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Abstract—Electrostatic discharge (ESD) failure threshold of of devices with silicided diffusions [1], since the ballast resis-
NMOS transistors is known to degrade with the use of silicided tance is negligible. In silicided CMOS processes, the primary
diffusions owing to insufficient ballast resistance, making them . ,se of the degradation of ESD failure threshold is known to be
susceptible to current localization, which leads to early ESD . . . L - .
failure. In general, the gate-to-contact spacing of salicided devices non.uplform Iater.al blpo_lar conductlon, Wh'(_:h ',S attributed to |n.-
is known to have little impact on their ESD strength. However, Sufficient ballasting resistance in the fully silicided source/drain
experimental results presented in this paper show that the ESD structures [2]. This decrease in ESD strength imposes severe
strength depends on the gate-to-contact spacing independent ofrestrictions on the efficient design of ESD protection. There-
the silicided process. Subsequently, a detailed investigation of thefore, to avoid localized current conduction and imprdve,

influence of gate-to-source and gate-to-drain contact spacings isd . truct ith sufficient ballasti ist |
carried out for a salicided 0.13um technology which provides evice SIUCIITES With SUicient ballasting TesiSiance are reai

new insight into the behavior of deep submicron ESD protection iz€d by introducing the silicide blocking option, or by imple-
devices. It is shown that the reduction in current localization menting well resistors on the drain side, or by inserting local
and increase in the power dissipating volume with increase ijnterconnect layers [3]-[5]. However, these options either re-
in the gate-to-contact spacings are the primary causes of this q)ire an extra mask or more process complexity and result in
improvement, which implies that even for silicided processes, the . . .
increased process cost and chip area. Hence, use of salicided

gate-to-contact spacing should be carefully engineered for efficient ) . . . .
and robust ESD protection designs. devices is often preferred for cost effectiveness in providing ad-

Index Terms—Ballast resistance, CMOS technology, electro- vanced E.SD protectlpns. Tlie, of the silicided devices is gen-'
static discharge, gate-to-contact spacing, NMOS transistor, n-p-n erally believed to be mgiependent of the gate-to-contact spacing
transistor, silicides, substrate bias, thermal capacity. parameter. Hence, the impact of the gate-to-contact spacing of a

salicided NMOS transistor on the ESD failure strength has not
been fully explored.
|. INTRODUCTION However, contrary to conventional understanding, for ad-
MOS transistors are widely used as protection devic@gnced deep submicron salicided technologies with shallow
against electrostatic discharge (ESD), which is a major rgench isolation (STI) structures, we have recently reported
liability concern for all categories of integrated circuits [1]. lthat the gate-to-drain contact spacing has an impacften
is well known that for nonsilicided or silicide-blocked NMOS[6]_ Moreover, the gate-to-source contact spacing has also
protection transistors, the second breakdown triggering currgjglen observed to affedt, [6]. This work investigates the
(1t2), which is widely used to monitor the ESD strength, cagbove new phenomenon in advanced salicided transistors and
be increased with larger drain contact spacing because of mgegcribes the different mechanisms that are observed at the
uniform triggering of the lateral n-p-n structure obtained witBource and drain sides, respectively. The physical mechanism
ballast resistanéeeffects [1]. In addition, it is also well es- causing unexpectett, improvement in silicided devices with
tablished that effectiveness against ESD is reduced in the cgggeased gate-to-contact spacing is identified. Furthermore,
it is shown that the ESD strength of the protection device
becomes independent of the gate-to-contact spacing when
adequate substrate bias is applied. These observations have
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Fig. 1. Schematic of a silicided NMOS transistor indicating the gate

to source/drain contact spacing (GSCS/GDCS) and the averlap of Fig. 2. Measured drive currenty(,.) for the 1.5-V NMOS transistors with
the source/drain contactS(o./D_o.). For the 1.5-V NMOS, S/D (ifferent gate-to-contact spacings show no apparent differences, here
contact opening /D) = 0.15um andS_or = D_or = 0.lum. v, = 1.5 V. The inset shows high-current TLP curves for the 1.5-V NMOS

For the 3.3-V NMOS, the S/D contact openin§/Q) = 0.15um and transistor, which clearly show the impact of the gate-to-contact spacinfys on
S_or = D_or = 0.125 um. In the test structures, the S/D contact openingespite the silicided diffusion.

and nt overlap of S/D contact{_or/D_or) remain unchanged despite the
variations of GSCS/GDCS.

