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Abstract—The layout dependence on ESD robustness of NMOS
and PMOS devices has been experimentally investigated in details.
A lot of CMOS devices with different device dimensions, layout
spacings, and clearances have been drawn and fabricated to find
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ESD-

the optimized layout rules for electrostatic discharge (ESD) pro- Input Outputf iy 52 fion _|
tection. The main layout parameters to affect ESD robustness of | PAD PAD Gircuit Mg_:l

CMOS devices are the channel width, the channel length, the clear-
ance from contact to poly-gate edge at drain and source regions,
the spacing from the drain diffusion to the guardring diffusion,
and the finger width of each unit finger. Non-uniform turn-on ef-
fects have been clearly investigated in the gate-grounded large-di-
mension NMOS devices by using EMMI EMission Ml croscope) Fig. 1. Typical on-chip ESD protection circuits in a CMOS IC.

observation. The optimized layout parameters have been verified

to effectively improve ESD robustness of CMOS devices. The re- o o . )
lations between ESD robustness and the layout parameters have ~ T0 optimize the turn-on efficiency of CMOS devices during
been explained by both transmission line pulsing (TLP) measured ESD stress, the turn-on mechanisms of CMOS devices with dif-

data and the energy band diagrams. ferent layout parameters under high current stress must be in-
Index Terms—Energy band diagram, electrostatic discharge vestigated. By using the TLP (transmission line pulsing) mea-
(ESD), second breakdown, snapback. surement technique [8], [9], turn-on characteristics of CMOS

devices under high current stress can be analyzed. From the in-
vestigation of layout parameters on ESD robustness of CMOS
device, the optimized parameters can be used to enhance the
T O SUSTAIN reasonable electrostatic discharge (ESI)rn-on efficiency of CMOS device under ESD stress.
robustness in deep-submicron CMOS integrated circuits|p this work, the dependences of layout parameters on ESD
(ICs), on-chip ESD protection circuits must be added into thgpustness of NMOS and PMOS devices are investigated
chips [1]. ESD level of commercial IC products is generallyhrough the fabricated testchips. To clearly understand the
required to be greater than 2kV under human-body-modshysical mechanisms on ESD current distribution through the
(HBM) ESD stress [2]. The typical design of efficient ESD progevice, the TLP measured data and energy band diagram are
tection circuits in a CMOS IC is shown in Fig. 1 to protect thgised to clearly explain the impacts from layout parameters.
internal circuits against ESD damage [3]. But, circuit designers
often confuse on how to optimize those ES_D p.rotection dev_icqp_ TURN-ON MECHANISM OF MOSEET NDER ESD STRESS
such as Mn1, Mn2, Mn3, Mp1, and Mp2 in Fig. 1. To design ] )
area-efficient ESD protection circuits, the ESD protection 10 illustrate turn-on behavior of gate-grounded MOSFET
devices are desired as robust as possible in a limited lay§i4ing ESD stress, one unit-finger structure of a multiple-finger
area. To sustain the required ESD level, on-chip ESD protectiff!OS device is shown in Fig. 3, where two parasitic diodes
circuits are often drawn with larger device dimensions. Sudis and Dp can be found in the p-n junctions between
ESD protection devices with larger device dimensions are oftgfurce/drain and guardring. The parasitic lateral BJT with a
realized with multiple fingers to reduce total layout area [46'%‘_513‘e resistancelip) under the NMOS is also indicated in
The device structure of finger-type NMOS with some specifiedid- 3- When the”+ guardring, source, and gate of this NMOS
layout parameters is shown in Fig. 2. Some layout parametéf§ connected to ground, the parasitic didtie between drain

can affect ESD robustness of those ESD protection devicyd substrate is reverse biased under the positive ESD stress
[5]-7]. (Vesp). Some reverse-biased curr¢fépp ) in Fig. 3 can flow

into the substrate due to positive ESD zapping on the drain of
. . . NMOS. The reverse-biased current will increase base voltage of
Manuscript received October 11, 2002; revised February 10, 2003. This itic | |BJT.D he diff di £ h
work was supported by Taiwan Semiconductor Manufacturing Co. (tsmébe paragltlc ateral BJT. ue_ to the different distances rOmF €
Ltd., Hsinchu, Taiwan base region to th&’+ guardring, the base voltage of parasitic
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Fig. 2. 3-D structure of finger-type NMOS device with layout parameters.

