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Investigation of the Gate-Driven Effect and
Substrate-Triggered Effect on ESD Robustness
of CMOS Devices
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Abstract—The gate-driven effect and substrate-triggered effect
on electrostatic discharge (ESD) robustness of CMOS devices are
measured and compared in this paper. The operation principles of
gate-grounded design, gate-driven design, and substrate-triggered
design on CMOS devices for ESD protection are explained clearly | Input
by energy-band diagrams. The relations between ESD robustness PAD
and the devices with different triggered methods are also ex-
plained by transmission line pulsing (TLP) measured results
and energy-band diagrams. The turn-on mechanisms of nMOS
devices with triggered methods are further verified using the
emission microscope (EMMI) photographs of the nMOS devices
under current stress. The experimental results confirm that the
substrate-triggered design can effectively and continually improve
ESD robustness of CMOS devices better than the gate-driven
design. The human body model (HBM) ESD level of nMOS with
a W/L of 400 pum/0.8 um in a silicided CMOS process can be
improved from the original 3.5 kV to over 8 kV by using the sub-
strate-triggered design. The gate-driven design cannot continually
improve the ESD level of the device in the same deep-submicron
CMOS process.

Index Terms—Energy-band diagram, ESD (electrostatic dis-
charge), gate-driven effect, substrate-triggered effect.
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Fig. 1. Typical on-chip ESD protection circuits in a CMOS IC.

I. INTRODUCTION P-Substrate

¢ SUSTA”\_I reasonable _e|8CtrOStatiC discharge . (ESQ)Q. 2. 3-D structure of finger-type nMOS device with layout parameters.
I robustness in deep-submicron CMOS ICs, on-chip ESD

protection circuits must be added into the chips [1]. The ES ]
level of commercial IC products is generally required to b::’::t;;n“gse’s"“c‘“’e
higher than 2 kV in human body model (HBM) ESD stres

[2]. The typical design of efficient ESD protection circuits in ¢
CMOS IC to protect the internal circuits against ESD dama
is shown in Fig. 1 [3]. To sustain the required ESD leve
on-chip ESD protection circuits are often drawn with large
device dimensions. Such ESD protection devices with larg
device dimensions are often realized with multiple fingers 1
reduce total layout area [4]. An example of finger-type nMO
is shown in Fig. 2. To design the area-efficient ESD protectic
circuits in Fig. 1, the ESD protection devices need to be as

robust as possible in a limited layout area. Fig. 3. lllustration of the parasitic devices and layout parameters in a

. . . . unit-finger structure of a multiple-finger nMOS.
To improve the turn-on uniformity among those multiple
fingers, the gate-driven design [5]—-[8] and substrate-triggerg

gsign [9]-[12] have been reported to increase ESD robustness
of the large-device-dimension nMOS. Recently, ESD robust-
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Fig. 4. Analysis of conduction energy-band diagrams for a half unit-finger nMOS during positive ESD stress.

lateral bipolar junction transistor (BJT) of the MOSFET cabe extended with more area in each finger of nMOS. But, the
sustain higher ESD current than the gate-driven MOSFET. lateral BJT in the central region of nMOS is often first triggered
To analyze and explain the failure mechanisms of devigeto snapback to cause the nonuniform turn-on issue among the
under ESD stress, some simulation methods have been demahtiple fingers of nMOS device.
oped [15], [16]. In this work, the gate-grounded, gate-driven, To understand the turn-on behavior of the parasitic lateral
and substrate-triggered designs used in the ESD protect®#il in nMOS, the energy-band diagrams of half unit-finger
circuits are investigated in more detail [17]. To clearly underMOS device under ESD stress are analyzed in Fig. 4. To simply
stand the physical mechanisms of ESD current distribution @amalyze the variation of energy-band diagrams, only conduc-
the device, TLP measurddV curves, energy-band diagramstion band variations on the—; andy—= planes along the half
and emission microscope (EMMI) photographs are used toit-finger structure are illustrated in Fig. 4. Because the voltage
explain the current distribution along MOSFET under thdrop implies negative variation of energy band, the electrons
gate-grounded, gate-driven, or substrate-triggered designsfléav from source to drain can be understood from Fig. 4. The
the literature, the energy-band analysis is first used in this papelated dependence between voltage drop variation and energy
to explain the ESD robustness of CMOS devices under ESBriation is expressed as
stress. The substrate-triggered design has been confirmed to be
a good choice to improve ESD robustness of CMOS devices in AEc = —q- AVps. 1)
sub-quarter-micron CMOS technologies.