7
(GSCS/GDCYS) for various test structures with grounded gate:
Test structures were fabricated using a Qut3-mixed-voltage 6 o
CMOS technology. Two types of transistors are investigatec 3.3V NMOS
in this study: low (1.5 V) and high (3.3 V) voltage NMOS 5 ’ 0 o
transistors with different gate oxide thickness and drawr Pl ©
channel lengths. The 1.5-V NMOS transistor has a 27-A-thick % 4 Qi
gate oxide and 0.17pm-long gate poly, while the 3.3-V Z
NMOS transistor has a 70-A-gate oxide and prB-long gate E 3
poly. However, the finger width for both transistors is 200. =
Fig. 1 shows the schematic cross section of the ESD NMO¢ 2 ® L 5V NMOS
transistor used in this study. The contact spacing is measure °
from the gate poly edge to the near edge of contact openin 1
and the contact opening width is fixed at 0.4 for all the
test structures. Since the test structure uses a shallow tren 0
isolation (STI) with constant h overlap with the source and 0 0.2 0.4 06 0.8

drain contact§ o1 /D_o1) for a given device rating, the total
size of the source and drain structures are changed proportion
to the variation of the GSCS and GDCS. The second breakdown

i rin rren was m r ing the transmissiofld- 3- Second breakdown triggering currentl/ty) with the
triggering curre tltg) as measured us g the transmissio ate-to-source/drain contact spacing for two different silicided NMOS

line pulsing (TLP) method for a voltage pulse width of 20@ansistors. The two dotted circles indicati#. for each device with
ns. As expected, since the resistance of silicided regionniimum contact spacing: 0.km and 0.225um for the 1.5-V NMOS
relatively small compared to other parasitic resistances in tf{g/Lvets = 20/0.175 um) and 3.3-V NMOS /Lo, = 20/0.5 pm),
source/drain structure, a change in resistance proportionalret%)emvely'

the GDCS/GSCS is not apparent from the dc current-voltage

(I-V) measurements. The drive curred.{..) of the 1.5-V different test structures, which implies that the on-resistance
NMOS transistor was tested with GDCS/GSCS variations. A&d the test structures is nearly the same despite the different
shown in Fig. 2, the measured drive currents show that tpate-to-contact spacings.

difference in the resistance due to increased gate-to-contadtor the TLP measurements of the 1.5-V and 3.3-V transistors
spacing with the salicided diffusion is hardly apparent. las shownin Fig. 3[t, of both the devices surprisingly improves
addition, the inset in Fig. 2 shows a sample of TLP curves farith the GSCS/GDCS. Compared witl, values of the tran-

the 1.5-V transistor with two different GDCS and GSCS. kistor with the minimum gate-to-contact spacing (prh for

can be clearly seen that tlié, value is about doubled with an1.5-V NMOS and 0.22%:m for 3.3-V NMOS), the improve-
increase in GDCS/GSCS from Quin to 0.5um. However, the ment ofl¢, is approximately 100% and 40% for the low-voltage
slope of the high current regions is almost identical for the twand high-voltage transistors, respectively. This implies that the

GSCS/GDCS [um]
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gate-to-contact spacing is an important design parameter deter- o 4
mining ESD strength for the gate grounded ESD protection de- - —A—GDCS=0.25um
vices. It also suggests the possibility of achieving increased ESD 3 —O—GDCS=0.5um
robustness through optimizing the layout of the silicided pro- Veu=1V —8—GDCS=1um
tection devices without any extra processing steps or structure 2
options. However, the primary cause of this improvemeidtof 0 0.2 0.4 0.6
has not been explored and needs comprehensive modeling and GSCS[um]
analysis in order to improve understanding of the device physics (b)
involved in this effect. This will also enable the establishment 8
of robust ESD protection design approaches through proper de-
sign of the devices. 7 ??.Q
As shown in Fig. 3, for the 1.5-V NMOS transistors, the —
It, dependence on the gate-to-contact spacing is more apparent E:L 6
than that for the 3.3-V devices. In general, for advanced de- < 5
vices with salicided diffusion, the improvement of, is not E
easily achieved due to early failure caused by current localiza- 2 4 —A—GDCS=0.25um
tion. In this regard, any amount of improvement/i for sali- 3 —0—GDCS=0.5um
cided technology with no process changes has significant im- Vsu=1.25V —B—GDCS=1um
plications. As can be seen in Fig. &, values are influenced 2
by both GDCS and GSCS within the scatter of data. Despite 0 0.2 0.4 0.6
the salicided process, the increasing trendgfis obvious as GSCS[um]