Unit Finger Structure
For NMOS

Fig. 3. lllustration of the parasitic devices and layout parameters in a unit-finger structure of a multiple-finger NMOS.

lateral BJT, the NMOS will enter into its snapback regiorbase width. The lower energy band barrier and shorter effec-
Under higher ESD stress, the local snapback turned-on regtire base width cause the fast turn on of the parasitic lateral BJT
may be extended into more area along the finger structurelotated at the central region of the NMOS. Therefore, during
NMOS. But, the lateral BJT in the central region of NMOSositive ESD stress, the multiple fingers of NMOS cannot be
is still first triggered into snapback to cause the nonuniformmiformly turned on. Only some regions of several fingers in
turn-on issue among the multiple fingers of NMOS device. the NMOS were turned on and, therefore, damaged by ESD.
To understand turn-on behavior of the parasitic lateral BJT in To verify the turn-on uniformity, different current pulses are
NMOS, the energy band diagrams of half unit-finger NMOS deypplied to the drain of a gate-grounded NMOS, which has a
vice under ESD stress are analyzed in Fig. 4. To simply analydevice dimension of# /L = 300 xm/0.5 ym in a 0.35um
the variation of energy band diagrams, only conduction basdicided CMOS process. The measurement setup is shown in
variations on thee—y andy—z planes along the half unit-finger Fig. 5(a), where the current pulse has different pulse heights.
structure are illustrated in Fig. 4. Because the voltage drop iffike corresponding current versus voltagel() curve of the
plies the negative variation of energy band, electrons will flogate-grounded NMOS is drawn in Fig. 5(b). The EMMI pho-
from source to drain. Because the reverse-biased current ptdigraphs on the gate-grounded NMOS during the stresses of
down the energy band of base region in the parasitic lateral Bdiifferent current pulses are shown in Fig. 5(c)—(k) to observe
the depletion layer of reverse-biased junction can modulate itgeturn-on behavior. From the hot spots in Fig. 5(c)—(f), the re-
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Fig. 4. Analysis of conduction energy band diagrams for a half unit-finger NMOS during positive ESD stress.

verse-biased breakdown current in the gate-grounded NM@f@d energy band far away from surface, respectively [11], [12].
is initially flowing toward the guardring. When the base poSuch electron flowing paths (Pathl, Path2, and Path3) have been
tential is increased up to trigger on the parasitic lateral BJdlearly indicated in those band diagrams. To further understand
the hot spots become to locate at the central regions of #hech turn-on paths, one-dimension energy band diagrams along
finger-type NMOS, as those shown in Fig. 5(g)—(k). Because ttiee A-A' lines of Fig. 7(a)—(c) in the: axis direction are drawn
short-channel NMOS has an obvious snapb&eK curve, as in Fig. 7(g)—(i), respectively. High electric field across the gate
that shown in Fig. 6(a), the turned-on central fingers in Fig. 5(kxide can be found in Fig. 7(g) and (h), but it isn’t found in
cause the ESD current mainly discharging through those fikig. 7(i) during ESD stress. With different current paths, the
gers. If the turned-on region cannot be extended to full regioN®10S during ESD stress may be damaged by different failure
of all fingers before second breakdown occurs in NMOS, thmechanisms. However, the layout parameters of MOSFET can
turned-on central region in Fig. 5(k) will be burned out by thaffect the current paths along the MOSFET during ESD stress.
over-heating ESD current. This often causes a low ESD lev&herefore, the ESD robustness of MOSFET can be further im-
even if the multiple-finger NMOS has a large device dimensioproved by the optimized layout parameters.

On the contrary, the PMOS has no obvious snapliatkcurve,

as that shown in Fig. 6(b). The PMOS eventually has good uni-
form turn-on efficiency.

Depending on the doping profile of impurities in channel re- To design robust ESD protection devices, layout spacings are
gion and some layout parameters of MOSFET, ESD voltage cdie major considerations for finger-type CMOS devices. The
lower the energy band of surface channel to turn on the parasitiain layout parameters to affect ESD robustness of the ESD
lateral BJT. Generally, there are three current paths in MOSFIgiotection devices are the channel width (W), the channel length
during ESD stress. The first path is the strong-inversion currdhf), the clearance from contact to poly-gate edge at drain (Dcg)
along surface channel of MOSFET when some positive voltagad source (Scg) regions, the spacing from the drain diffusion to
is coupled to the gate [10]. This current path is shown as thee guardring diffusion (Sba), and the finger width (Wf) of each
Pathl in Fig. 7(a). The second path is formed by the drain-ianit finger, which have been indicated in Fig. 2 with the 3-D
duced barrier lower in lightly doped drain (LDD) region nearbgevice structure. When the dependences of ESD current paths
the surface channel, as the Path2 shown in Fig. 7(b), where tivethe layout parameters are well understood, ESD protection
gate is biased at OV. The third path is formed by the parasitic latevices can be optimized to perform high ESD robustness.
eral BJT in MOSFET [11], but it is far away from the channel The layout factors to affect ESD robustness of CMOS devices
surface of MOSFET, which is shown as the Path3 in Fig. 7(bjpve been practically investigated by the fabricated testchips in
with a 0-V gate bias. During positive ESD stress, a high voltaged.35um silicided CMOS process. The ZapMaster ESD tester,
is applied on the drain of MOSFET to pull down the energgroduced by Keytek Instrument Corp., is used to measure HBM
band of drain. The corresponding 2-D energy band diagramsB8D level of the fabricated testchips. The failure criterion is
thex — y plane of NMOS under different conditions are illusgenerally defined at 1-A leakage current under 1.1 tim&sp
trated in Fig. 7(d) with a positive gate bias, in Fig. 7(e) witlbias, when the device is kept in its off state. To investigate the
lowered energy band nearby LDD, and in Fig. 7(f) with lowsnapback behavior of device during high ESD stress, transmis-

