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Abstract The high current and ESD effects on VLSI
interconnect metallization have been characterized and a
model for heating under ESD conditions is presented. It is
shown that thermal breakdown occurs when the
resistances increase by a factor of >3.6 due to melting of
metal lines. After the metal is molten, the thermal stress is
required to exceed the fracture strength of the
oxidelnitride layers in order for the overlying dielectric to
be cracked and an open circuit to take place. The critical
failure current is strongly influenced by the metal
thickness and thermal capacity. It is shown that for
current pulses below the failure threshold, the metal will
return to its original solid state with no change in DC
resistance, but it will have a lower electromigration
lifetime. This is a potential latent failure. The model is
applied to derive relations between critical current, line
width and pulse width for determining design guidelines
for ESD and YO buffer interconnects.

EXPERIMENTAL
Interconnect System

INTRODUCTION
Electrostatic discharge (ESD) is a high current (>1 A), short
duration (<200 ns) event which causes irreparable damage to
all categories of IC devices. Protection circuits are generally
designed to minimize ESD damage. For improving
reliability, ESD testing on these circuits is usually done by
exposing them to typical discharge pulses to which the IC
may be exposed during manufacturing or handling [I- 21.
Metal interconnections in protection circuits are
heavily stressed during ESD due to high joule heating. The
continuous drive to scale down IC devices for achieving
higher circuit density and faster speed have reduced the
dimensions of both the devices and the metal lines that form
the interconnection system between the devices and also to
the power lines in the chip [3]. This reduction in line
dimension can increase their susceptibility to ESD damage.
Recently, thermally accelerated open circuit metal failure
have been observed during ESD testing [4]. It is therefore
desirable to characterize heating and subsequent failure of
thin AlCu metal lines under ESD conditions to provide
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guidelines for designing protection circuit and I/O buffer
interconnects. This work reports a comprehensive study of
metal heating and failure under high current (ESD) stress. A
model incorporating the heating of the interconnect and the
surrounding oxide under high current pulse conditions is
presented. The critical resistance rise due to ESD pulse
discharge through the interconnects has been extracted from
experiment. A relationship has been derived using the
heating model and it has been shown to be useful for
interconnect design. Furthermore, a potential reliability
hazard in the form of “latent ESD damage” has been
identified. It can affect the electromigration (EM)
performance of these interconnects exposed to ESD pulses
during burn-in and final test, thereby reducing the reliability
of the integrated circuit.

A quadruple lwel metallization (QLM) wafer was
used in this study. The stacking sequence was Si/-1.4 pm
FieldOxide+Dielectric/Metall/Dielectric/Metal2/Dielectric/
Metal3/Dielectric/Metal4/-2 pm -0xidelNitride. Each metal
module were isolated, i.e., they were not stacked vertically
on top of each other. The interlevell dielectrics were around
1pm thick. Each metallization level was multilayered with
the stacking sequence TiN/AlCu/TiN excepting metal 4
where the AlCu thickness was doubled to 1.2 pn. Also,
metal 1 had an extra.layer of Ti under the TiN barrier. All the
metal lines were 1000 pm X 3 pm standard NIST
recommended structures.
Transmission Line Pulsing (TLP) System

ESD usually involves a complex voltage waveform
but the basic failure mechanisms and electrical response of a
metal line under ESD stress can be reproduced by using a
charged transmission line [5-61 that can generate high
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line cable. The voltage, and hence the resistance of the metal
lines, increased roughly linearly with time during all the
pulsing events even through the phase change to the liquid
state, when the metal melts. This result was in agreemenl
with [7] where heating under the Charged Device Model
(CDM, a <1 ns event) was analyzed. Figures (3-6) show the
maxi"
resistance rise factor above initial room
temperature value, AlZnxx/Ro(henceforth referred to as y), in
the various metallization levels due to stressing by current
pulses OF different widths (100 ns, 200 ns, 400 ns & 500 ns).
By taking the resistivity of the metal to be a linear function
of temperature, the corresponding maximum temperature rise
ATmx is also shown along the second y axis. The melting
point of 660 'C which corresponds to y of -2.3 is shown by
the dashled line in Fig. 3.

constant current pulses of varying widths (At) and heights (I).
The circuit used in this study is shown in Fig. 1.

Figure 1. The Transmission line Pulser circuit diagram.