Because the reverse-biased current pulls down the energy band
Il. TURN-ON MECHANISM OF MOSFET LNDERESD JRESS of the base region in the parasitic lateral BJT, the depletion layer
To illustrate the turn-on behavior of the gate-groundeaf the reverse-biased junction can modulate the base width. The
MOSFET during ESD stress, one unit-finger structure of lawer energy-band barrier and shorter effective base width cause
multiple-finger nMOS device is shown in Fig. 3. In this structhe fast turn-on of the parasitic lateral BJT at the central re-
ture, two parasitic diodeBs and D, can be found in the p—n gion of the nMOS. Therefore, during positive ESD stress, the
junctions between source/drain and guardring of Fig. 3. Whemnultiple fingers of nMOS cannot be uniformly turned on. Only
the p-type substrate guardring, sources, and gate of this nM&®ne regions of several fingers in the nMOS were turned on and
are connected to ground, the parasitic did?le between drain therefore damaged by ESD.
and substrate is reverse biased under the positive ESD stresk verify the turn-on uniformity, different current pulses are
(Vesp) in Fig. 3. Some reverse-biased curréhipp) in Fig. 3 applied to the drain of a gate-grounded nMOS, which has a
can flow into the substrate during the positive ESD stress &/ = 300 xm/0.5 zmin a0.35xm silicided CMOS process.
the drain of the nMOS. The parasitic lateral BJT with a baséhe measurement setup is shown in Fig. 5(a), where the current
resistanceRp can be found under the nMOS, as shown ipulse has different pulse heights. The correspondiry
Fig. 3. The reverse-biased current can increase base voltagewfe of the gate-grounded nMOS is drawn in Fig. 5(b). The
the parasitic lateral BJT. Due to the different distances froBEMMI photographs on the gate-grounded nMOS during the
the base region to the substrate guardring, the base voltagstoésses of different current pulses are shown in Fig. 5(c)—(k) to
parasitic lateral BJT in the central region of finger-type nMOS8bserve its turn-on behavior. From the hot spots in Fig. 5(c)—(f),
is higher than that in the sided regions in Fig. 3. When the bade reverse-biased breakdown current in the gate-grounded
voltage in the central region is increased up to trigger on tmMOS is initially flowing toward the guardring. When the
parasitic lateral BJT, the nMOS will enter into its snapbadikase potential is increased up to trigger on the parasitic lateral
region. Under higher ESD stress, the turned-on region mByT, the hot spots become located at the central regions of the
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Fig. 6. Measured snapbadkV’ curves of (a) nMOS and (b) pMOS, with a
channel length of 0.3am.

channel of the MOSFET when some positive voltage is biased
at the gate [14], [18]. This current path is shown as Pathl in
Fig. 5. EMMI photographs on a gate-grounded nMQ®//L = Fjg 7(a). The second path is formed by the drain-induced bar-
300 ¢m/0.5 gm) to show its turn-on behavior under the stress of different. . . .
pulsed currents. (a) The measurement setup. (b) The correspoRding €T lowering in the LDD region near the surface channel, as
curve of a gate-grounded nMOS. (c)-(f) The hot spots in the gate-groundeéath2 shown in Fig. 7(b), where the gate is biased at 0 V. The
nMOS before it enters into the snapback region. (g)—(k) The hot spots in tgrd path is formed by the parasitic lateral BJT in the MOSFET
gate-grounded nMOS after it enters into the snapback region. [14], but itis far away from the channel surface of the MOSFET,
which is shown as Path3 in Fig. 7(c) with a 0-V gate bias.
finger-type nMOS, as those shown in Fig. 5(g)—(k). Becaugaring positive ESD stress, a high voltage is applied on the
the short-channel nMOS has an obvious snapldadk curve, drain of the MOSFET and pulls down the energy band of the
as that shown in Fig. 6(a), the turned-on central fingers drain. The corresponding two-dimensional (2-D) energy-band
Fig. 5(k) cause the ESD current to mainly discharge througlagrams on the—y plane of nMOS under different conditions
those fingers. If the turned-on region cannot be extended to tre illustrated in Fig. 7(d) with a positive gate bias, in Fig. 7(e)
full regions of all fingers before a second breakdown occuvgth lowered energy band near LDD, and in Fig. 7(f) with low-
in NMOS, the turned-on central region in Fig. 5(k) will beered energy band far away from the surface, respectively [14],
burned out by the overheating ESD current. This often caugé8]. Three electron flow paths (Pathl, Path2, and Path3) have
a low ESD level, even if the multiple-finger nMOS has a largbeen clearly indicated in those band diagrams. To further under-
device dimension. On the contrary, the pMOS has no obviostand such turn-on paths, one-dimensional (1-D) energy-band
snapbacki-V curve, as that shown in Fig. 6(b). The pMOSliagrams along thé—A’ lines of Fig. 7(a)—(c) in the:-axis di-
eventually has a good uniform turn-on efficiency. rection are drawn in Fig. 7(g)—(i), respectively. A high electric
Depending on the doping profile of impurities in the channdield across the gate oxide can be found in Fig. 7(g) and (h), but
region and some layout parameters of the MOSFET, the eiis not found in Fig. 7(i) during ESD stress. With different cur-
ternal ESD voltage can lower the energy band of the surfaent paths, the nMOS during ESD stress may be damaged by dif-
channel or turn on the parasitic lateral BJT. Generally, there degent failure mechanisms. However, the gate or substrate biases
three main current paths in the MOSFET during ESD stress. MOSFET can affect the current paths along the MOSFET
The first path is the strong-inversion current along the surfadering ESD stress. Therefore, the ESD robustness of MOSFET
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Fig. 7. lllustrations of energy-band diagram for a nonsilicided nMOS with different stress conditions. (a)—(c) Devices under different bigis@sD(dand
diagrams of nMOS in the corresponding conditions of (a)—(c), respectively. (g)—(i)-Bixés band diagrams along the lide-A’ of NMOS in (a)—(c), respectively.
A gate voltagél’; is applied on the gate of nMOS in (a).

