed ESD protection circuit without being accidentalipixed-voltage 1/0O buffer without (with) the proposed ESD pro-
triggered on during normal circuit operating condition, a furtection circuit under 5-V bias at the 1/O pad is 175 (215) pA.
ther modified design is shown in Fig. 10(a). The ESD detectidrhe increase of the leakage current from adding the ESD pro-
circuit is connected from the self-biased n-well of the pull-ugection circuit is only 40 pA, whereas the SNTSCR device in the
pMOS, where the parasitic drain—well diode Dp between tleSD protection circuit is drawn with a device width of gt.

I/O pad and the n-well essentially exists in the pMOS devicehe mixed-voltage I/O buffer in this measurement has a channel
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1.0E-09 TABLE |
[ Mixed Voltage /O Buffer + HBM ESD ROBUSTNESS OF THEMIXED-VOLTAGE I/O BUFFERWITH
[ Proposed ESD Protection Circuit e AND WITHOUT THE PROPOSEDESD FROTECTION DESIGN WITH
_ S THE SNTSCR [EvICE
< 1.0E-10 :
| HBMESD | PS-Mode | NS-Mode [ PD-Mode | ND-Mode
E 110 Circuits VSS(+) VSS(-) VDD(+) VDD(-)
1.0E-11 | —
< ’ Only Mixed-Voltage | v 39kv | 28kv | 2.9kv
g 1/0 Buffer
] "
X 2 Mixed-Voltage I/O
§ 1.0E-12 .ff Buffer + SNTSCR 6.8kV 5.6kV 6.9kV 2.9kV
g Stacked NMOS W/L= 60/0.5 (pm) SNTSCR W/L= 60/0.35 (pm)
H ! Pull-up PMOS W/L= 120/0.5 (um)
1.0E-13
0 1 2 3 4 . . o
the SNTSCR device), under the four pin-combination modes of
Voltage (V)

ESD stress onthe I/O pad, is listed in Table I. The stacked nMOS
Fig. 11. Comparison of the leakage current of the mixed-voltage 1/0 buffe@sf the m'xed'V0|tage /0 buffer in this ESD test haWdL of

with and without the proposed ESD protection circuit. The mixed-voltage l/Only 60.:m/0.5,m, and the pull-up pMOS of the mixed-voltage
buffer in this mea_surementha_sachannelwidth ofAB0in the stacked-nMOS |/ puffer has aW/L of onIy 120 xm/0.5 um. The stacked
and a channel width of 360m in the pull-up pMOS. NMOS in the SNTSCR device hasé/L of 60 ;:m/0.35m.

As seen in Table I, the ESD levels under the PS-, NS-, and

9 f”“ 1.8k PD-modes have been significantly improved by the proposed
8 L ] ESD protection design with the SNTSCR device. Especially, the
7| PS- and PD-mode ESD levels of the mixed-voltage I/O buffer
& Mixed Voltage /O Buffer + have agreatincrease. In Table I, the ND-mode E_SD_st_ress is not
™~ 6 Proposed ESD Protection Circuit improved, because thé, p-t0-Vss ESD clamp circuit is not
*E" 5 included in the test chip in this investigation. During the neg-
B4l ative-toVpp ESD stress, the ESD current may be discharged
; 3 Mixed Voltage /O Buffer through the pull-up pMOS, or be first conducted to thes
a ﬂ power line and then discharged through thep-to-Vss ESD
2 /r/ clamp circuit to the groundeWlp 5. Without theVp p-to-Vss
1t ESD clamp circuit in this test chip, the original ESD levels of
0 ‘ ‘ the mixed-voltage 1/0 buffer (without SNTSCR device) in the
50 70 90 10 130 150 170 190 PD- and ND-mode ESD stresses are almost the same of 2.8 kV
Stacked-NMOS Channel Width in Output Buffer (um) ~2.9 kV. In the WhOle-Chip |ay0Ut of a CMOS |C, the turn-on

