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Abstract—Short-time high joule heating causing thermal break- At = 200 ns

down of metal interconnects in ESD/EOS protection circuits 4 1200
and 1/O buffers has become a reliability concern. Such failures —_
occur frequently during testing for latchup robustness and during A R L == -1 1000 O
ESD/EOCS type events. In this letter, heating and failure of = =
passivated TiN/AICU/TIN integrated circuit interconnects in a g 3 Yerit g
quadruple level metallization system of a sub-0.5um CMOS ‘5 e 800 |21
technology has been characterized under high-current pulse con-  ~ | . _ .. ___...._ 7 G <
ditions. A model incorporating the heating of the layered metal .2 2 \ ‘ 600 =
system and the oxide surrounding it has been developed which f f
relates the maximum allowable current density to the pulse =1 Meit Threshold 400 5
width. The model is shown to be in excellent agreement with &8 B =
experimental results and is applied to generate design guidelines -2 1 —o— Metal 1| 3
for ESD/EOS and I/O buffer interconnects. & il\“ﬂg:glg 200 g

—o-Metal 4 =

0 ¢ 0
2 4 6 8

ERY large scale integration (VLSI) interconnects fre- ; )

quently suffer short-time high joule heating under elec- Current Density, J [x10° A/lcm’]
tr_OStatlc discharge (ESD> 1 A;< 200 ns e_v_ent) an(_j elec- Fig. 1. Maximum instantaneous resistance and temperature rise of the metal
trical overstress (EOS>> 1 us event) conditions which arelines stressed by a 200 ns pulse, plotted against the current dénidgntical
pervasive reliability hazards that affect IC devices of algmperature rise of metal 1, 2, and 3 is because the lines have identical thermal

. . . . . acity. Metal 4 shows higher joule heating due to its bigger thermal capacity.
categories [1] Protection circuits are generally deSIQned %ﬁz final open-circuit failure, the last data point on each curve, results when

minimize damage caused by these events. For improvifg stress due to molten metal expansion exceeds the fracture strength of
reliability, these circuits are usually tested by subjecting thefm 1 Gpa [12]) of nitride overlayer.

to typical discharge pulses to which the IC may be exposed, . . ole level (TIN/AICU(0.5%)/TiN) metallization sys-
during manufacturing or handling. Metal interconnections |{1e

. e . . in a state of the art sub-0.am CMOS technology
protection circuits are heavily stressed during these tests an . . ) . )

. was used in this study. The interlevel dielectrics were ap-
also during actual ESD/EOS type events. Interconnects are also

known to experience similar stress conditions during testif Joximately 1.m thick. The oxide/nitride passivation layer

for latchup robustness and also during the operation of certgﬂs ~ 2 pm thick. All the metal lines weres x 1000 ym

. . xL) standard NIST recommended structures. For metal
field programmable gate arrays .(FPGA s) that employ met “the AICu thickness was doubled. Initially the DC joule
to-metal voltage programmable links (VPL's) [2], [3] to mak%elating was measured for each level and, as expected, the

permanent connections in the wiring channels between IOgI?ﬁlgrmal impedance increased with increasing underlying oxide

elements. Aggressive scaling of IC devices have reduc S . .

. . . . . ickness. A standard transmission line pulsing technique [6]

the dimensions of interconnects. This has increased their )
- . Was then used to generate constant current pulses of varying

susceptibility to damage caused by these high-current pul

Widths (50-500 ns) and amplitudes. The voltage, and hence

[4]. Recently, thermally accelerated open circuit metal failuret\ﬁe resistance of the metal lines increased roughly linearl
have been reported during ESD testing [5]. The purpose of thi gnly y

work is to comprehend IC metal heating under single higf‘w’\fﬁh time during all the pulsing events in agreement with [7]

current pulse stress and to formulate a model that can be u\évehcfre heating under the charged device model (CDM, lans

to generate robust interconnect design guidelines, includiﬁvent) was analyzed. The input pulse energy was calculated

ESD/EOS and 1/O buffer. ugmg the equation

At

. . . . 1
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Fig. 2. The pulse energy versus resistance rise of the metal lines stressed by . . .
a 200 ns pulse. The thermal capadity, can be extracted from the relation, Fig- 3. Thickness of the heated oxide shedth around the metal lines
E = Cy,7(TCR)~". Difference in slopes between metal 1, 2, 3, and metdicreases with increasing pulse widfa\¢). The heat diffusion constant
4 is due to the bigger thermal capacity of metal 4. aq = 1.65 x 1075 cm/(ns}/?, was extracted from this graph, and the
corresponding thermal diffusivity of the oxide 48 1.0 x 10— cn?/s. This
vglug is .in rough‘agreement with those reported for deposited thin silicon
the maximum resistance (and temperature) rise above initigxide films at high temperatures [13]-{15].
room temperature valueAR .../ Ro = v, where AR, =
Ry — Ry), for each metal level has been plotted against the 18
current density, for a 200 ns pulse. It can be observed that
metal 1, 2, and 3, lines with equal dimensions have nearly
identical resistance (or temperature) rise unlike the DC case. 14