can be further improved by the gate-driven or the substrate-trigidely used to measure the second breakdown characteristics
gered designs. of devices [20], [21]. The TLP measured results are also shown
and analyzed in the following.

To discharge more ESD current, the channel widths of the
ESD protection devices are often designed with larger dimen-

To understand the benefit of gate-driven or substrate-trigions. However, if nonuniform turn-on effect is considered, the
gered designs, the ESD robustness of gate-grounded nMROSFET with a larger channel width cannot sustain high ESD
must be first investigated. Some layout parameters can affestel as expected. The nMOS and pMOS devices with different
ESD robustness of the ESD protection device [13]. The mathannel widthd¥ have been fabricated in a 0.3%n silicided
layout parameters that affect ESD robustness of CMOS deMOS process. Each unit-finger widifi; of the nMOS and
vices are the channel widiti?’), the channel lengtiZ), the pMOS devices in this investigation is kept as;58. The nMOS
clearance from contact to poly-gate edge at drain and soueza pMOS devices with or without the resist protection oxide
regions P, andS.,), the spacing from the drain diffusion to(RPO) layer [22] to block the silicided diffusion on the drain
the guardring diffusion(Sy,,), and the finger width(W;) of region are also drawn in the test chips to investigate their ESD
each unit finger, which have been indicated in Fig. 2 with thevels. For both nMOS and pMOS devices in this investigation,
three-dimensional (3-D) device structure. To clearly compatiee channel lengttd., the clearance from the drain contact to
with the triggered techniques, only the channel-width variatigroly-gate edgeD.,, the clearance from the source contact to
of gate-grounded MOSFET is considered in this investigatiopoly-gate edge.,, and the spacing from the drain diffusion to
The ZapMaster ESD tester, produced by Keytek Instrumethie guardring diffusiorby,, are kept at 0.8, 3, 1, and;4m, re-
Corporation, is used to measure the HBM ESD level of thepectively.
fabricated test chips. The failure criterion is generally defined at To analyze the second breakdown characteristics of nMOS,
1-uA leakage current under 14 Vpp bias, when the device is the transmission line pulsing generator (TLPG) [20], [21] in
kept off. The experimental results are measured and discusBégl 8(a) is used to measure the second breakdown current and
in the following. To investigate the turn-on behavior of devicthe turn-on resistance of the nMOS. The corresponding circuit
during high ESD current stress, the TLP technique has befen TLPG measurement on a gate-grounded nMOS is shown in

I1l. GATE-GROUNDED MOSFET
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pulse width of 100 ns are shown in Fig. 8(c). The second break-
down current is indicated a%- in Fig. 8(c). The turn-on resis-
tance is defined as the voltage variation over current variation
before second breakdown in the TLP measured curve. The
turn-on resistance can be expressed as

aVi
Rdevice = i

oIy )