Ill. L AyouT DEPENDENCE
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(i) (k)

Fig. 5. EMMI photographs on a gate-ground NMO&/ L = 300 pm/0.5..m) to observe its turn-on behavior under the stress of different pulsed currents. (a)
Measurement setup. (b) Correspondirg’” curve of a gate-grounded NMOS. (c)—(f) Hot spots in the gate-grounded NMOS before it enters into snapback region.
(9)-(k) Hot spots in the gate-grounded NMOS after it enters into snapback region.

sion line pulsing (TLP) technique has been widely used to mddOSFET with a larger channel width cannot sustain high
sure the second breakdown characteristics of devices [8], [ESD level as expectation. The NMOS and PMOS devices with
The TLP measured results are also shown and analyzed in difeerent W have been fabricated in a 0.35% silicided CMOS

following. process. Each unit-Wf of the NMOS and PMOS devices in
) o this investigation is kept as 50m. The NMOS and PMOS
A. Channel Width Dependence and Silicide Effect devices with or without the salicide-blocking layer to block

To discharge more ESD current, the channel widths of ESDe silicided diffusion on the drain region are also drawn in the
protection devices are often designed with larger dimensidastchips to investigate their ESD levels. For both NMOS and
However, if nonuniform turn-on effect is considered, th®MOS devices in this investigation, the channel length (L), the
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Fig. 6. Measured snapbaékV curves of (a) NMOS, and (b) PMOS, with a channel length of .85
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Fig. 7. lllustrations of energy band diagram for a nonsilicided NMOS with different stress conditions. (a)—(c) show devices under differefaf)b{@sssow
2-D band diagrams of NMOS in the corresponding conditions of (a)—(c), respectively. (g)—(i) shavati® band diagrams along the line A-A' of NMOS in
(a)—(c), respectively. A gate voltage of VG is applied on the gate of NMOS in (a).