Also, for all the metal levelsy rises superlinearly with J, &

New Model

16 = = = Ref.[9]

N Data

12

the current density, and they all fail when goes beyond g 2 _ a1 "

a critical value(= ~.). Similar joule heating behavior was 3 10 Jori” = 0r(AY + 6(A) 7 + 05

observed for the other pulse widths. The valuesgf, were g 8

independent of the pulse width and the metal level. TheZ ' Jori = 04(At)" (Adiabatic)

crr
=21
-

thermal capacity is proportional to the inverse of the slopes N
of ~ versus energy curves. The thermal capacity of metal 1, 4 N
2, and 3 from Fig. 2 i45.09 x 10~ JPC. This is larger than -
the 8.25 x 1072 JPC calculated for the TiN/AICU/TiN stack.
The difference between the theoretically and experimentally o
determined values of the thermal capacity suggests that a 0 100 200 300 400 500
sheath of oxide around the metal was heated. This difference Pulse Width, At [ns]
between the thermal capacities has been used to calculate the
thickness of the oxide sheath. From heat diffusion theory [gf 4. The maximum allowable current density..i;) versus pulse width
. . . (Ar), showing the close agreement between the model and experimental

we expect the thickness of the oxide sheath to be proportio Qlfa. The model from [9] is also plotted for comparison. The constants are
to the square root of the pulse widtliAt)l/2. This is given by 61 = Aol(mici + mjc;)verin (TCR)™L + myLg] A2 - s/cmt,
confirmed by the linear dependence of the heated oxide she:?zthi kg[ékscm?at(ng)R‘Efg’V +Atgs)(?r%)‘/H2] Azéf s_‘/Qt{]cm;, af!lti
thickness(d.x) with (A¢)*/2, as shown in Fig. 3. v BT 5 )] wiln'p e the oSy andt as the

A physical model is now presented that incorporates altross-sectional area of AlCw, , ¢, andés are explained in the text and are
minum metal, barrier metal, and surrounding oxide heating.5 x 10%, ~ 5 x 10'", and~ 1 x 10'*, respectively, for these geometries.
The critical pulse energyE..i, for open circuit failure can
be expressed as and a4 is the heat diffusion constant extracted from Fig. 3.

Hence

Eorie = [mici +mjc; + mycr]yeis(TCR) ™ + miLg.  (2)

2 -1 —1/2
Here, m is mass, c is specific heat, TCR is the temperature Taie = 91(A)7 4 ¢2(A) 72 + 65 3)
coefficient of resistance, antty is the latent heat of fusion of where ¢; is a constant depending on interconnect geometry,
aluminum. Subscripts j, andk are for AICu, TiN, and oxide material constants, ang..;;. The constantg, and ¢3 have
sheath, respectively. The relation between maximum allowaldependence on oxide properties too, including a diffusion con-
current densityJ.,;; and the pulse width can be obtained bgtant that has been extracted from Fig. 3. For pulse wigth3
combining (1) and (2) and using an oxide sheath of volifye ns, near adiabatic condition is reached and the first term
around the metal lines whetg, = [4Ld2, +2L{W+d;}-d.x]. dominates. For pulse widths between 10 ns aius, both
Here,d, is the thickness of the metal stack, = (adAt)l/Q, the first and the second terms are significant. Theterm
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Again, a; anda, are constants that depend on the geometry
and material constants of the interconnect metal and the oxide.
Finally, the model developed in the form of (4) can be used
to determine the critical current for open circuit metal failure
in terms of the pulse width and the line width as shown in
Fig. 5. These curves provide design guidelines for ESD/EOS
protection circuit interconnects. For example, a typical Human
Body Model (HBM) ESD pulse, which can be described as a
~ 100 ns/1.3 A event [1] would require the width of the metal
line to be greater than- 2.5 yum. Similarly for an electrical
overstress (EOS) event ofiis the minimum line width should

be more thanv 7 um. Hence a safe design guideline for these

6
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4 200ns
<
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stress conditions would be 10 um.
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Fig. 5. The proposed model is used here to depict the relation betw
critical current/.;;, pulse widthAt¢, and line width W. From this figure,
various design guidelines can be generated for ESD/EOS and I/O buffer
interconnects.