From the TLP measured results, the relation between second
breakdown current/t;) and HBM ESD level(Visp) can be
approximated as [23], [24]

HBMVgsp ~ (1500 + Ryevice) - It2. (3)

The turn-on resistances of finger-type nMOS devices with
different channel widths, but with the same unit-finger width
and channel length, are shown in Fig. 8(d). For an nMOS with
50-+:m channel width, the turn-on resistanfg, in Fig. 8(d)

is 6.83 Q2. If the nMOS with longer channel width can be
uniformly turned on, the dependence between the turn-on
resistance and the channel width can be drawn as the ideal
curve (dashed line) in Fig. 8(d). In the ideal case, the turn-on
resistance of nMOS with 60m channel width must be only
0.57 Q. But, the experimental result on the turn-on resistance
Reoo(= 1.64 ) of nMOS with 600xm channel width in
Fig. 8(d) is far from the ideal turn-on resistance. It implies
that the finger-type gate-grounded nMOS device with a longer
channel width cannot be uniformly turned on during ESD
stress.

The relations between the device channel width&nd the
HBM ESD level of nMOS and pMOS devices in a 0.363
CMOS process have been experimentally investigated in
Fig. 9(a) and (b), respectively. In Fig. 9(a), the nMOS is tested
under the positive-tdgs ESD stress, whereas the pMOS is
tested under the negative-tg;p, ESD stress in Fig. 9(b). In
Fig. 9(a), the HBM ESD level of the nMOS device is increased
while the device channel width is increased. If the device
channel width is increased, more fingers have to be drawn
and connected in parallel to form the large-dimension nMOS
device. The ESD robustness of such large-dimension device
may be increased while the device channel width is increased.
But, in Fig. 9(a), the ESD level (3.4 kV) of the silicide-blocking
nMOS with a channel width of 60Qum is less than that
(3.5 kV) of the nMOS with a channel width of 4Q@m. This
is due to the nonuniform turn-on issue among the multiple
fingers of a large-dimension device. In the finger-type nMOS,
if the base current cannot uniformly trigger on the distributed
parasitic lateral BJTs of the nMOS, the ESD current will be
concentrated in some local regions to cause the nonuniform
turn-on phenomena in the nMOS under ESD stress, as those

Fig. 8. (a) lllustration of transmission line pulsing generator (TLPG). (b) Thehown in Fig. 5.
corresponding circuit for TLPG measurement on a gate-grounded nMOS. (c)In Fig. 9(b), the HBM ESD levels of the pMOS with or

The measured-V" characteristics and leakage currents of nMOS by TLP wit{), : AT ; ; ; ;
a pulse width of 100 ns. (d) The turn-on resistances of finger-type nMOS devitpt\e”sthout silicided diffusion are both increased as the device

with different channel widths, but with the same unit-finger width and channéannel width is increased. The ESD level of the silicided

length.

pMOS with a channel width of 40Qm is around—2.45 kV,
but that of the silicide-blocking pMOS with the same device

Fig. 8(b). The measurefi-V characteristics and leakage curdimension and layout style is4.45 kV. This verifies the effec-
rents of nMOS withW/L = 200 pm/0.8 um by TLP with a tiveness of the silicide-blocking process used to improve ESD
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of the nMOS, but it can be away from the channel surface in
the silicide-blocking nMOS. Because the nMOS devices with
or without silicided diffusion have different failure mechanisms,
the silicide-blocking nMOS can sustain much higher HBM ESD
stress in the experimental results of Fig. 9. The average ESD
level of the silicided nMOS with a channel width of 2pfn is

only 0.57 kV, but that of the silicide-blocking nMOS with the
Channel Length = 0.8 um same device dimension and layout style is 3 kV.

0 ‘ ' ‘ ‘ To explain the degradation of ESD robustness of the sili-

&

HBM V esp (kV)
b &

0
v

0 1% Chanriogl W|d4t°f(1) (um§’°° 800 70 cided nMOS device, the energy-band diagrams of nMOS with
®) or without the silicided diffusion are compared in Fig. 11(a) and

