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Abstract

Dielectric passivation effects on the EM(electromigration) have been a great interest with recent ULSI and multilevel
structure trends in thin film interconnections of a microelectronic device. Si0;, PSG(phosphosilicate glass), and SisNa
passivation materials effects on the EM resistance were investigated by utilizing widely used Al-1%Si thin film interconnec-
tions. A standard photolithography process was applied for the fabrication of 0.7 wm thick, 3 ym wide, and 200/m~
1600 ¢m long Al-1%Si EM test patterns. SiOz, PSG, and SisNy dielectric passivation with the thickness of 300 nm were
singly deposited onto the Al-1%Si thin film interconnections by using an APCVD(atmospheric pressure chemical vapor
deposition) and a PECVD(plasma enhanced chemical vapor deposition) in order to investigate the passivation materials
effects on the EM characteristics. EM tests were performed at the direct current densities of 3.2 X 10°~4.5 % 10° Ajcrt
and at the temperatures of 180 C, 210 C, 240 C, and 270 C for measuring the activation energies(Q) and for
accelerated test conditions. Activation energies were calculated from the measured MTF(mean-time-to-failure) values. The
calculated activation energies for the electromigration were 0.44 €V, 0.45 eV, and 0.50 eV, and 0.66 eV for the case of
nonpassivated-, Si3N4 passivated-, PSG passivated-, and SiO, passivated Al-1%Si thin film interconnections, respectively.
Thus SiO, passivation showed the best characteristics on the EM resistance followed by the order of PSG, SisNs, and
nonpassivation. It is believed that the passivation sequences as well as the passivation materials also influence on the

EM characteristics in multilevel passivation structures.

1. Introduction

The minimum feature size of large-scale integrated
circuits continues to scale down to a quarter micron
and below [1]. Dielectric passivation effects on the EM
characteristics are of a special interest with continuing
integration and multilevel structure trends in thin film
interconnections of a microelectronic device. EM induced
failures appear to be one of the critical problems with
current and forthcoming ULSI interconnections because
of the high current densities resulting from the narrow

line width [2-4]. The EM induced mass transport, which
results in the failures by the formation of voids and
hillocks in a circuit, is caused by so called “electron
wind” force at high current densities stressed in thin
film interconnections. Dielectric passivations have been
reported to reduce the EM induced mass transport specially
in Al alloy interconnections [5-6]. The general agreement
of the results on the passivation effects is that the MTF
is proportional to the passivation thickness [5,6]. In this
paper, the dielectric passivation materials effects on
the EM characteristics were investigated using SiO»,
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PSG, SizN,, their sandwiches, etc.

Ill. Experiment

EM test patterns were fabricated by using a standard
photolithography and an electron beam lithography process.
700 nm thick Al-1%Si thin films were sputter-deposited
onto 500 nm thermally oxidized SiO; on p-Si(100). The
line widths and the line lengths of Al-1%Si thin films
were 3~4 ym and 400~800 um, respectively. For the
photolithography, UV exposure was done at 300 ml/cn
after photoresist coating. For the electron beam lithography,
electron exposure was done at 30 ux Cfen' after SAL
601-ER7 coating. RIE(reactive ion etching, CL+BCls)
was used for Al-1%Si(700 nm) etching. SiO; and PSG
passivations on top of Al-1%Si was formed by using an
APCVD. SisN; passivations were formed by using a
PECVD. The single passivation thicknesses were 200
~300 nm. The current densities stressed were 3.15X 10°
~4.5x10° Afcr. The temperatures used for the EM
tests were 180 C, 210 C, 240 C, 270 T, etc. at a
hot plate. Fig. 1 shows EM test patterns. Straight lines
and 12X36 un’ rectangular shaped wide and narrow
link lines were used. The TTFE(time-to-failure) values
were taken at the current stressing time with the 100%
resistance change ratio, that is, electrically open state.
And the MTF values and standard deviation ¢ were
calculated from the TTF values. Activation energies
were calculated by Black equation, MTF=A j" exp
(QKT) [7-8].
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Fig. 1 Electromigration test patterns