GDCS and GSCS increase. For the minimum gate-to-contact ©
spacing of 0.Jum, I't, ranges from 1 to 1.5 mA/m. However,

; ; = Fig. 5. (a)lt, of the 1.5-V NMOS transistors is dependent on GSCS and
with the increased GDCS: 1um and GSCS= 0.5 um, It, GDCS with an external substrate bias of 0.7 V, and is nearly independent of

values are clustered around 3.5 mAd. The data clearly show gscs and GDCS with sufficient external substrate bias of (b) 1V and (c) 1.25
that for a given spacing (GDCS), increase in GSCS strongly &f-

fects the ESD hardness. This experimental resultimplies that the

impact of gate-to-source contact spacing is as significant as tgginiformity of the lateral current distribution, since the ESD
of the gate-to-drain contact spacing for a salicided technologyyrrent becomes more uniform along the channel width with

) increased external substrate bias. In addition, it should be noted

B. Effect of Substrate Bias that thelt, dependence on the gate-to-contact spacing for the
For silicided devices, it has been reported thatimproves 1.5-V transistor is stronger, since the extent of uniformity of
with a forward substrate bias by enlarging the turn-on fingéhne lateral current distribution of the two devices varies (Fig. 6).
width of the devices [2]. With sufficient external substrate bids is believed that the devices with shorter channel length and
(Veun > 0.7 V), the It; dependence on the gate-to-contacthallower junction depth experience nonuniform bipolar con-
spacing disappears as the emitter—base junction of the latehattion more strongly since the relative sensitivity to the sta-
bipolar transistor fully turns on (Fig. 5). As shown in [2], thdistical random variation is higher for given process conditions.
phenomenon oft, improvement is associated with the extenin order to identify the underlying physical mechanisms for the
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'6 further increase in GDCS, the on-resistance remains unaffected.
< 75 5 : However,It, is nearly doubled with GDCS: 1 um.
£ o/ Eu ¢ 8 ¢ It is instructive to note that, contrary to the experimental re-
E 50 g.:" E 3 sults presented in this work, it has been reported in the past that
5 2 the on-resistance is changed depending on the silicide thickness
05 e 1 and junction depth [4]. Since it is well known that the silicide
0 contact resistance is a strong function of interfacial doping con-
! 0 05 1 15 ) L ) e ) S
. GDCS [um] centration (Silicide/Si), the silicide contact resistance is influ-
0 enced by the variation of the silicide thickness [7]. Moreover,
0 10 20 30 40 50 the junction depth can also affect the drain diffusion resistance.
Finger Width [um] Therefore, it is likely that the impact of these factors was ob-
(b) served as slight changes in the on-resistance in [4], even with

. , . . , silicided structures.
Fig. 6. Total failure threshold currenf>) with the finger width for (a)

1.5-V NMOS transistors and (b) 3.3-V NMOS transistors where GDCS/GSCS Nevertheless, based on the emplrlcal results presented in this

= 0.1zm. The total failure current can be scaled with finger width withinwork, it can be conjectured that the increase of GDCS allevi-
3”'3{ a "G’;V‘“Ed finger Widt(:‘ gs Cﬁszol‘m) and;he il:‘set SIhOWSfthat the 3.3-Vates the current localization problem by further expanding the
evice ¥/ = 20pum an 0.225 pem) with nearly uniform current . . . .
conduction shows negligible dependencdof on GDCS. turn.ed on portion of the flnggr width, whlch.ap.pea.rs only for
devices with strongly nonuniform current distributions under