(b). A positive ESD stress is applied to the drain of the nMOS,
Whereas the gate, source, and bulk of the nMOS are connected
% ground. The energy-band diagrams are analyzed along both
the linesA—-A’ and B—B’ in Fig. 11(a) with silicided diffusion,
and in Fig. 11(b) without silicided diffusion. ThE- and Ev
level in deep-submicron CMOS technologies. The continugglFig. 11 are the conduction and valence energy levels, respec-
increase Of ESD |eVe|, When the Channel W|dth Of pMOS h@ﬁe|y The region@ ands in F|g 11 are deﬁned as the ef_
been increased, is due to the decreased snapback characterigli¢®e current discharging regions near the channel surface and
of the pMOS. The snapback-V' characteristic of a pMOS i the deep substrate of the nMOS under positive ESD stress.
was shown in Fig. 6(b). Comparing theV" curves between From Fig. 11(a), the drain voltage can pull down the band di-
Fig. 6(a) and (b), the pMOS with less snapback characteristiggram at the drain silicided diffusion because of the silicided
causes a more turn-on uniformity among its multiple fingergjffusion with a low resistance and close to the LDD structure.
Therefore, it has a continued increase on its ESD level, wh¢Re major voltage drop of drain bidss is located along the
the channel width of pMOS is increased. surface channel of the MOSFET. Therefore, the energy band on
The nMOS with silicide-blocking process (without silicidedhe surface channel will be lowered. This effect of drain-induced
diffusion) can sustain a higher ESD level than that with thgarrier lowering can enhance the channel current forming in the
silicided diffusion [25]. NMOS devices with or without sili- nMOS device. Major ESD current will flow into the turned-on
cide silicided diffusion have different turn-on resistances in thegionG in Fig. 11(a), which is very close to the interface be-
TLP-measured-V curves of Fig. 10. The turn-on resistanceéween the gate oxide and the surface channel of the nMOS. With
of the silicided nMOS withW/L = 200 pm/0.8 um is only ashallower current path in the device, the ESD current can easily
2.45Q, but that of the silicide-blocking nMOS with the samejamage the surface channel and the gate oxide of nMOS. But, a
device dimension and layout style is 4.06 However, thelt;  silicide-blocking diffusion can reduce the turn-on probability of
of the silicide-blocking nMOS is 103% higher than that of theath2 in Fig. 7. The energy-band diagram in Fig. 11(b) can ex-
silicided nMOS. plain this phenomenon. The drain p—n junction near the surface
The silicide diffusion on the drain of MOSFET can decreasghannel is connected in series with a larger sheet resistance in
the ballast resistance of the device structure [25] and chartbe silicide-blocking nMOS, but the p—n junction at the bottom
the current distribution in the device. The mainly ESD curremif drain diffusion has a smaller sheet resistance. The sheet resis-
in the silicided nMOS is concentrated in the channel surfatance of silicide-blocking drain diffusion can reduce the voltage

Fig. 9. Dependence of HBM ESD level on the channel width of (a) nMOS a
(b) pMOS, with or without silicided diffusion.
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Fig. 11. lllustration of the variation on energy band of gate-grounded nMOS. (a) With silicided diffusion. (b) Without silicided diffusion.

drop on the channel surface. So, the ESD current is dischargtadicture at the drain/source regions, the turned-on nMOS is
through the parasitic lateral BJT, which is far away from theveak to ESD stress [26].
channel surface. The silicide-blocking drain diffusion can avoid To investigate this gate-driven effect, the sub-circuit inserted
ESD overstress on the surface channel and the gate oxide, thir&ig. 12 is used to measure ESD levels of the nMOS and pMOS
fore the silicide-blocking nMOS has a much higher ESD robustnder different gate biases. The layout parameters of NMOS and
ness. pMOS are the same as the data shown in Section IllI, but the
gates of the MOSFETs are biased at different voltage levels.
IV GATE-DRIVEN EFFECT The different gate biases are applied to the gate of the MOSFET,
' and ESD voltage discharges into the drain of the MOSFET. In