efficient Vpp-to-Vss ESD clamp circuit [16]-[18], [21], [24]
Fig. 12. Comparison of the positive-idss HBM ESD robustness of the should be added into the chip layout to improve the ND-mode
mixed-vpltage 1/0 buffersv_vith and without the propose_d ESD protection circu/%SD level of the mixed-voltage 1/0O buffers and also to avoid
under different channel widths of the stacked nMOS in the mixed-voltage | .
buffers. unexpected internal ESD damages.
The transmission line pulse generator (TLPG) with a pulse
, , i width of 100 ns is also used to verify the secondary breakdown
width of 180:m in the stacked nMOS and a channel width of, ey, of the mixed-voltage I/O buffers with and without the
360m in the pull-up pMOS. proposed ESD protection circuit, and the measured results are
shown in Fig. 13 under the positive-i1d;s ESD stress condi-
B. ESD Robustness tion. Thel,, of the stacked NMOS with channel width of 1861
The positive-toVss human-body-model (HBM) [14] ESD isaround 2 A, but it can be increased up16 A by the proposed
levels of the mixed-voltage 1/0 buffers with and without th&SD protection circuit with an SNTSCR device of pth. The
proposed ESD protection circuit are measured and compamadasured;, values are consistent to the HBM ESD level with
in Fig. 12. The mixed-voltage I/O buffers with differenta factor around 1.5&. This has further verified the effective-
stacked-nMOS channel widths are also tested as a referemass of the proposed ESD protection circuit with the SNTSCR
The HBM ESD level of the mixed-voltage 1/0O buffer (withdevice.
stacked-nMOS channel width of 12@m) can be obviously = The positive-totss machine-model (MM) [15] ESD levels
improved from the originak~2 kV to become greater than 8of the mixed-voltage I/O buffers with and without the proposed
kV by the proposed ESD protection circuit with the SNTSCESD protection circuit are measured and compared in Fig. 14.
device. In Fig. 12, all the mixed-voltage I/O buffers protecte@ihe mixed-voltage 1/0 buffers with different stacked-nMOS
by the proposed ESD protection circuit have the same SNTSCRannel widths are also tested as a reference. From the mea-
device width of 60um. sured results, the MM ESD level of the mixed-voltage 1/10
The HBM ESD robustness of the mixed-voltage I/O buffefuffer with a channel width of 12@m in the stacked nMOS
with and without the proposed ESD protection design (includir@an be significantly improved from the original200 V to
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r — e g
Mixed-Voltage 1/0 Buffer  ESD-stress conditiBn: T . ' - With Mn4.

6t ( Width= 180 pm ) v_-vVDD=roating-~i~~?~ oo . L
+ Proposed ESD Protection Circuit, " VSS= ground

5 [ SNTSCR= S " the applied 0-to-8V vdltége pulse

—_~ 60/0.35 (um) ¢ -8V (rise time=10ns)
< 4t Mixed-Voltage I/0 Buffer R
-E { Width= 120 pm ) . : . : . L
H | + Proposed ESD Protection Circuit R R S
o 3 : ,
5
== Mixed-Voltage
O 2 ¥ 110 Buffer
(Width=180 um )
T ™\ Mixed-Voltage l/O Buffer

{Width=120 pm)

6 7 8 9 | 10 11 12 13
Voltage (Volt)

¥ Ch2 S  sdomy

Fig. 13. Comparison of the TLPG-measuied’ curves of the mixed-voltage Fig. 15. Measured voltage waveform on the I/O pad triggered by a 0-8 V
I/O buffers with and without the proposed ESD protection circuit, undemltage pulse with a rise time of 10 ns, under the positivéZtg- ESD stress
different channel widths of the stacked nMOS in the mixed-voltage I/O buffersondition. {” axis: 2 V/div.; X axis: 100 ns/div.)