ESD stress. For devices with various finger widths, total failure
drain side and source side contact spacing effects respectiviyeshold currents] T, [mA], were measured for the low and
the following effects were investigated: 1) the influence of thgigh voltage transistors. As can be seen in Fig. 6, the total failure
ballasting ESD current distribution; 2) the improvement of th@yreshold current does not scale with the drawn finger width for
current driving capability of the lateral n-p-n transistor; and 3he 1.5-V transistor. For the 3.3-V transistéf, scales only
the increase in thermal capacity due to the enlargement of pOW& a limited range of widths. This implies that the ESD cur-
dissipating volume along with the increase in GSCS/GDCgent distribution for 1.5-V NMOS devices is highly nonuniform
Each of these effects has been investigated in detail in the ngxfile it is nearly uniform for the narrow 3.3-V NMOS tran-
section. sistors (¥ < 20 um). TheIt, data shown in Fig. 6(b) sup-

port the observation that only devices with uniform ESD cur-
IIl. ANALYSIS AND DISCUSSION rent distribution do not show dependence on GDCS. Thus, it
can be concluded that the increase in GDCS helps spread out
the ESD current more uniformly along the finger width, which
As shown in Fig. 2, from the dc and TLP measurements ftgads to improvement in the effective valuela, though the
1.5-V NMOS transistors, the drive current and the on-resistanoerease in the ballasting resistance with the GDCS is hardly no-
show no differences between the structures with the minimuroeable. This is apparent from Fig. 3 and from the total failure
gate-to-contact spacing and the ones with increased gate-to-abneshold currenti(l%) data in Fig. 6(a) for the 1.5-V NMOS
tact spacing as expected. First, to analyze the impact of #hevices where the ESD current distribution is strongly nonuni-
GDCS, for a fixed GSCS of 0.a4m, I't, was measured for the form. In addition, for low voltage transistors, with adequate ex-
structures with GDCS of 0.1 andim, respectively. As can be ternal substrate bias, the dependencdtefon GDCS disap-
observed from Fig. 7, consistent with Fig. 2 (inset), even withears as shown in Fig. 5. This result also supports the argu-

A. Ballasting Current Distribution
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bipolar transistor when the lateral n-p-n is dp.s is the channel current,.,,
is the avalanche-generated current, ang is the substrate current. (@)
. . . o 0.25 2
ment that the increase in GDCS alleviates current localization
for low voltage transistors. In other words, it seems that for the \ 7 1.9
salicided devices, the shorter the gate-to-drain contact spacing ~ 0-2 g 1.8
is, the stronger the current localization. Therefore for the de- = 17
vices requiring higher ESD strength, minimum gate-to-contact 5 0.15 1.6
spacing should be avoided unless substrate bias can be used E 15 s
i i i i . —
the protection circuit design [8] = o _ \ - 14
B. Characteristics of the Lateral n-p-n = O GSCSOT 1.3
In general, the ESD hardness of NMOS devices can be  %0° ¢ o gggzg.?ﬂm('\ﬂ) 12
described in terms of the primary device parameters of the —e— GSCS=0.5um (M) 1.1
parasitic lateral n-p-n transistors, such as the current ggin ( 0 1
avalanche multiplication factorM), and effective substrate 0.1 0.3 0.5 0.7 0.9 1.1
resistance B.un) [9]-[11]. When the lateral n-p-n turns on Ip [MA/um]
(Fig. 8), theM, 3, and R, are given by [10] (b)
_ (B+DIp 1
= W ( ) Fig. 9. Avalanche-generation currett{,) and multiplication factor{{) for
D sub the variation of (a) the GDCS and (b) GSCS.
1
B = T (2)
(M—-1) - M (—) o .
Ip study, as the contact spacing is increased, the source or drain