To improve ESD robustness of the ESD protection devicdbe 0.35x:m CMOS process, the HBM ESD levels on both the
the gate-driven design had been reported to uniformly triggeMOS and pMOS devices with different channel widthsare
on the multiple fingers of the large-dimension nMOS. But, thehown in Fig. 12(a) and (b). The ESD level of the nMOS with
coupled voltage on the gate of the nMOS also turns on thE = 600 pm is initially increased while the gate bias increases
strong-inversion channel of the nMOS, therefore the ESD cudrem 0 to 4 V. But the ESD level is suddenly decreased while
rent discharges through the channel region of the ESD protdloe gate bias is greater than 6 V (8.5 V) for nMOS with the
tion nMOS. Due to the shallower junction depths and the LDEhannel width of 20@:m (600;:m), as that shown in Fig. 12(a).
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Fig. 14. Gate-driven effect on the second breakdown current of
There is a similar gate-driven effect on the pMOS device. Fiicide-blocking nMOS in a 0.1gm salicided CMOS process.
Fig. 12(b), the ESD level (in absolute value) of the pMOS with
W = 600 um is initially increased while the gate bias change8.2 V (0.3 V) for nMOS with 100+m (6001:m) channel width.
from 0 to—5 V. But the ESD level is suddenly decreased whilBecause only a very small voltage on the gate of the nMOS
the gate bias is lower than5 V. When the gate bias is increasedan degrade the ESD robustness of the nMOS, the gate-driven
up to some critical value, the ESD level of the nMOS or pMOgchnique is hardly designed for ESD protection in the Q.&8-
is suddenly decreased. salicided CMOS process.

In a 0.18um salicided CMOS process, the TLP To clearly explain the gate-bias effect, the energy-band dia-
measured I-V  characteristics of gate-driven nMOSgrams of nMOS with different gate biasds{s = 0, Vs > 0,
(W/L = 300 pzm/0.3 um) with 0, 0.1, and 1.1-V gate Vs > 0, andVgs 3 0) are illustrated in Fig. 15. The same
biases are shown in Fig. 13. From the experimental resultspasitive ESD stress is applied on the drain of nMOS for each
Fig. 13, the turn-on resistance is decreased from 3.8 toQ.8&ase. The cross-sectional view of the nMOS device is shown in
when the gate bias is changed from 0 to 0.1 V. But the turn-éiig. 15(a). Energy bands along the linésA’, B—B’, andC—C’
resistance is increased from 2.86 to 3(28vhen the gate bias of the nMOS in Fig. 15(a) are analyzed with the different gate
is increased from 0.1 to 1.1 V. In the 0.18n salicided CMOS biases, which are shown in Fig. 15(b) with = 0, in Fig. 15(c)
process, the dependences of second breakdown currentsvigh Vi > 0, in Fig. 15(d) withVg > 0, and in Fig. 15(e)
the gate biases of nMOS with different channel widths amith Vi > 0, respectively. In thé/;s = 0 case, there is no
shown in Fig. 14. The second breakdown current of NMOS wittoupled voltage on the gate of nMOS. The ESD current is dis-
W = 300 um is initially increased from 0.69 to 1.03 A while charged through the regi¢hof the nMOS in Fig. 15(b). When
the gate bias increases from 0 to 0.3 V. But fingis suddenly the Vs is increased by an external gate bias, the energy band
decreased in Fig. 14 while the gate bias is only greater thahthe channel surface in nMOS can be lowered by the gate bias
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* Ves >0

© (d) ()

Fig. 15. lllustrations of (a) the gate-driven nMOS device structure, and the variation on energy band of the gate-driven nMOS with differeragatétias
Vas = 0, (€) Vas > 0, (d) Vas > 0, and (e)Vas >» 0.

Vas. Ifthe gate bias is increased enough, channel current cargostain higher ESD robustness. But the turn-on mechanism de-
formed by accumulation charges in the regi@mf Fig. 15(c). pends on the impurities doping profiles in the regiGA” of
Therefore, the ESD current is discharged through the re@ionthe nMOS in Fig. 15(d). When a larger gate bias is applied on
and the regior’ in Fig. 15(c). So, the gate-driven nMOS haghe gate of the nMOS, more ESD current is concentrated into
two current paths to discharge the ESD current. If the gate bihag turn-on surface region in Fig. 15(e), where the larger elec-
is continually increased, the discharge regiéhandS’ will be tric field is built across the gate oxide. From the TLP measured
extended and combined together as the merged regiynin  I-V curves in Fig. 13, the increase of lower gate-driven voltage
Fig. 15(d). Then, the gate-driven ESD protection devices can the nMOS can decrease the turn-on resistance of the nMOS
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To further discuss the gate-driven effect, the electric field
(&ox) across the gate oxide of MOSFET is increased by the accu-
mulation charges and gate biss, as that shown in Fig. 15(d)
and (e). The high electric field can easily destroy the gate oxide
and damage the channel surface of the MOSFET. On the other
hand, the doping profile of impurities under the gate oxide is an
important factor to affect the quantities of channel current and
the turn-on area of lateral BJT. If the doping profiles of impuri-
ties are adjusted, the gate-driven design can be further optimized
for ESD protection. For another issue in the gate-driven design,
coupled voltage on the gate of ESD protection device must be
limited to avoid damaging the gate oxide and surface channel
of the MOSFET. From the measured results in Figs. 12 and 14,
the gate-coupled circuit used to improve ESD robustness of the
ESD protection devices must be correctly optimized to avoid
the sudden degradation on the ESD level of the gate-driven ESD
protection devices.