Variation in the voltage used to charge the
transmission line was employed to generate current pulses
with different amplitudes. Also, four different cable lengths
were used for generating various pulse widths. The current
pulse (using a current probe) and the instantaneous voltage
developed across the device under test (DUT), in this case,
metal lines, were captured on a dual channel digitizing
oscilloscope.

RESULTS AND DISCUSSION
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Initially the DC joule heating was measured for the QLM
wafer under study and the results are shown in Fig. 2. As
expected the thermal impedances increased from 150"C/W
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Figure 3. Maximum resistance rise factor, ARmX/& = y, in metal
leads stressed by a 100 ns pulse.
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Figure 2. DC current induced self heating in the QLM wafer under
study.

from each metal level were then subjected to pulses
generated during the discharging of the charged transmission

The last data point on each curve corresponds to the highest
current value at which there was no open circuit failure.
From these figures we can see that metals at all levels with
similar dimension have nearly identical values of 'y.
Therefore the temperature rise of metal 1, 2 and 3 is
approximately same. The reason for such behavior stems
from the fact that the metal lines exist in a non equilibrium
state during the pulsing event since the pulse widths used in
this studly were much smaller than the time to attain thermal
steady state which is typically a few thermal time constants.
The thermal time constants of the metal lines used in this
study were around 0.8 ps. These thermal time constants were
experimentally measured using a Wheatstone's bridge
arrangement as described in reference [XI. The nature of
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these curves can be understood from the physics of the joule
heating of multi level metal lines in IC metallization. The
resistance rise factor due to joule heating can be represented
by the relationship,

In all cases &e y rises superlinearly with 9, the cunent
density in the metal line. Also, all the metal lines fail when y
goes beyond 3.6. This value of y is therefore identified as the
,
beyond which all the
critical resistance rise, y ~ t shortly
metal lines fail, thereby creating open circuits.

Where, P is the power input in the line, 0, is the thermal
impedance of the line and TCR is the temperature coefficient
of resistance. Also,

P=J ~ ~ L A

1200
1000

(2)

Where, J is the current density in the line, p is the resistivity
of the metal line, L is the length of the line and A is the cross
sectional area of the line.
From equation 1 and 2 it can be seen that metal 1, 2
and 3 should have identical values of y. This is due to their
similar dimensions and due to the fact that the thermal
impedance is almost independent of the underlying oxide
thickness because of the non steady state of the lines during
the pulsing events. Metal 4 however, has nearly twice the
cross sectional area and hence the power input is nearly
double that of the other metal lines, resulting in a higher
value of y. The results shown in Figs. (3-6) therefore agree
with theory. Thus the thickness of the underlying oxide has
almost no impact on the value of y provided the thickness of
the line remains constant and the pulse width is shorter than a
few thermal time constants such that steady state is not
reached.
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Figure 5. Maximum resistance rise factor,
leads stressed by a 400 ns pulse.
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Figure 4.Maximum resistance rise factor, ARnux/Ro= y, in metal
leads stressed by a 200 ns pulse.
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Figure 6. Maximum resistance rise factor,
leads stressed by a 500 us pulse.

AR,,$R~

= y, in metal

width using a high magnification optical microscope. These
pulses however did not break the oxidehitride layers and
hence there was no open circuit failure. Also, the
electromigration (EM) lifetime was strongly affected by such
pulses indicating that there was melting. This effect is
described in the last section of this paper. The final failure of
the lines were always accompanied by craclung of the
protective oxidehitride layers. The fracture strength of
silicon nitride is around 1 GPa [lo]. Hence, the faifure caused
by the thermal mismatch between the metal and the
surrounding dielectric would necessitate a temperature rise
well past the melting temperature of 660 OC [ll-121. At
around the failing temperature the thermal stress generated
by the mismatch exceeds the fracture strength of the
oxidehitride layers. Therefore all the lines fail when the
temperature rises beyond that critical value. At that point the
oxide cracks at multiple locations. The optical micrograph of
metal 1 and 2 lines blown at multiple spots is shown in Fig.
9. Similar type of multiple failure is observed for metal lines
at all different levels. Further, there are no preferential site of
failure as expected. Figure 10 shows a magnified view of a
failure spot on metal 1 showing the cracking of the overlying
layers of oxide.

At = pulse width in ns,

RC= initial resistance of the unstressed line and
Rf = maximum resistance of line reached during the pulsing
event.

Figure 10. A magnified view of a failure spot on metal 1 showing
overlying oxide cracking.