. Results and discussion

Fig. 2 shows the TTF versus cumulative failure percent
of nonpassivated-, SiO, passivated-, PSG passivated-,
and SisN, passivated 400 ym long Al-1%Si thin film
interconnections at a current density of 4.5 X 10° Aerr.
At temperatures of 180 C, 210 C, and 240 C, the
MTFs of nonpassivation were decreased 60 s( ¢ =0.42),
26 s( ¢ =045), 16 s( ¢=0.54), the MIFs of SiO, passivation
were decreased 1753 s( ¢ =0.29), 902 s( g =1.16), 241 s
(6 =0.78), the MTFs of PSG passivation were decreased
497 s( ¢ =1.04), 286 s( ¢ =0.53), 111 s( ¢ =0.63), and
the MTFs of SisNg passivation were also decreased
337 s( 6 =040), 170 s( g =0.73), 86 s( o =0.33), respectively.
The SiO, passivated Al-1%Si thin film interconnections
showed the longest MTF value, that is, the best charac-
teristics on electromigration followed by the order of
PSG, SisNy, and nonpassivation. The increase of the
MIF by SiO; passivation in Al alloy interconnections has
been reported in the literature [5-6]. For all of passivations,
the MTFs decreased as the temperature increased as
commonly predicted [9]. In comparision with nonpassivated
films, passivated thin films showed the increased MTF
values, that is, the decreased EM induced mass transport
due to the dielectric passivation effects at the interface
between the dielectric overlayer and the Al-1%Si inter-
connection.

Fig. 3 also shows the TTF versus cumulative failure
percent of 800 ym long Al-1%Si interconnections stressed
at a current density of 4.5% 10° Afcri. At temperatures
of 180 C, 210 C, and 240 TC, the MTFs of non-
passivation were again decreased 49 s( g =0.35), 32 s
(0 =0.53), 15 s( ¢ =0.32), the MTFs of SiO, passivation
were decreased 1058 s( ¢ =0.52), 550 s( ¢ =0.55), 205 s
(6 =1.04), the MTIFs of PSG passivation were decreased
351 s( ¢ =0.72), 197 s( o =0.94), 110 s(¢ =0.73), and
the MTFs of SizNs passivation were also decreased
296 s( ¢ =0.70), 124 s( o =091), 83 s( ¢ =0.77), respectively.
The same passivation material effects on the MTF are
also observed in case of 800 um long Al-1%Si inter-
connections as described. As in 400 ym long Al-1%Si
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Fig. 2 TTF vs. cumulative failure percent(%) of Al-1%Si interconnections with various passivation materials
(400 um length, j=4.5X 10° Afem). (a) nonpassivation, (b) SiOz, (¢) PSG, (d) SisNa.

interconnections, SiO, passivaion showed the best EM
resistance characteristics followed by the order of PSG,
SisNs, and nonpassivation. In this experiment, all passivation
materials with same thickness were fabricated. It is thus
believed that passivation materials influence to the EM
characteristics in thin film interconnections. On the
other hand, all the MTFs of 400 ym long Al-1%Si
interconnections showed longer lifetime than those of
800 /m long Al-1%Si interconnections for all passivation
materials. It demonstrates the line length dependence

of lifetime in interconnections of a microelectronic device.
The MTFs initially decrease with increase of the line
length and then reach a saturation above a critical length.
The decrease of the MTF at a long line is considered
to be due to the greater probability of encountering
severe defects in an interconnection [10]. Similar line
length dependence on the lifetime is seen in Fig. 4(a)
and 4(b), which show MTF values of nonpassivated
Al-1%Si interconnections with various line lengths
measured at 60 C and 100 C, respectively. The critical
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ig. 3 TTF vs. cumulative failure percent(%) of Al-1%Si interconnections with various passivation materials

(800 «m length, j=4.5X 10° Afer). (a) nonpassivation, (b) SiOz, (c) PSG, (d) SiaNs

length seems to decrease as the temperature increases.

Fig. 5(a) and 5(b) show the typical resistance change
ratio(%) versus direct current stressing time of nompassivated-
and SiO, passivated Al-1%Si thin film interconnections
with 400 gm length, respectively. In this study, the TTF
values were determined at the current stressing time at
100% resistance change ratio, that is, electrically open
state. The SiO; passivated Al-1%Si interconnections shows
longer TTF value than the nonpassivated interconnection.

Similar resistance changes were also observed in PSG

passivated- and SisNs passivated Al-1%Si interconnections.

Activation energies for electromigration in Fig. 6
were calculated by taking Arthenius plot of Black equation
[7] from the measured MTF values and temperatures.
The calculated activation energies were 0.4 eV, 0.66 eV,
0.50 eV, and 0.45 eV for the case of nonpassivation,
SiO, passivation, PSG passivation, and SisNs passivation,
respectively. The passivation on Al-1%Si interconnections
results in the decrease of the EM induced mass transport

at the interface between passivation overlayers and the
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Fig. 6 Activation energies(Q} of nonpassivated-, SiOz
passivated-, PSG passivated-, and SisNs pas-
sivated Al-1%Si interconnections (400 «m length).

Al-1%Si films. The passivation effects are believed to
depend on the passivation materials as well as passivation
thickness [10].