900
e A T
800 | Lo === Normal-ope?ating condition : With Mn4
700 - ™ - = = ﬂ -~ VDD= 3.3V
oo | ¢ - Mixed Voltage /O Buffer + . VSS= ground
) Proposed ESD Protection Circuit :
Q 500 :
g 400 : ﬂ'le applied 0-to-5V voltage pulse

= Mixed Volitage /O Buffer

= 300 | ﬂ
200 /
100 -

50 100 150 200
Stacked-NMOS Channel Width in Output Buffer (um)

Fig. 14. Comparison of the positive-1dss MM ESD robustness of the ¢
mixed-voltage I/O buffers with and without the proposed ESD protection circui.,
under different channel widths of the stacked nMOS in the mixed-voltage I/O (@)
buffers.

. R Norrnél-opeﬁating condition : : : - With Mn4.
become~800 V by the proposed ESD protection circuit with 'ypp=33y - - - .. the applied 0-to-10V voltage pulse |

an SNTSCR device width of only 60m. : YS‘s=:grouflfi eV o rise time=10ns)

C. Turn-on Verification ﬁ M : } 1 : ' : :
To verify the turn-on efficiency of the proposed ESD pro-: E ] \\ } : féev : o

tection circuit, a 0-8 V sharply rising voltage pulse with a rige =i jes w5

time of 10 ns is applied to the 1/O pad whéfs is relatively
grounded bu¥pp, is floating (to simulate the positive-tgs s
ESD stress condition). The stacked nMOS in the output buffe:
has a snapback breakdown voltage~f0 V. Such a 0-8 V|
voltage pulse applied to the I/O pad does not break down tf *
stacked nMOS of the mixed-voltage output buffer, but the 0-8"
voltage pulse can trigger on the ESD protection circuit to cause
degraded voltage waveform, as that shown in Fig. 15, where the (b)

applied 0-8 V voltage pulse is clamped+@ V by the SNTSCR _
Fig. 16. Measured voltage waveforms on the I/O pad triggered by (a) 0-5

device. The .mlxed'VOIt.age I/O buffer used _m thls measu.remqyl'ind (b) 0-10 V voltage pulses with a rise time of 10 ns, under the normal
has the additional device Mn4, as shown in Fig. 7. During th®erating condition with’pp = 3.3 V andVgg = 0 V. (Y axis: 2 V/div.; X

positive-to¥ss ESD stress, the gate of Mn4 is initially kept agxis: 100 ns/div.)

0 V. Therefore, the coupled gate voltage of Mn2 (Mn1) through

the capacitoiC, (C1) is sustained longer in time by the sus€lamp the voltage on the I/O pad. The degraded voltage wave-
taining resisto?; (R;) in Fig. 7. The SNTSCR device is there-form has verified the effectiveness of the proposed ESD pro-
fore triggered on by the coupled gate voltadgs andV,, to tection circuit with the SNTSCR device to protect the mixed-

..ov.

U T R
Ch2 £ 480mV
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voltage I/O circuits. The transition time f10 ns from 8to 2 V
in Fig. 15 is the corresponding turn-on speed of the SNTSCR

device realized in this 0.3am CMOS process.
In the normal circuit operating condition with the, p (Vss)

biased at 3.3 V (0 V), a 0-5 V input voltage pulse with a rise
time of 10 ns is applied to the I/O pad. The voltage on the 4
I/0 pad is monitored by a digital oscilloscope. But the applied
0-5 V voltage waveform is not degraded, as shown in Fig. 16(a).[5]
The mixed-voltage I/O buffer used in this measurement has the
additional device Mn4. During the normal circuit operating con-
dition, the gate of Mn4 is biased & p (3.3 V). The coupled
gate voltage of Mn2 through the capacit@s is discharged to
ground by the turned-on Mn4. So, the SNTSCR device is not
triggered on by the normal input signals of 5 V. If the applied (7
voltage pulse is further increased to 10 V under the normal cir-
cuit operating condition, the measured voltage waveform on the
I/O pad is shown in Fig. 16(b). The applied 0-10 V voltage g
pulse is clamped to about6 V in Fig. 16(b), but not to the
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due to hot-carrier injection,TEEE Electron Device Lettvol. 4, pp.
111-113, 1983.