V. SUBSTRATETRIGGEREDEFFECT

To avoid the sudden degradation of the ESD level of the
gate-driven devices, the substrate-triggered design had been
proposed to improve ESD robustness of the ESD protection
devices. To investigate the substrate-triggered effect on ESD
robustness of nMOS, different substrate currents are applied
to the substrate of nMOS, and ESD current discharges into the
drain of the nMOS. The HBM ESD levels of the substrate-trig-
gered nMOS in a 0.3 silicided CMOS process are shown
in Fig. 17(a) and (b) with different channel widths and lengths.
The inserted sub-circuit shows the experimental setup to
measure the substrate-triggered effect. In Fig. 17(a), the ESD
level of the nMOS with a device dimension @f = 400 um

(e) andL = 0.8 um can be significantly increased from 3.5 kV to
Fig. 16. EMMI photographs on a gate-driven nMOGV/L = greater than 8 kV while the substrate current increases from 0
300 pm/0.5 pum) to observe its turn-on behavior under the stress dio 2.8 mA. In Fig. 17(b), the nMOS devidd¥ = 200 pm)
different pulsed currents. (a) Measurement setup. (b) Corresporditig Jith a shorter channel length and higher substrate current can
curve of a gate-driven nMOS. (c)—(e) Hot spots in the gate-driven nMOS under . ;
different current stresses. sustain a much higher ESD level. The ESD level of the nMOS
with a channel length of 0.am under 0-V gate bias and 0-A

substrate current is only 2.8 kV, but the ESD level is increased

during the TLP measurement. But, the higher gate bias CaUjt¥o 4.4 kV while the nMOS has a substrate current of 4 mA.
an increase on the turn-on resistance oanOS.TheseimpIytl& t <hown in Fig. 17, the ESD level is continually improved
the higher gate bias will concentrate the ESD currentat a smaUﬁg“e the substrate cijrrent increases up to 4 mA.

turn-on region in the channel surface of nMOS and build avery,. o 0.18x#m salicided CMOS process, the TLP mea-

high electric field across the gate oxide. sured I-V characteristics of substrate-triggered nMOS
To observe the turn-on behavior of the gate-driven devicgy /L = 300 ;m/0.3 pm) with 0-, 2-, and 8-mA substrate
the gate of the nMOS is biased with a power supply and @Qrrents are shown in Fig. 18. From the experimental results
increased current pulse is applied to its drain, as that showinFig. 18, the turn-on resistance is continually decreased
in Fig. 16(a). The corresponding-V curve of a gate-driven from 3.92 to 2.73Q while the substrate current is changed
nMOS is drawn in Fig. 16(b). The EMMI photographs of thérom 0 to 8 mA. The substrate current can change the turn-on
gate-driven nMOS with different stressed current pulses agsistance of nMOS during ESD stress. It implies that substrate
shown in Fig. 16(c)—(e). From the hot spots in Fig. 16(c)—(edurrent can change the turn-on area or turn-on path of parasitic
the channels of all fingers can be uniformly turned on und@iteral BJT in the nMOS to sustain higher ESD stress. The
any current pulse stress. But only some parasitic lateral BJTslig@gpendence oft, on substrate current on the nMOS devices
the central regions can be turned on during high current pulsith different channel widths in a 0.18m salicided CMOS
stress, as that shown in Fig. 16(e). From the investigation of theocess are shown in Fig. 19. The second breakdown currents
EMMI photographs, the gate-driven technique can uniformlyf nMOS with bothW = 300 yum andW = 100 zm can
turn on the channel current but it cannot enhance the turndoa continually increased during high current pulse stress. The
uniformity of parasitic lateral BJTs in the MOSFET. second breakdown curreit, of the nMOS with a channel
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Fig. 19. Effect of substrate current on the ESD robustness of silicide-blocking
nMOS devices with different channel widths in a 048t salicided CMOS