clearance from the drain contact to polygate edge (Dcg), ttiee spacing from the drain diffusion to the guardring diffusion
clearance from the source contact to polygate edge (Scg), #80a) are kept at 0.8, 3, 1, andu#, respectively.
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The transmission line pulsing generator (TLPG) in Fig. 8(a) In Fig. 9(b), the HBM ESD levels of the PMOS with or
is used to measure the second breakdown current and the smaghout silicided diffusion are both increased as the device
back turn-on resistance of NMOS. The corresponding circuihannel width is increased. The ESD level of the silicided
for TLPG measurement with a pulsewidth of 100 ns on a gateMOS with a channel width of 400m is around—2.45 kV,
grounded NMOS is shown in Fig. 8(b). The TLP-measuredd  but that of the silicide-blocking PMOS with the same device
characteristics and the corresponding leakage current of NM@i&ension and layout style is4.45 kV. This verifies the effec-
with W/ L = 200 pum/0.8m are shown in Fig. 8(c). The secondiveness of the silicide-blocking process used to improve ESD
breakdown currentis indicated &% in Fig. 8(c). The snapback level in deep-submicron CMOS technologies. The continue
turn-on resistance is defined as the voltage variation over cimerease of ESD level, when the channel width of PMOS has
rent variation near to the second breakdown point in the TLBeen increased, is due to the less snapback characteristics of
measured-V curve. The snapback turn-on resistance can BMOS. The snapback characteristics of a PMOS have been
expressed as shown in Fig. 6(b). As comparing th&-V' curves between
Fig. 6(a) and (b), the PMOS with less snapback characteristics
leads to a more turn-on uniformity among its multiple fingers.
Therefore, it has a continue increase on its ESD level, when the
channel width of PMOS is increased.
From the TLP-measured results, the relation between secongl, Fig. 9(b), the NMOS with silicide-blocking process can
breakdown currentlt;) and HBM ESD leve(Vesp) can be  gystain much higher ESD level than that with the silicided dif-
approximated as [13], [14] fusion [15]. NMOS devices with or without silicide-blocking
mask have different turn-on resistances in the TLP-measured
1-V curves of Fig. 10. The turn-on resistance of the silicided
HBM Vgsp = (1500 + Rgevice) X Ito. (2) NMOS withW/L = 200 xm/0.8 um is only 2.45Q, but that
of the silicide-blocking NMOS with the same device dimension
The snapback turn-on resistances of finger-type NMOS dend layout style is 4.08. However, thd ¢, of silicide-blocking
vices with different channel widths, but with the same uniNMOS is 103% higher than that of the silicided NMOS.
finger width and channel length, are shown in Fig. 8(d). For an To explain the degradation on ESD robustness of silicided
NMOS with channel width of 5@m, the turn-on resistande;, NMOS device, the energy band diagrams of NMOS with or
in Fig. 8(d) is 6.832. If the NMOS with longer channel width without the silicided diffusion are compared in Fig. 11(a) and
can be uniformly turned on, the dependence of snapback turn{bj, respectively. A positive ESD stress is applied to the drain
resistance on the channel width can be shown by the ideal cuofeNMOS, whereas the gate, source, and bulk of NMOS are
in Fig. 8(d), which is drawn with the dashed line. In this ideadonnected to ground. The energy band diagrams are analyzed
case, the snapback turn-on resistance of NMOS with chana@ng both the lines A-A" and B-B’ in Fig. 11(a) with silicided
width of 600.m should be only 0.5%2. But, the experimental diffusion, and in Fig. 11(b) without silicided diffusion. Thg-
result on the snapback turn-on resistafizgo(= 1.64 Q) of andEy in Fig. 11 are the conduction and valance energy levels,
NMOS with 600xm channel width in Fig. 8(d) is far from the respectively. In Fig. 11(b), th&€:p(Vrs) is the voltage drop
ideal resistance. This implies that the finger-type gate-groundexl the drain (source) diffusion, and tfi&, (Rs) is the effec-
NMOS device with a longer channel width cannot be uniformlgive sheet resistance of drain (source) diffusion. Vhe is de-
turned on during ESD stress. fined as the active turn-on voltage of parasitic lateral BJT in
The relations between the device W and the HBM ESD levilile NMOS. The regions G and S in Fig. 11 are defined as the
of NMOS and PMOS devices in a 0.38n CMOS process effective current discharging regions through the NMOS under
are investigated in Fig. 9(a) and (b), respectively. In Fig. 9(g)psitive ESD stress. From Fig. 11(a), the drain voltage can pull
the NMOS is stressed under the positivekg- ESD stress, down the band diagram at the drain silicided diffusion because
whereas the PMOS is stressed under the negativg;4pESD  of the silicided diffusion with a low resistance and close to the
stressin Fig. 9(b). In Fig. 9(a), the HBM ESD level of the NMOS.DD structure. The major voltage drop of drain bidéys) is
device is increased while the device channel width is increasémtated along the surface channel of MOSFET. Therefore, the
If the device channel width is increased, more fingers are drawnergy band on the surface channel will be lowered. This ef-
and connected in parallel to form the large-dimensional NMO8ct of drain-induced barrier lowering can enhance the channel
device. The ESD robustness of such large-dimensional devazerent forming in the NMOS device. Major ESD current will
may be increased while the device channel width is increaséldw into the turned-on region G in Fig. 11(a), which is very
But, in Fig. 9(a), the ESD level (3.4 kV) of the silicide-blockingclose to the interface between gate oxide and surface channel of
NMOS with a channel width of 600m is less than that (3.5kV) NMOS. With a shallower current path, ESD current can easily
of the NMOS with a channel width of 400m. This is due to damage the surface channel and the gate oxide of NMOS. But,
the nonuniform turn-on issue among the multiple fingers of asilicide-blocking diffusion can reduce the turn-on probability
large-dimensional device. In the finger-type NMOS, if the bas# Path2 in Fig. 7. The energy band diagram in Fig. 11(b) can
current can not uniformly trigger on the distributed parasitic lagxplain this phenomenon. The drain p—n junction near the sur-
eral BJTs along the NMOS, the ESD current will be conceffiace channel is connected in series with a larger sheet resis-
trated in some local area to cause the nonuniform turn-on pl@nce in the silicide-blocking NMOS, but the p—n junction at the
nomena in the NMOS under ESD stress. bottom of drain diffusion has a smaller sheet resistgitse).

_ 0Vps

Rdevice = 8[[) . (1)



492 IEEE TRANSACTIONS ON SEMICONDUCTOR MANUFACTURING, VOL. 16, NO. 3, AUGUST 2003
r“ ﬂ———'—— FAY A

1
£

¥ \ |, DuT
: At 100ns VDs
7 t <10ns
Transmission Line Pulsing Generator

7
(a)
Iieak @ VDS=5V (A)
1E-09 1.E-08 1E-07 1E-06 1E-05 1E-04 1E-03 1E-02 1.E-01

2 . . .
W/L—200pm/0 8pm
18 (It

< - T T T T L o c — o~ o o e )
186 |

Sd

1.4

1.2

1

In (A)

Ryeviee = Npsldly
0.8

0.8

o e e O O e W B O e S O e e B e W
I e e e T s === o g ey o e S

0.4
0.2 --TLP |-V Curve
’ -=- Leakage Current
04 : —
0 1 2 3 4 4] 8 10 1 12
Vos (V)
©
1 : L=0.8
, L=0.8um
I n
1 O - - .
Y
R5Q *

[Expenmental | w=so] w=50 We

Resuit P

—— —_—

LA R R S~ L IR « > Y - N (v T - |

Ideal Curve

| R device =Rs0/(W/50)

Tumn-on Resistance Rdevice (Q)

Y

.....
......
.......