S. Voldman, “ESD protection in a mixed voltage interface and multirail
disconnected power grid environment in 0.5- and Q:2%-channel
length CMOS technologies,” ifProc. EOS/ESD Symp1994, pp.
125-134.

] S. Dabral and T. MaloneyBasic ESD and 1/O Design New York:

Wiley, 1998.

M. Hargrove, S. Crowder, E. Nowak, R. Logan, L. Han, H. Ng, A. Ray,
D. Sinitsky, P. Smeys, F. Guarin, J. Oberschmidt, E. Crabbe, D. Yee, and
L. Su, “High-performance sub-0.08m CMOS with dual gate oxide and
9.7-ps inverter delay,” ifEEE Int. Electron Devices Meeting Tech. Dig.
1998, pp. 22.4.1-22.4.4.

S. Poon, C. Atwell, C. Hart, D. Kolar, C. Lage, and B. Yeargain, “A
versatile 0.25¢m CMOS technology,” inEEE Int. Electron Devices
Meeting Tech. Dig.1998, pp. 28.2.1-28.2.4.

M. Takahash, T. Sakurai, K. Sawada, K. Nogami, M. Ichida, and K.
Matsud, “3.3-5-V compatible I/O circuit without thick gate oxide,”
in Proc. IEEE Custom Integrated Circuits Conf. (CICQ)992, pp.
23.3.1-23.3.4.

M. J. M. Pelgrom and E. C. Dijkmans, “A 3/5 V compatible 1/0O buffer,”
IEEE J. Solid-State Circuits/ol. 30, pp. 823-825, July 1995.

voltage level of~2 V, as shown in Fig. 15. The stacked nMOS [9] J. Connor, D. Evans, G. Braceras, J. Sousa, W. Abadeer, S. Hall, and M.

has a snapback breakdown 1.0 V and a snapback holding
voltage of~6 V in this 0.35xm CMOS process. Therefore, the
degraded voltage level e#6 V in Fig. 16(b) is clamped by the [1q]
stacked nMOS of the mixed-voltage 1/0 buffer in the snapback
region. If the SNTSCR device in the ESD protection circuit is
triggered on, the voltage level should be clamped to its hoIdinéll]
voltage of~2 V. However, the applied 0-10 V voltage pulse

is only clamped to~6 V, as shown in Fig. 16(b). This result
has further confirmed that the additional Mn4 device (added ikt2]
the ESD detection circuit) can safely apply the SNTSCR device
to protect the mixed-voltage I/O buffer without being unexpect-[13]

edly triggered under the normal circuit operating condition.

V. CONCLUSION

A new ESD protection design, using the stacked-nMOS trig-
gered silicon controlled rectifier (SNTSCR) device, has been

successfully verified in a 0.3pm CMOS process. Thé-V

characteristics of the SNTSCR device with different gate biaseg7)
and the turn-on behaviors of the ESD protection circuit have
been measured to verify its effectiveness. By using the ESD d
tection circuit with suitable design on the coupling capacitanc
and sustaining resistance, the SNTSCR device can be fully trig-
gered on within~10 ns to discharge ESD current. By changing
the connection of the ESD protection circuit from the 1/0O pad[lg]
to the floating n-well of the pull-up pMOS in the mixed-voltage

I/O circuit, the SNTSCR device has a high enough noise margifeo]
to the overshooting glitch on the I/O pad, during the normal
circuit operating condition. Without using the thick gate oxide, 21
this new proposed ESD protection circuit is fully process com-
patible with general sub-quarter-micron CMOS processes fde2]
effectively protecting the mixed-voltage interface circuits on the

input and output pins.
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