In Fig. 11 the input pulse energy has been plotted against
ARmx/RO for a 200 ns pulse for each metal level. It can be
seen that the maximum value of ARmax/RO
which is yait, is
approximately same for all levels of metal, Similar results
were observed for the 100, 400 & 500 ns pulses. To
strengthen this point we have shown a similar result in Fig.
12 for a 500 ns pulse.
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Figure 9. Optical micrograph of metal 1 (bottom) and metal 2 (top)
lines blown by ESD pulse showing multiple failure spots.

B

2.5

az

2

'Ix

d 1.5

Interconnect Heating Model
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The minimum energy required to melt the given volume of
AlCu line (metal 1, 2 & 3) was calculated to be around 8 pJ
including the latent heat of fusion. The input pulse energy
was calculated using the equation
At
1 2.At.[R0 + R f ]
E = jI.Vdt --I
(31
2
0
Here,
I = current through the metal line,
V = voltage developed across the line,
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Figure 11. Maximum resistance rise factor, ARmX/& = I,' as a
function of pulse energy for a 200 ns pulse.
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The corresponding temperature value using the linear model
for resistivity rise with temperature would be 1000 'C.
Further, the resistances of all the structures were measured
after each pulsing event with a low current pulse. The value
of the measuring current was typically 10 mA so that there
was no joule heating. The resistance values were always the
same as the initial resistance of the metal lines. By doing this
we could ensure that the observed rise in resistance is only
due to heating of the metal and not due to any form of
damage such as cracking or voiding of the lines. From this
observation it could be concluded that for current pulses for
which the resistance rise is just below the threshold value, the
metal does indeed heat up and even melt, but returns to its
original solid state with no redistribution of the metal. Some
lines were also subjected to a single pulse so that the critical
current value was just exceeded. These lines failed instantly,
indicating that in our experiments there were no cumulative
effects due to pulsing with increasing current until failure.
The DC resistance measured using a Kelvin
arrangement before and after pulsing showed little change in
the value of the resistance. This was done on two groups of
metal lines stressed by high current pulses of two different
widths such that the resistance rise was somewhat below the
threshold value. However this has a significant impact on the
microstructure of the metal lines and hence on the
electromigration lifetime of these lines. The effect has been
discussed in more detail in the last section of this paper.

decreases with increasing pulse width. This is better
illustrated in Fig. 8 for metal 1. Similar behavior was
observed for other metal levels. From Fig. 7 it can be seen
that the heating of the metal 1 lines caused by different pulse
widths raises the resistance by a factor of >3.6. This was
experimentally observed for almost all the cases irrespective
of the metallization level and the pulse width. However, it
was usually difficult to cause open circuit failure of metal 4
with the 100 ns pulses, since the thicker metd required a
current that was greater than the compliance limit of -2 A of
the TLP system. This can be observed from Fig. 3. Also, the
last points representing resistance rise factor for metal 1, 2
and 3 in Fig. 3 seem to be below 3.6, since these points
represent the current density value up to which there was no
open circuit failure. The final pulse causing the failure does
indeed raise the resistance by a factor of >3.6.
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Figure 7. Maximum resistance rise in metal 1 leads stressed by
pulses of varying widths.

Figure 7 shows the effect of pulse width on the maximum
resistance rise in metal 1. The critical current density J,it
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Figure 8. The decrease in critical current density Jcrit with pulse
width for metal 1.

Thermally Accelerated Metal Breakdown Mechanism
As observed the ESD pulses can heat up the metal lines
beyond their melting points giving a y of >3.6. In fact, the
linear model of resistivity rise with temperature gives a
maximum temperature rise value of 1000 'C. This critical
rise in temperature value agrees with previous results in the
literature [5].However, the linear behavior of the resistivity
of the metal with temperature is valid only up to the melting
point [9]. Thus it is difficult to predict the exact temperature
at which the lines fail. There is however ample evidence that
the lines were melted before failing. In fact when using near
critical current pulses melting could be observed in situ in
some metal 4 lines. This was observed regardless of the pulse
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Difference in slopes between metal 1, 2, 3, and metal 4 is
due to the bigger thermal capacity of metal 4. Note that the
slope of metal 4 is not exactly half that of the lower metals
since the net thickness of metal 4 is less than twice that of the
lower metals (only the AlCu layer is doubled). The thermal
capacity is proportional to the inverse of the slopes of
AR-Ro vs energy curves. The thermal capacity of metal 1,
2 and 3 from Fig. 11 is 15.46 X
J/OC. This is larger than
the 8.25 X
J/’C calculated for the AICu/TiN stack. The
difference between the theoretically and experimentally
determined values of the thermal capacity suggests that a
finite sheath of oxide around the metal was heated.