The passivation dependence on the EM characteristics

is also observed in multilevel passivations in Al-1%Si
interconnections. Fig. 7 shows the TTF versus cumulative
failure percent in SisN4/SiOxfAl-1%Si/SiOxfp-Si(100),
Si0/SisN4/Si0/Al-1%Si/Si0,fp-Si(100), and SiO,/PSG/
Si0,/Al-1%Si/SiOy/p-Si(100) structures. Electron beam
lithography was utilized for the patterning 4 pm wide,
1000 ym long, 700 nm thick straight lines and 12X36 o
rectangular shaped wide and narrow link lines as shown
in Fig. 1. EM tests were performed at the temperature
of 270 “C and at the current density of 3.15X 10° Afcrt.
Fig. 7(a) and 7(b) show the TTF values versus cumulative
failure percent for the straight lines and the 12X36 sm’
rectangular shaped interconnections, respectively. The
MTFs of straight lines for SiOy/SisNs, SiOy/SisNg/SiO,,
and SiOy/PSG/SiO; are 17.8 min.( ¢ =0.39), 45.2 min.
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(0=1.23), and 76.7 min.( o =0.39), respectively. The MIFs
of the 12X36 um’ rectangular shaped interconnections
for SiOyfSizNs, Si0,/SizNy/SiOz, and SiOy/PSG/SiO; are
18.2 min.( ¢ =0.30), 29.2 min.( ¢ =1.24), and 46.0 min.
(¢ =1.27), respectively. The shorter MTF values in 12X
36 ymi rectangular patterns than straight lines are believed
to be caused by the larger area change. The larger area
change in 12X36 i rectangular shaped interconnections
causes larger EM induced mass transport gradient, which

99.9
® Si0,/SiN,

[se] = Si0,/Si.N,/SiO,
— A Si0,/PSG/SIO,
£
qo‘i 90L .
= [ ]
ok -
8
= sof ° 4
&
5 30F s
.g [ A
= 10t
g
]

1 -
a
0.1 . L
1 10 10° 10°

Time-to Failure[min.]

results in easier formation of voids and hillocks at the
depletion and accumulation region, respectively. In any
cases, the SiOy/PSG/SiO; passivation on Al-1%Si inter-
connections showed the best passivation effects on the
EM resistance in this study. For all multilevel passivation
structures used, the first passivation layers on Al-1%Si
thin films were SiO,. It is thus believed that the passivation
sequences as well as the passivation materials also seem
to influence on the EM characteristics in multilevel
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Fig. 7 TTF vs. cumulative failure percent(%) of SiOx/SisNs, SiO2/SiaN4/SIOz, and SIO/PSG/SIOz passivated Al-
19%Si interconnections(1000 #m length, j=3.15X% 10° Afer, T=270 ‘C). (a) straight lines, (b) 12X 36 um®
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Fig. 8 Resistance change ratio(%) vs. current stressing time of SiOo/SiaNs, SiO2/SisN4/SiOz, and SIC./PSG/SIO;
passivated Al-1%Si interconnections (1000 #m length, j=3.15x 10° Afem| T=270°C). (a) straight lines, (b)

12X 36 um® rectangular shaped interconnections
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passivation structures. Good EM resistance characteristics
of SiO,/PSG passivation on Al-1%Si interconnections
have been reported to be caused by the stress relaxation
effects of the PSG layer on SiO; and the increased
resistance effects to the moisture, etc. [11].

The typical resistance change ratio(%) versus current
stressing time for variously passivated Al-1%Si inter-
connections for the straight line and for the 12X36 g’
rectangular patterns is shown in Fig. 8(a) and 8(b),
respectively. As mentioned ecarlier, the TTF values
were determined at 100% resistance change ratio, that
is, electrically open state. The long TTFs in SiO,/PSG/
SiO, passivated Al-1%Si interconnections can be seen
in both the straight lines and the rectangular patterns.
Electromigration induced failures of cracks(voids) and
surface extrusions(hillocks) are shown in Fig. 9(a) and
9(b), respectively.

V. Conclusion

The experimental data presented in the preceeding
sections lead to the following conclusions: (1) The
calculated activation energies for electromigration were
044 ¢V, 045 eV, 050 eV, and 0.66 eV for the
nonpassivated-, SizN4 passivated-, PSG passivated-, and
SiO, passivated Al-1%Si interconnections, respectively.
(2) Thus passivation materials influence on the EM
characteristics. Al-1%Si interconnections with the SiO,
passivation show the best EM resistance characteristics
in comparision with nonpassivation, PSG passivation,
and Si3N4 passivation. (3) Passivation sequences as well
as the passivation materials also seem to influence on the
EM characteristics in multilevel passivation structures.
(4) The interconnection line length dependence on the
MTF shows a saturation tendency above the critical
length which seems to decrease as the temperature increases.
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