width of 300m under a 0-mA substrate current is only 0.8 Aprocess.
but it is increased up to 2.2 A while the nMOS has a substrate
current of 4 mA. Therefore, the device with higher substrate-triggered bias has
To explain the effect of substrate-triggered design, thmore space for heat dissipation to sustain higher ESD stress.
energy-band diagrams with different substrate-triggered biaSéserefore, substrate-triggered devices can sustain higher ESD
(Vs = 0, Vgs > 0, andVgs > 0) under the same positive robustness. From the above explanation, the turned-on region
ESD stress are shown in Fig. 20. The energy-band diagraaisparasitic lateral BJT can be extended into more area and
along the linesA-A’, B—B’, andC—C" in Fig. 20(a) are ana- be far away from the channel surface by the substrate bias in
lyzed in Fig. 20(b) withVzg = 0, in Fig. 20(c) withVgs > 0, MOSFET. Therefore, the ESD protection devices with sub-
and in Fig. 20(d) withVgs > 0. Comparing to the gate-driven strate-triggered design can have much higher ESD robustness
design, there is no gate bias to lower the energy bands on thgeneral CMOS technologies.
surface channel of the substrate-triggered nMOS as shown iffo verify the turn-on behavior of the substrate-triggered de-
Fig. 20(c) and (d). In Fig. 20(b), there is no substrate bias @ite, the substrate of the nMOS is biased with a power supply
the nMOS, so the current distribution regiSrof the parasitic and an increased current pulse is applied to its drain, as that
lateral BJT in nMOS is smaller than those regidisandS” shown in Fig. 21(a). The correspondidgl” curve of a sub-
of the substrate-triggered devices in Fig. 20(c) and (d). Tlstérate-triggered nMOS is drawn in Fig. 21(b). The EMMI pho-
substrate bias can lower the energy bands in the substhiatgraphs of the substrate-triggered nMOS under different cur-
region and extend the current distribution from the redton rent pulses are shown in Fig. 21(c)—(e). From the hot spots in
in Fig. 20(b) to the regiors’ in Fig. 20(c) or the regio®” in  Fig. 21(c)—(e), the parasitic lateral BJTs of all fingers in nMOS
Fig. 20(d). The device with substrate-triggered design has maan be uniformly turned on under any current pulse stress. All
and wider current distribution region in its device structurdingers of nMOS can be greatly turned on during high current
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© (d)

Fig. 20. lllustrations of (a) the substrate-triggered nMOS device structure, and the variation on energy band of the substrate-triggered niff@@ntith d
substrate biases of (Bss = 0, (c) Ves > 0, and (d)Vss > 0.

pulse stress in Fig. 21(e). So, the substrate-triggered technique VI. CONCLUSION
can uniformly turn on the parasitic lateral BJTs in the MOSFET
during ESD stress. It has been proven that the gate-grounded large-dimen-

The substrate-triggered design can effectively improve ESiibn ESD protection devices cannot be uniformly turned on
robustness of the ESD protection devices without the suddduring ESD stress to sustain high ESD level as required. The
degradation as that in the gate-driven design. Therefore, thete-driven and substrate-triggered techniques can improve
substrate-triggered design is more suitable to improve ESD the ESD robustness of the large-dimension ESD protection
bustness of the ESD protection devices and circuits in the salevices. But the higher gate bias can induce larger channel
quarter-micron CMOS technologies. current and higher electric field across the gate oxide to
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Fig. 21. EMMI photographs on a substrate-triggered nMOB/L =
300 ¢m/0.5 pm) to observe its turn-on behavior under the stress of different
pulsed currents. (a) Measurement setup. (b) Correspon@difgcurve of a
substrate-triggered nMOS. (c)—(e) Hot spots in the substrate-triggered nMOS
under different current stresses.

[18]
damage the MOSFET, from the example of the energy—banftl
diagrams. This effect causes the degradation of ESD robust-
ness in gate-driven devices. Compared to the gate-drivelg0]
design, the substrate-triggered design can avoid the forming
of channel current and enhance the space-charge region [tq]
sustain higher ESD current far away from the channel surface.
From the energy-band analysis, the substrate-triggered desi%
can continually increase the turn-on area for heat dissipation.
Therefore, the substrate-triggered design can effectively imi23]
prove ESD robustness of the ESD protection devices. From the
experimental results, the gate-driven design has been confirmezh)
to cause a sudden degradation of ESD robustness of the ESD
protection devices. But the substrate-triggered design caps
continually increase ESD robustness of the ESD protection
devices. Therefore, the substrate-triggered design can be one
of the most effective solutions to improve ESD robustness o[r2 ol
CMOS devices in sub-quarter-micron CMOS technologies.
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