thermal diffusivity of the surrounding oxide was calculated to
be 1.5 X lo” cm2/s. Here the metal line was considered as a
line source of heat and the solution to the differential
equation for heat conduction for such a case was used as
explained in [14]. This value is close to the theoretically
cm2/s for silicon
calculated diffusivity value of 6 X
dioxide [151.
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From diffusion theory [13] we expect the thickness of the
oxide sheath to be proportional to (At)”’. This is supported
by the fact that in Fig. 12, for a 500 ns pulse, the heat
capacity = 18.6 X
J/OC for metal 1, 2 and 3 which is
larger than the heat capacity of the 200 ns case. Figure 13
illustrates this effect of increasing thermal capacity with
pulse width for metal 1. This difference between the thermal
capacities has been used to calculate the thickness of the
oxide sheath.
A uniform film of oxide of thickness do, around the
metal was assumed to have been heated up during the pulsing
events. The effect of the surrounding oxide is invoked now
since its thickness is much smaller than the total dielectric
thickness around the metal lines. Figure 14 is a plot of oxide
sheath thickness vs (At)’”. The heat diffusion constant was
extracted from this graph and has a value of 1.75 X
cm/(ns)’”. From this value of the diffusion constant the

Thermal Diffusivity of Oxide:
Theory: 6.0 X lo3cm2/s
This Graph: 1.5 X
cm%
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Figure 14. Oxide sheath thickness around metal lines as a function
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Design Guidelinesfor ESD Protection Circuits

As mentioned earlier, it is highly desirable to have a model
that can be used for generating design guidelines for
ESDEOS protection circuit interconnects. These guidelines
are important for the optimum design of metal interconnects
so that they can carry high currents without causing open
circuit failures during an ESD type event. A model is
presented here that incorporates metal, barrier and oxide
heating. The physics of the model is explained below. The
critical energy Emit,is a function of At and line geometry.

Figure 15 is a plot of E&t vs pulse width showing the
correlation between the experimental values and the model.
The critical energy increases with the pulse width as
expected.

Metal 1,2 & 3
18

Here, m is mass, C is specific heat, TCR is the temperature
coefficient of resistance and Lf is the latent heat of fusion.
Also, subscripts i, j and k are for AlCu, TIN and Oxide
respectively. From equation (3), the critical value of the
pulse energy can be expressed as,
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Figure 15. The critical energy of the pulse as a function of the pulse
width as observed in experiment and extracted from the
model.

From Equations (4) and (5) we get,

8E+7

Where,
= 2[ { (6iLidiCi) + (GjLjdjCj)}(TCR)-'ycfit + (GiLidiLf)],

1

Metal 1,2 & 3

Y

a1 = 2[ck 6 k (TcR)-'?~,it]and
a2 = pi [2 + ycritl
Le = length of metal line across which the voltage develops,
taken as 1200 pm in this work.
L = thermal length of the metal lines, taken as 1180 p in
this work.
W = line width,
d = film thickness,
6 = density of the material,
pi = resistivity of AlCu,
pox= [4{W + d, + L}. do: + 2{LW + Ld, +Wd,}. do,] is the
volume of the oxide sheath around the metal lines.
&= thickness of TiN+AlCu stack and
do, = ad . (At)'" where ad is the heat diffusion constant
extracted from Fig. 14.
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Figure 16. A plot of J d t vs (At)-'I4 depicting the correlation
between the data and the model as predicted by equation (6).

Figure 16 shows the variation of the critical current density
with (At)-'/4. Once again, the critical current density values

obtained using the model are in excellent agreement with the
experimentally observed values.