0.8 3) area did not remain constant since the distance from the edge of
L’ the gate poly to the STI boundary on the source and drain side
Despite variation of the GSCS/GDCRB,,,;, can be assumed also simultaneously increased (Fig. 1). In addition, in the sim-
to remain constant since the substrate doping concentrationulkations, the silicide layers are treated as virtual electrodes and
mains unchanged. In addition, the substrate contact is desigttea effective substrate resistance ofkm is attached to the
20 xm away from the STI boundary at the source side and thettom substrate contact. For the thermal boundary conditions,
maximum variation in the distance of substrate contact from taghermal electrode is defined at the bottom of the substrate and
gate poly edge can be 0.68n due to increase in GSCS. Thisthe temperature of this thermal electrode is assumed to be the
0.65-um variation in the distance of substrate contact will havgame as the ambient temperature. It is important to note that we
a negligible impact on the effective substrate resistance valassume the simple thermal boundary conditions for the simula-
Therefore, the current gain and avalanche multiplication aretidns since the results of the thermal simulations are intended to
primary interest for studying the impact of variations of gate-tg@rovide only a relative comparison between different structures
contact spacing ofiit,. The lateral n-p-n operation depends offor a given thermal boundary condition. Furthermore, from the
a combination ofM, 3, and R, for a given power dissipa- thermal point of view, the size of the simulation structure should
tion. For a given ESD current, less avalanche multiplication ahé fixed, otherwise the thermal boundary conditions change.
higher current gain is preferable for higher ESD strength, sinthksing the dc current sweep simulation mode, high-current char-
strong avalanche multiplication results from high fields whichcteristics were reproduced for the structures with minimum
inturn, leads to locally higher temperatures. The variation of tlyate-to-contact spacings (GSCS/GDE€9$.1 um) and also for
avalanche multiplication for the test structures can be obserdedger GDCS £0.5 pm) or GSCS £0.5 pm). As shown in
by employing two-dimensional (2-D) device (MEDICI) simu-Fig. 9, the avalanche-generated curreljt{) and multiplica-
lation. It should be noted that in the test structures used in thisn factor (\/) are compared for the three cases. As the drain

Rsub ~
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the device with (a) minimum gate to contact spacing, GSCS/GBGS1 um
(b) and (b) increased gate to source contact spacing, GSQS um. As GSCS
increases, wider emitter and base junction is utilized for the current conduction

Fig. 10. To track the current gain of a lateral n-p-n transistor, the triggerirgnd this results in a drop in the current gain due to increase in base current for a
voltage §;1) and holding voltagel(;,) are measured for the 1.5-V and 3.3-Vgiven collector current.
NMOS transistors. The data clearly show that the current gain is reduced by (a)
increase in GSCS while it (b) remains nearly constant with GDCS.

for GSCS variations, th¥&;; /V}, values are nearly independent
. . . . of the GDCS variations. As described earlier, for the test struc-
currentincreases the generation current increases while the Ll]JIJéS size of the source/drain is increased as the GSCS/GDCS
tiplication factor decreases rapidly, regardiess of the gate- RG reélses Therefore, the effective area of the emitter (source)
contact spacing. Based on the simulation results, variations ??the Iate.ral n-p-n is‘enlarged with increase in the GSCS, and
the Igat(;—to-contact spacing appear to have no impact on ﬁﬁurn, the effective current path is also increased. As shown
ava;}am.: N procgssh inofthel | ._in Figs. 11 and 12, for a given collector current, with the in-
The increase in the current gain of the lateral n-p-n tranSISt((:)rreased effective size of the emitter, more base current (hole

can res_ult in an improvement &f, by conducting more current o rrent component) flows into the emitter for a given genera-
for a given ESD stress. In order to track the current gain of

lateral n-p-n transistor with the variation of GSCS and GDC%%n current (Fig. 11), which results in a slight decrease in the

. : . . urrent gain (Fig. 12).
the ratio of the triggering voltagd’,) and holding voltagel(,) Howe?/er o(lesgpite t)he decreased current gain with GSCS, im-

'timonr':oiﬁd f?:]va;r'ﬂuftfslt;truﬁttl:ris Ia‘:’ S’rh?\’\;n in Ft'g' 1ro’i'gg§1vement inlt, is observed with GSCS. Consequently, the
e current gain of a lateral n-p-n transistor (for a gate grou mcrease oflt, with the GSCS is not attributed to the lateral