(=]

0 100 200 400 500 600
Channel Wldth W(um)

(d)

Fig. 8. (a) lllustration of transmission line pulsing generator (TLPG). (b) Corresponding circuit for TLPG measurement on a gate-grounded Nd&xs$iréz)
I-V characteristics and leakage currents of NMOS by TLP with a pulsewidth of 100 ns. (d) Turn-on resistances of finger-type NMOS devices with diffegent ch
widths, but with the same unit-finger width and channel length.

The sheet resistance of silicide-blocking drain diffusion can r&. Channel Length Dependence

duce the voltage drop on the channel surface. So, the ESD cur-

rent is discharged through the parasitic lateral BJT, which is farThe TLP-measured-V curves of gate-grounded NMOS de-
away from the channel surface. The silicide-blocking drain difdices with different channel lengthd. (= 0.35 ym, 0.8 um,
fusion can avoid ESD overstress on the surface channel or th2 um, and 1.5:m) are compared in Fig. 12. The layout style
gate oxide, therefore the silicide-blocking NMOS has a mu@nd other parameters are all kept the samie &€ 200 pm,
higher ESD robustness. Wf = 50 um, Dcg= 3 um, Scg= 1 um, and Sba= 4 um),
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but only the channel length is different under this investigaoltage of parasitic lateral BJT in the NMOS. The curréptis

tion. Both NMOS and PMOS are fabricated with the salicidea function of effective base widif#¥), turn-on area4 p and
blocking layer to block silicided diffusion on both drain andds)in drain/source edge, voltage drop between base and emitter
source regions. Generally, the Scg parameter is drawn witl{i&g), and voltage drop between base and colle€t®c) in

small clearance. During positive ESD stress, the resistancettod parasitic lateral BJT [16]. It can be further expressed as

Rs can be considered as a small constant value. To simplify the

analysis, the sum aRp and R is defined asips. Therefore,

the snapback turn-on resistangge..i.. can be re-written as I =qAun? Dp (L (equE /KT 1)
A LgNp \Wg
Ryevice = Rps + aaTb = Rps + Rpjr (3 A2 D¢ Dg Lg Wpg
D% \ T Ne T LepNg \Wg ' 2L

where the effective turn-on resistanBg; of parasitic lateral Vo /KT
X ( -1 — 1).

BJT is defined as)V,../dIp. The V, is the active turn-on 4)
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Fig. 11. lllustration of the variation on energy band of gate-grounded NMOS (a) with and (b) without silicided diffusion.

The turn-on areas ofl, and Ag imply two effective turn-on ally, Vg is larger tharkT/q, andVcg is a large reversed bias on
areas in the base region of parasitic lateral BJT among multiphee p—n junction of drain diffusion during positive ESD stress.
fingers of NMOS. The active turn-on voltadé.; between col- The effective base widtfi¥) is a function of NMOS’s channel
lector and emitter of parasitic lateral BJT is the sum of base-tength (L) and depletion widtbi¥;;) of the reverse-biased p—n
emitter voltagé/sg and collector-to-base voltage.g. Gener- junction between the drain diffusion and the bulk of NMOS. It
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Fig. 12. TLP measured results for gate-grounded NMOS devices with different channel ldhg#®s35, 0.8, 1.2, and 1.5m).

can be expressed as But from the experimental results of Fig. 12, the NMOS with
channel length of 1.2m has a lower turn-on resistance of 3.08
L~Wg+ Wp. (5) ©thanthatwith achannellength of O 8n, which has a 4.06}
turn-on resistance. So, the NMOS with channel length of 1.2
To simply analyze the geometric effect, the base concentration must have a very low sheet resistance. The effective sheet
of N in (4) is assumed as a constant distribution in the bulk ¢¢sistance in NMOS is decreased, when the channel length
NMOS. of NMOS is increased under the same ESD stress, to have a
To further analyze the geometric layout effect in (4), two agewer turn-on resistanc@qevice) in the TLP-measured results
sumptions will be discussed in the following analysis. First, tef Fig. 12. With this assumption of fixed turn-on area, the
turn-on areas4s and Ap) of parasitic lateral BJT are further variation of channel length from shorter to longer in MOSFET
assumed as constant values in the following discussion. Ungen cause the moving of the turned-on region in the parasitic
the same ESD stress, when the L of NMOS is increakggd, lateral BJT from the sideward to the bottom of drain diffusion
or Ve must be increased to keep tifig as a constant cur- in the MOSFET device structure.
rent in (4). So,V... must be increased when the L of NMOS On another assumption, if the turn-on aread efandA p are
is increased in this assumption. From (3) and (4), the effectiet fixed at some local regions, thgr and|Vac| can be fixed
turn-on resistancéRp;t) of parasitic lateral BJT can be ap-in certain voltages for NMOS devices with different channel