[1]
which arises from the DC thermal conductance will become

significant for longer pulse widths>@ i:s). Furtherg, andgs 2]
will become increasingly important for narrower line widths.
The critical current density values obtained using this relatiofl
are in excellent agreement with the experimentally observiﬂ
values as shown in Fig. 4. This model can be used to provide
interconnect design guidelines for high-current robustness. The
adiabatic approximation of (3), i.eJ2,, = ¢1(At)~! is also
plotted. It is clear that heat dissipation into the surroundings]
oxide is significant under pulsed conditions of approximately
100 ns and hence thg, term must be included in the model. [7]
In Fig. 4, we also compare an earlier work [9] that proposed
a theoretical relationship/g. At = 10% A%s/cm?) and it is 8]
shown to be lower than the experimental values. The model
in [9] did not take into account any heat dissipation intol9]
the surrounding oxide nor the latent heat of fusion, and was
formulated using a critical temperature value of 3@Wbased [10]
on work [10] where unpassivated metal lines deposited on win-

dow grade quartz substrates were studied under pulsed strgss.

This is much lower than the 100@ which is extracted from
the present experimental work. Detailed thermal simulatiorﬂlsz]
of joule heating under a high-current pulse, by @tial. [11]

had also indicated that the model from [9] has limitations fdi3]
pulse widths bigger thar-2 ns. From (1) and (2), the critical
value of the current pulse can be expressed as

W(Wai + aaVi) \
Icrit == At .

[14]

(18]

(4)

SHtruments for his encouragement and support.

REFERENCES

C. Duvvury and A. Amerasekera, “ESD: A pervasive reliability concern
for IC technologies,Proc. IEEE vol. 81, no. 5, pp. 690-702, May 1993.
S. S. Cohen, J. I. Raffel, and P. W. Wyatt, “A novel double-metal
structure for voltage-programmable link$EEE Electron Device Lett.
vol. 13, pp. 488-490, Sept. 1992.

S. Chianget al,, “Antifuse structure comparison for field programmable
gate arrays,” inEDM Tech. Dig, 1992, pp. 611-614.

] A. Amerasekera and C. Duvvury, “The impact of technology scaling

on ESD robustness and protection circuit design,E@S/ESD Symp.
Proc., 1994, pp. 237-245.

] S. Ramaswamy, C. Duvvury, and S. Kang, “EOS/ESD reliability of deep

sub-micron NMOS protection devices?roc. IRPS 1995, pp. 284—-291.

T. J. Maloney and N. Khurana, “Transmission line pulsing techniques
for circuit modeling of ESD phenomena,” IEOS/ESD Symp. Prqc.
1985, pp. 49-54.

T. J. Maloney, “Integrated circuit metal in the charged device model:
Bootstrap heating, melt damage, and scaling lawsE@S/ESD Symp.
Proc, 1992, pp. 129-134.

H. S. Carslaw and J. C. Jaeg@onduction of Heat in Solids Oxford,
U.K.: Clarendon, 1960.

J. E. Murguia and J. B. Bernstein, “Short-time failure of metal inter-
connect caused by current pulsedlsEE Electron Device Lettvol. 14,

pp. 481-483, Oct. 1993.

K. Y. Kim and W. Sachse, “Dynamic fracture test of metal thin films
deposited on an insulating substrate by a high-current pulse method,”
Thin Solid Films vol. 205, pp. 176-181, 1991.

X. Gui, S. D. Dew, and M. J. Brett, “Thermal simulation of thin-
film interconnect failure caused by high-current pulsdEEE Trans.
Electron Devicesvol. 42, pp. 1386-1388, July 1995.

C. Li and J. Yamanis, “Super tough silicon nitride with R-curve
behavior,” inCeram. Eng. Sci. Proc1989, pp. 632-645.

H. A. Schafftet al, “Thermal conductivity measurements of thin-film
silicon dioxide,” inProc. Int. Conf. Microelectronic Test Structurédar.
1989, vol. 2, no. 1, pp. 121-125.

J. C. Lambropouloset al, “Thermal conductivity of dielectric thin
films,” J. Appl. Phys.vol. 66, no. 9, pp. 4230-4242, 1989.

A. J. Griffin, Jr., F. R. Brotzen, and P. J. Loos, “Effect of thickness
on the transverse thermal conductivity of thin dielectric filmk, Appl.
Phys, vol. 75, no. 8, pp. 3761-3764, 1994.