L\;':?é)[sl)zin a self-biasing mode is proportional to the /Vi, n-p-n current gain. Thgse results suggest that the mechgnism
for improvement of/ ¢, with the gate-to-source contact spacing

variations is not dependent on the efficiency of lateral parasitic
“4) n-p-n transistor. In fact, the efficiency of the lateral n-p-n for

conducting ESD current seems to be degraded or unchanged
where BV o is the common-base breakdown voltage (witkvith increases in gate-to-source contact spacing. Therefore the
emitter open-circuited)BVego is the breakdown voltage for main cause of the improvementin, due to increase in GSCS
the common-emitter configuration (with base open-circuitedy still unclear. Hence, to gain better insight into the physical
andn is a constant. For a constant GDCS of both the low- afhavior, we next explored possible thermal effects involved in
high-voltage devices, the ratio ®f; andV}, decreases with in- the gate-to-source contact spacing by performing electrothermal
crease in GSCS. However, compared with the/V}, values simulations.

_BVepo _ Vu

1+ B = ~
(1+5) BVero Vi
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gate-to-contact spacings.

(©

Fig. 13. Current flowlines and temperature distribution contours at the drain
C. Thermal Effects current of 1 mA/m for the three different structures are shown. (a) GSES

o : . 0.1 umand GDCS= 0.1 m, (b) GSCS= 0.1 zm and GDCS= 0.5 um, and
Before investigating any thermal effects involved in they &Sce (5 m 0 1aam. ) oLam. on >y, an

mechanism oflt; improvement with gate-to-source contact
spacings, it is important to discern any possible role of the
uniformity of current distribution (arising solely due to increasa drain current{p) of 1 mA/um in the three different structures
in GSCS or the effective emitter area of the lateral n-p-are shown in Fig. 13. According to the simulation results, the
transistor) as the primary physical mechanism responsiliéeation of the maximum temperature in the device remains the
for the improvement. As shown in Fig. 6(b), the currerdame, despite differences in the maximum temperature value
distribution is nearly uniform for the 20m wide high-voltage itself. Due to the higher thermal resistance of STl structures and
transistors and increase in GDCS has no impacf#nsince reduced thermal conductivity of upper passivation layers, the
the current is already uniformly distributed. Using the santeeat generated in the device under the ESD stress is confined
argument, increase in GSCS should also have little impact and mostly dissipated through the substrate. Therefore, changes
the uniformity and on/t,. Nevertheless, thét, data for high inthe STI boundary associated with variations of GSCS/GDCS
voltage devices in Fig. 3 clearly show the impact of GSCS evérfluence the overall temperature distribution and the peak
though the current is already uniform (sinbé = 20um). temperature in the device as well. In Fig. 14, we show the effect
Hence, it can be concluded that the observed improvementobthe gate-to-contact spacings on the temperature distribution.
Ito with GSCS is not primarily due to any improved uniformityThe temperature for the device with longer GSC9.6 um)
of current distribution. The above arguments are particulariy significantly lower than that of the two other structures with
valid for the high-voltage (3.3 V) transistors. GDCS of 0.1 and 0.5:m. The augmented power dissipating
In order to investigate any increase in thermal capacity duelume for the larger GSCS results in a lower peak tempera-
to enlargement of power dissipating volume along with thteire for a given drain current. Thus for the device with larger
increase in GSCS/GDCS, the temperature distributions in t8&CS, a higher ESD failure threshold can be obtained due to
device have been compared using electrothermal simulatioasteduction in the peak temperature. Therefore, under ESD
Current flowlines and temperature distribution contours forconditions, the maximum temperature of the device for a given
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Fig. 16. Total failure threshold current?T:) for the two different test
structures having differentmoverlap lengths of S/D contact of Oudm and 0.4
pm (D_or andS_o1). The inset shows the schematic of the test structure.
GDCS/GSCS= 0.1 um.