proximated as lengths. WhileVpg and|Vpc| are fixed, W} is kept as a con-
stant value for MOSFET devices with different channel lengths.
o a k1" [LgpNp (Wg Vi /KT To sustain the same ESD stress in the turned-on parasitic lat-
BT 2Asn? | Dp \ Ly ¢ eral BJTs with different effective base widths, the turn-on areas
BT De D Lp\] of Ag and_AQ must be mcrease_d when the channel length of
5 5 { + (—)] MOSFET is increased. The ratios dfs/Wg and Ap/Wpg
¢*Apnj [LcNe ~ LpNp \Ws must be kept at constant values to limit theas a constant cur-
x 1B (6) rentin (4). Then, theks;r will be a constant resistance from

(6) in this assumption. Therefore, the larger turn-on areas can re-
From aforementioned discussion, NMOS with a longer chanrahlice the effective sheet resistances in the drain/source regions of
length has a largeRs ;T under the same ESD stress. If the effedMOSFET. This can explain why the gate-grounded NMOS with
tive diffusion sheet resistancé®pg) of NMOS with different a long channel length has a lower turn-on resistance measured
channel lengths were the same, the NMOS with alonger chanhgITLP in Fig. 12. In the actual case, the turn-on mechanism is
length should have a larger turn-on resistance under ESD stregerated between these two assumptions. The turn-on areas of
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Fig. 13. Dependence of HBM ESD level on the channel length of (a) NMOS, and (b) PMOS, with a fixed W @200

As, Ap and RgjT can be increased, and the turned-on regiorestigation, the selection on the channel length of NMOS and
can be moved or extended from the sideward to the bottomRfIOS for ESD protection is quite different in such a 0,35-
drain/source diffusions in MOSFET, when the L of MOSFETEilicided CMOS process.
with LDD structure is increased.

The dependences of L on the HBM ESD level of NMO%. Drain/Source Contact to Poly-Gate Edge
and PMOS devices in a 0.3&m CMOS process are shown  gecq se the Deg parameter can cause the capacitance vari-
in Figs. 13(a) and (b), respectively. From the experimental rggon of the reverse-biased drain diffusion junction in NMOS
sults shown in Fig. 13(a), the HBM ESD level of NMOS withnqer positive ESD stress, NMOS with different Dcg parame-
a minimum channel length of 0.3am is 3.25 kV, whereas that (o< || have different voltage dro\Ver) between the drain
of NMOS with a channel length of 0.5 (0.8)m is 2.9 (3.1) jtfysion and the bulk of NMOS. When the Dcg parameter is in-
kV. When an NMOS has a shorter enough channel length, & aseda V. can be decreased because of the fixed total stress
efficiency and performance of the parasitic lateral BJT in tr&arge. To discharge the same ESD stress in the MOSFET with
NMOS device is significantly improved. Therefore, it can sUsjitterent Dcg parameters, a smalla/cp will cause a larger
tain much higher ESD level than the NMOS with a med_iur'ﬂjm_On arealp (As) in the parasitic lateral BJT [17].
channel length about 0/&m. On the contrary, the PMOS with 14 jnyestigate thd—V characteristics of the gate-grounded
a shorter channel length has a lower ESD level, as shown\Rios devices with different Dcg parameters during ESD
Fig. 13(b). Even if the PMOS has a minimum channel lengilyess. the TLP-measurdeV curves of NMOS devices with
of 0.35um, its HBM ESD level is only-1.85 kV because the jitterent Dcg parameters of 1.6m, 3 um, and 5um are
turn-on efficiency of lateral p-n—p BJT in PMOS is not iMypoun in Fig. 14. In silicide-blocking NMOS devices, all

proved. of the layout style and other parameters are kept the same
Because the LDD structures of short channel length devigg, _ 9 um, W = 50 um, L = 0.8 um, Scg= 1 um, and

induce a shorter effective base width nearby the channel surfage, _ 4 um). From the previous discussion, the larger Dcg
of NMOS, the energy band of region G, as similar to that ShoWjyrameter can cause larger turn-on area in the parasitic lateral
in Fig. 11(a), can be lowered by the drain-induced barrier lowirngyt 4t N\MOS under ESD stress. Although a device with larger
in the short channel length device. Therefore, the short chanpgl,ance of Dcg has larger turn-on area in NMOS, the device
length device has an extended current path to discharge Egpfd, |arger Deg parameter may have a larger sheet resistance
current. A voltage drop is established in the region S, as simitar ymos. A simple model of sheet resistance in the drain

to that shown in Fig. 11(b), to trigger on the parasitic lateral BJ§irsion of NMOS can be calculated from Fig. 11(b), which

and another channel current is also formed in the region G. Tigeapproximated as

region G and S can be merged together to supply more area for

heat dissipation under ESD stress. Owing to this phenomenon, \/W

NMOS device with shorter channel length can sustain higher Rp = PT- (7)