This “latent ESD damage” is introduced by pulses that heat
the metal lines past their highest equilibrium solid solution
temperature. The adiabatically enclosed metal lines offer no
visible clue of any damage. Furthermore, no change in line
resistance can be observed, even with a Kelvin measurement
after the pulse stressing. However, the heating during the
ESD event is followed by quenching, since the thermal time
5
constant is usually of the order of 1 ps. This rapid cooling
.5
from a molten or partially molten state after pulsing results in
4
the formation of a large number of small grains throughout
3-5
the line or in localized segments. This happens due to
3
heterogeneous nucleation which introduces a high nucleation
rate [17]. If the line is fully melted, then there is an uniform
2.5
distribution of small grains throughout the entire length of
2
the line. This results in the formation of a large number of
1.5
grain boundanes throughout the line which aids the diffusion
1
of metal atoms under an applied electric field. In the case of
localized melting, segments of smaller grain sizes are created
0.5
in the line. These introduce a gradient in the microstructure
0
and the effect of electromigration under such a gradient
0 1 2 3 4 5 6 7 8 910
becomes more severe [18]. This was verified by comparing
Line Width [pm]
electromigration lifetimes of pulsed and virgin AlCu metal 1
lines.
Figure 17. Relation between critical current, pulse width and line
Accelerated wafer level EM tests were performed on
width that can be used for designing ESD protection circuit
virgin
metal
lines and then on two groups of pulsed lines.
interconnects.
One group of lines were stressed by a 500 ns/750 mA ESD
pulse that gave a value of y = 3.5, which was just below ymt.
Finally the analytical model developed in the form of
The other group was stressed by a 100 ns/1.34 A pulse that
equation (6) relating the critical current or maximum
gave a y of about 2.8. All the lines from both these groups
allowable current without causing open circuit metal failure,
the pulse width and the line width is shown in Fig. 17. While
showed no visible damage or any significant change in
using equation (6) the specific heats of AlCu, TiN and oxide
resistance after the pulsing. However the EM lifetime data
were taken to be independent of temperature due to their
revealed that the pulsed lines from the first group had
small increase in value with temperature [16]. A mean value
lifetimes reduced by a factor of 3. The EM lifetime
was therefore used in all the calculations. The critical current
degradation was even more for the second group of pulsed
values for various pulse widths and a 3 pm wide line agree
lines and the MTTF (mean time to fail) was reduced by a
factor of 4. This can be attributed to localized melting caused
very well with the critical current values obtained in our
by the 100 nd1.34 A pulses since the value of y was well
experiment.
This figure can be used to extract various design
below the threshold value. The 500 ns/750 mA pulses heated
guidelines for ESD/EOS protection circuit interconnects. For
the lines more strongly as indicated by the larger y value.
example, a typical Human Body Model (HBD) ESD pulse,
This was due to the uniform melting of the entire volume of
which can be described as a -100 d 1 . 3 A event [1,2] would
the line which resulted in a more uniform grain size
require the width of the metal line to be greater than 2.5 p. distribution. This accounts for the lower EM lifetime
Similarly for an electrical overstress (EOS) event of 1 ps the
degradation factor since there are no microstructural
gradients. This EM lifetime degradation effect on the
minimum linewidth should be more than 6.5 pm. Hence a
reliability is significant and needs careful consideration.
safe design guideline for these stress conditions would be -10
Iwn.
Latent ESD Damage: Effect on Microstructure and
Electromigration Performance

CONCLUSION

A potential reliability hazard has been identified that

significantly degrades interconnect lifetime due to enhanced
electromfgration in lines subjected to ESD stress conditions.

We have characterized the effect of high current and ESD
pulses on metal interconnects in a multi level VLSI
metallization system. A model for interconnect heating under
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ESD conditions has been presented. It has been shown that
thermal breakdown of metal lines occur when the resistance
rises past the factor of 3.6. At that point open circuit failure
of metal lines is observed. Failure is caused by thermal stress
generated due to the difference in the coefficient of thermal
expansion of AlCu and the surrounding dielectric. A
corresponding critical temperature value of 1000 OC is
obtained by taking the metal resistivity to be a linear function
of temperature. In reality, the resistivity is a complex
function of temperature in the high temperature regime of
>660 OC, and hence accurate calculation of the critical
temperature is difficult. The critical failure current has been
shown to be strongly influenced by the pulse width and the
thermal capacity of the metal lines. A potential latent failure
has been identified that needs careful consideration. It has
been shown that for subthreshold current pulses the metal
lines return to their original solid state without any
significant change in their DC resistance. This “latent ESD
damage” has been shown to significantly lower the
electromigration lifetime of interconnects. The EM lifetime
degradation results due to the formation of a large number of
small grains which can be either uniformly distributed
throughout the line or localized in segments, depending on
the value of the resistance rise factor. The large number of
small grains form due to heterogeneous nucleation that
occurs during the solidification of the molten metal lines
after an ESD type event. The model developed for the
heating of interconnects has been applied to provide design
guidelines for ESD and I/O buffer interconnects.
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