The maximum temperature increases more rapidly with the
drain current as the power dissipating volume decreases for the
shorter gate-to-source contact spacing. Note that a significant
difference in the maximum temperature can be expected at
higher drain currents. To provide further support for the thermal
effect involved in the gate-to-contact spacing, the total failure

Fig. 14. Temperature distribution along thendy direction [as indicated in

Fig. 13(a)] at the drain current of 1 mpn for the three different structures: threshold currents/(l;) of the 1.5-V test devices having two
(a) vertical temperature distribution and (b) lateral temperature distribution. different power dissipating volumes (arising due to increased
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n* overlap length of S/D contacts) are shown in Fig. 16. It
clearly indicates the dependence Bf; on the size of the
power dissipating volume. For the device withor/D_or
of 0.1 um, the total failure currenfT; is less than 25 mA.
However, with increase in the power dissipating volume due
to the extension of_o1,/D_o1, significant improvement in
the failure current can be obtained. It should be noted that this
improvement ofl ¢, for low-voltage transistors is not attributed
to any improved uniformity of current distribution since the
gate-to-source/drain contact spacing is unchanged for both the
test structures in Fig. 16. The experimental result in Fig. 16
agrees with the predictions based on electrothermal simulations
(Figs. 13-15). Both sets of data suggest that thermal effect
is the root cause oft, improvement with increase in GSCS.
Therefore, it can be concluded that the observed improvement
of It, with GSCS for the low voltage transistors is also
primarily due to thermal effects.

Also, it should be noted from Fig. 5(b) and (c) that both GSCS
and GDCS have little impact oft; under substrate bias con-

Fig. 15. Simulated maximum temperature for the two different test structurdifion, which makes t_he current d'Smb_Ut'()n more uniform for
with injected drain current. The maximum temperature increases more rapitie low voltage transistors. As shown in [2], the current flow-

as the power dissipating volume decreases for the shorter gate-to-source conjiggls with substrate bias spread out more uniformly and deeper
spacing. GDCS= 0.1 zm. : ’

into the substrate compared with the flowlines without substrate
bias. Hence, Fig. 5 implies that the volume associated with cur-

drain current is higher due to reduction in the effective sourcent (or temperature) distribution is significantly increased by
size resulting from smaller GSCS. The simulated maximusubstrate bias and that this volume is substantially larger than
temperature with the drain current is also plotted in Fig. 15.the one arising due to increase in GSCS. This is reflected in the
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dramatic improvement dft, in Fig. 5(b) and (c), while showing
almost no sensitivity to GSCS and GDCS.

Finally, the overall physical mechanisms involved in the [1]
gate-to-contact spacing can be summarized. Although th32]
changes in ballast resistance cannot be observed directly,
increases in the gate-to-drain contact spacing are effective in
mitigating severe nonuniform ESD current conduction. The in- 3]
crease in the GDCS improvés, for devices with nonuniform
ESD current distributions, primarily the low-voltage (1.5 V)
transistors used in this work. Despite reduction in current gain
of the lateral n-p-n transistor, increases in GSCS lead to higheF ]
It primarily due to thermal effects arising from increase in the
power dissipation volume. This implies that, for salicided
deep submicron devices with STI is sensitive to the thermal
capacity of the structures; and that the lateral n-p-n model[6]
is not sufficient for describing the device behavior of these
devices under ESD conditions. Therefore, analysis of ESD
behavior of advanced devices should consider both thermal7]
effects and the nonuniform bipolar conduction. Based on this
study, it is recommended that the minimum gate-to-contactg
spacing should be avoided for the design of protection devices.
However, the minimum contact spacing can be used if suffi- 9
cient substrate bias can be supplied to the NMOS device unde[r]
ESD conditions, because the substrate-triggered lateral n-p-n
transistor is independent of the gate-to-contact spacings ?fO]
confirmed experimentally in this work. Furthermore, on-going
experimental work also show that the results obtained from the
single finger structure correlate very well with the results from[11]
multifinger structures provided the multifingers are uniformly
triggered.

(5]

(12]

IV. CONCLUSION

Improvement of ESD failure threshold with the gate-to-con-
tact spacing for fully silicided NMOS transistors have been in-
vestigated. The results provide new insight into ESD design
rules for deep submicron technology based on detailed experi-
mental and simulation results. It has been shown that the reduc-
tion in current localization and increase in the power dissipation
volume with increases in the gate-to-contact spacing are the pri-
mary factors influencing improvement of ESD performance. It
has also been established that substrate biasing can help elim-
inate the impact of the gate-to-contact spacing on the ESD ro-
bustness. Results from this work suggest that even for silicid™=
processes, the gate-to-contact spacing should be carefully el
neered to achieve efficient and robust ESD protection desigr
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