ESD stress as the experimental data verified in Fig. 13(a). To

avoid the hot carrier effect, the doping styles of the region G andWhen the variation of Dcg parameter is larger than the vari-
S in NMOS device are different from that of PMOS device in thation of effective turn-on area in the parasitic lateral BJT, the
0.35um CMOS process. There is no extended area in the regMOS with larger Dcg parameter has a larger sheet resistance
G to sustain more effective area for heat dissipation in PMQfsider ESD stress. On the other hand, because the larger Dcg
device with shorter channel length. From this experimental iparameter can cause larger turn-on atgaand less reverse-bi-
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Fig. 14. TLP measured-V" curves for NMOS devices with different Dcg parameters (Bed.5 pm, 3pm, and S5um).

ased voltage drop dfqp in the parasitic lateral BJT under ESD The shorter clearance of Dcg can induce a smaller sheet re-
stress, the effective turn-on resistariégs ;) of parasitic lat- sistance in drain diffusion of NMOS. If the sheet resistance is
eral BJT can be decreased by the larger Dcg parameter. So,dfmaller enough, the drain voltage can easily lower energy band
total turn-on resistancé®R 4ovice) of NMOS with different Dcg in the region G of NMOS to generate the discharging path,
parameters are nearly the same, as that shown in Fig. 14. Wiech closes to the channel surface. But, the channel surface
turn-on resistances of the NMOS devices with Dcg ofAnb, and gate oxide of NMOS are easily damaged by ESD stress be-
3 um, and 5um are 3.892, 4.062, and 3.96(2, respectively. cause of the high current density in region G. If the NMOS has
But, the NMOS with larger Dcg parameter can sustain the higheetonger clearance of Dcg, the current discharging path can be
ESD stress owing to the larger turn-on aréa. away from the channel surface of NMOS because of the larger
The dependence of clearance from the drain/source contactheet resistance in the drain diffusion. Therefore, the major ESD
the poly-gate edge (Dcg and Scg) on HBM ESD level of NMO&urrent can flow into the region S of NMOS, as that shown in
and PMOS devices is shown in Fig. 15(a) and (b), respectiveliig. 11(b). From aforementioned discussion, the larger clear-
In this investigation, all of the layout style and other spacings aaace of Dcg can cause larger effective turn-on area in MOSFET
kept the sameW = 200 pm, Wf = 50 um, . = 0.8 um, and to sustain higher ESD current stress.
Sha= 4 um), but only the Dcg and Scg are varied from 1 to 8
pm in the testchips. Both NMOS and PMOS are fabricated wi ; T ; e |
the salicide-blocking layer to block the silicided diffusion or?' Spacing From Drain Diffusion to Guardring Diffusion
the drain and source regions. From the experimental results, th&he spacing from drain diffusion tB+ guardring diffusion
clearance variation on Scg from 1 tq/n at the source region in finger-type layout also has an obvious impact on ESD robust-
(with a fixed Dcg of 3um at the drain region) only leads toness of NMOS and PMOS devices. This spacing has been illus-
slight variation on ESD level from 3.3 kV to 3.6 k\-@.1 kV  trated in Figs. 2 and 3 and marked as “Sba.” In Fig. 3, the wider
to —2.2 kV) in the salicide-blocking NMOS (PMOS) device.spacing Sba contributes a larger base resistgRge to the par-
But, the clearance variation on Dcg from 1.5 tqu8 at the asitic lateral n—p—n (p—n—p) BJT in the NMOS (PMOS) device.
drain region (with a fixed Scg of Lm at the source region) The parasitic lateral BJT with a largétg makes itself to be
can cause significantly improvement on ESD level from 2.4 ktfiggered on more quickly and uniformly under ESD stress. The
t0 3.4 kV (1.7 kV to —3.4 kV) in the silicide-blocking NMOS HBM ESD levels of NMOS and PMOS devices with different
(PMOS) device. Therefore, the clearance of Dcg in both PMOSha spacings but the fixed other layout spacings= 200 um,
and NMOS devices for ESD protection is suggested greater thar= 0.8 pum, Dcg= 3 um, Scg= 1 um, and Wf= 50 um) are
3 um to achieve better ESD robustness in this Qu8%CMOS investigated in Fig. 16(a) and (b), respectively. When this Sha
process. spacing is increased from/@n to 5um, the HBM ESD level
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of the NMOS (PMOS) is improved from 2.8 to 3.6 kV (from(b). From the experimental results, the HBM ESD level of the
—1.7kV to —2.2 kV). This investigation confirms the importantNMOS with W = 200 xm is deceased from 3 to 2.7 kV, while
effect of the layout spacing Sba on ESD robustness. BecausettiieNMOS is drawn with the finger number from 2 to 8 in the
larger Sha can enhance the turn-on uniformity of lateral BJT for35«m silicided CMOS process. On the contrary, the PMOS
all fingers of MOSFET, the MOSFET can sustain higher ESBrawn with four fingers leads to a slight higher ESD robustness.
current. The MOSFET with different unit-finger width has different
geometrical layout area. The different geometrical layout can

E. Unit-Finger Width Dependence cause the different turn-on area of parasitic lateral BJT in the

In the finger-type layout, a large-dimensional device is tradMOSFET. In Fig. 5(k), the major turn-on current of parasitic
tionally drawn with multiple fingers in a parallel connection. 1fatéral BJT is concentrated in the central region of NMOS. The
the WF of every finger is shorter, more fingers must be used &fféctive turn-on are@eseciive) of parasitic lateral BJT on the
construct the same device dimension. The large-dimension §&2in edge of MOSFET can be approximated as [17]
vice with different numbers of unit finger and unit-finger width
can cause different ESD performances, even if the device H%?‘f““"e = (Nf =) - (WF - 5)

V(- Dog? +[5- (Wp + Wi ), @)

the same W and L. To verify this issue, both NMOS and PMOS
devices with the fixed channel width/length of 206/0.8 um,

but different unit-finger widths are fabricated and investigataghereca is a modified parameter of the finger number, and a is
by ESD tester. The tested results are shown in Fig. 17(a) anchodified parameter of the unit-finger width in MOSFET. The
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THE DEVICE PARAMETERS AND CALCULATED EFFECTIVE TURN-ON AREA
OF NMOS AND PMOS WNDER THE SAME TOTAL CHANNEL WIDTH
(W = 200 pm) IN (8)

NMOS
o | B| v 8 | Nf | Wf (um) [Deg (um)|Wp (um)|We' (um)|Acirecive(m’)
018 [ 8| 07 | 04 | 8 25 3 0.02 0.6 281.11
0.18 | 8 | 0.7 | 0.4 | 4 50 3 0.02 0.6 339.27
018 | 8|07 | 04| 2 100 3 0.02 0.6 354.07
PMOS
e |B| v | 8 |Nf|Wf(um)|Deg(um)Wp (um)Ws'(um)Acmecive(um’)
018 |2 |08 |01 | 8 25 3 0.02 0.5 431.77
018 |2 | 08 | 0.1 | 4 50 3 0.02 0.5 440.17
0.18 [ 2| 08| 01 | 2 100 3 0.02 0.5 428.16

describe the dependence of ESD robustness on device layout
parameters. From the explication of energy band diagrams,
MOSFET with a discharging current path near to its channel
and a smaller turn-on area of the parasitic lateral BJT often
cause a low ESD robustness. Generally, the device with a wider
channel width, a larger clearance from drain contact to the
poly-gate edge, and a wider spacing from the drain diffusion
to the guardring diffusion leads to a higher ESD robustness.
When the channel length L of MOSFET with LDD structure is
increased, the effective turn-on areas of MOSFET under ESD
stress can be increased, and the turned-on region can be moved
or extended from the sideward to the bottom of drain/source
diffusions in MOSFET. With the analysis on energy band
diagrams and experimental investigations, the optimized layout
parameters can be found to enhance the turn-on efficiency of

~ andé are weight coefficients of effective turn-on area on ththe parasitic lateral BJT in MOSFET, and therefore to improve
bottom and sideward of drain diffusion in MOSFET. BecaudeSD robustness of integrated circuits for manufacturing in

those devices with the same total channel width but differedéep-submicron CMOS processes.

unit channel width have the same L and clearance of Dcg, the
turn-on position and area per Wf are assumed to be fixed and be
constant in the turned-on parasitic lateral BJT of MOSFET. To [y
simply explain the unit-finger width effect, the parameters (

B, v, andd) in (8) can be found with some suitable constants for 2
NMOS or PMOS, which have been listed in Table |. Because
the MOSFET with more effective turn-on aréa.fective) has
larger turn-on volume for the heat dissipation, the larger turn-on
area( Aefrective) Of MOSFET in Table | can sustain higher ESD 4]
stress. From the calculated effective turn-on arf@fseective)

of NMOS and PMOS devices under the same channel width in
Table 1, their variation completely match to the curve variation
in Fig. 17(a) and (b).

(3]

(5]

[6]
IV. CONCLUSION

The dependence of layout spacings on ESD robustness o[F]
CMOS devices in silicided CMOS process has been detailedly
investigated and discussed. To further explain the current dis-[B]
tribution along the NMOS device structure under ESD stress,
the energy band diagram is first used in the literature to clearly
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