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Abstract We have evaluated the electrical characteris-
tics of silicon-nodule-related via failures in the alumi-
num interconnects of silicon integrated circuits. Current-
voltage measurements indicated that the conduction
mechanism follows Ohm’s law. The resistance was 1.5—
3 kQ for a silicon nodule at a via of 1.0 pm X 1.0 pm.
When the applied voltage was 3—6 V, the resistance de-
creased abruptly. This transition (abrupt decrease in
resistance) was irreversible. We think that the resistance
of 1.5-3 kQ and the transition voltage of 3—6 V are two
factors characterizing the silicon nodule. We can explain
these values by assuming that aluminum in the silicon
nodules at a solubility limit concentration acts as an
acceptor.
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Introduction

Via-hole contact failures in metal interconnects are
one of the most important problems affecting pro-
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duction yields and the reliability of silicon (Si) inte-
grated circuits (ICs). The major causes of via failures
in the 1980s, when Si-containing aluminum [AI(Si)]
interconnects were used, were insufficient cleaning of
vias [1] or the presence of Si nodules [2-4] at the vias.
In the 1990s, when AI(Cu) interconnects [5, 6], tung-
sten vias [7, 8], and barrier metal layers [9, 10] were
used, failures occurred because of TiN/TiSi, interface
reaction [9], via delamination [11], or void formation
[8, 12].

Recently, a proposed Al(Si) plug structure [13] for via
holes with a diameter of 0.1-0.18 um and with aspect
ratio of 7-10 has attracted much attention for possible
use in future sub-quarter-micron ICs. In addition, Al(Si)
is widely used for metal interconnects in poly-Si thin-
film transistors (TFTs) [14-16] and the peripheral cir-
cuits of liquid-crystal displays (LCDs) [16], which are
increasingly used in various multimedia products. This is
because it is suitable for wet etching, which makes
defining interconnects easy. It is also used for metal
interconnects in ball semiconductors [17], which are at-
tracting a lot of interest. Furthermore, Al(Si) is still used
as a control [18] when various interconnect materials are
compared. For these reasons, Si nodules remain an im-
portant problem affecting via failures of Al(Si) inter-
connects.

The size of a Si nodule, the generation probability
of Si-nodule-related via failures, and the dependence
of failures on nodule development have been investi-
gated by several researchers [2-4]. It has also been
reported that the maximum size of a Si nodule is 0.9—
1.2 um; however, the electrical properties of Si nodules
are not fully understood. More quantitative charac-
terization of them is needed to properly analyze via
failures.

We characterize Si nodules by examining their elec-
trical resistance and the abrupt changes in the resistance
at a specific voltage. This, in effect, means examining the
resistance of poly-Si-containing Al at a solubility limit
concentration.
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Experimental
Sample preparation

The samples we used had via chain patterns that were composed of
two layers of Al interconnects as shown in Fig. 1. Al interconnect 1
(Al 1) had a width of 0.8 um and a thickness of 0.5 pm. Al inter-
connect 2 (Al 2) had a width of 2.0 um and a thickness of 1.0 pum.
The via holes were 1.0 pm x 1.0 um. There were 500 vias in a
chain, 1200 via chains in a wafer, and 24 wafers in a fabrication lot.
We fabricated 25 lots for this study. The concentration of silicon in
the aluminum was 2%.

The fabrication process used for complementary metal-oxide-
silicon (CMOS) LSIs with a two-level interconnect was used for
sample preparation. The silicon wafers were 4-inch-diameter
Czochralski silicon with (100) orientation. The gate oxide thickness
was 15 nm and gate length was 0.8 um. The gate material was
phosphorus-doped poly-Si for the p-channel and n-channel MOS
transistors. Subsequent to the chemical vapor deposition of SiO,
and boron-phosphorus silicate glass films, photolithography and
dry etching were used to make the contact holes. Then Al 1 was
formed on the silicate glass. Silicon dioxide films were deposited
using a bias-sputter apparatus. This was followed by via hole for-
mation, a pre-etching processes, and deposition of Al 2. Finally,
post-metallization annealing at 400 °C in H,/N, for 30 min was
done prior to measurement.

Measurement

The electrical resistance of the via chains throughout the wafers
was measured with an automatic measurement system. Current-
voltage (I-V) characteristics of via chains with a large resistance
(i.e. failures detected) were measured.

Some samples were then repeatedly subjected to post-metal-
lization annealing (at 400 °C in H,/N, for 30 min) to determine
whether the additional annealing increased or decreased the
probability of via failures.

Results
Current-voltage characteristics

The current-voltage characteristics of via chains without
failures indicated that the conduction mechanism was
ohmic and the resistance was about 100 Q.
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Fig. 1 A schematic illustration of the Al interconnect chains used for
electrical measurement: a plan view; b cross-sectional view along X-X"
in a. Al 2 (width 2 pm, thickness 1 um) was connected to Al 1 (width
0.8 pm, thickness 0.5 um) through a via (square with 1 pm sides). The
number of vias in a chain was 500
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Fig. 2 Histogram for resistance of chains. Failures were classified into
two groups: group A was related to Si nodules and is the main theme
of this paper; group B depended on via-hole cleaning and was due to a
thin oxide layer at the hole

Figure 2 is a histogram for the resistance of the via
chains we fabricated. Almost all the chains had a resis-
tance of about 100 Q and they were free of failures.
There were two groups of failures with different distri-
butions of resistance: the first had a resistance from 10°
to 10* Q (group A in Fig. 2), and the second had a
resistance from 3 x 10* to 1 x 10° Q (group B in Fig. 2).

Group B was closely related to the via hole cleaning
procedure and this may be due to an unintentionally
formed thin oxide layer between Al 1 and Al 2. How-
ever, group A was related to Si nodules at a via.

Figure 3 shows an example of the current-voltage
characteristics of via chains with this failure. The slope
of current versus applied voltage is almost straight and
only a little curved, which seems to suggest that the
conduction mechanism is close to ohmic. As this figure
shows, the resistance is, roughly speaking, constant and
about 1.6 x 10° Q, although, strictly speaking, it de-
creases gradually with increasing applied voltage.

The approximately straight slope of current versus
voltage, shown in Fig. 3, suggests that the origin of the
failure is not related to the thin oxide layer between Al 1
and Al 2. This is because the conduction mechanism
through the thin oxide layer generally has exponential-
type current-voltage characteristics.
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Fig. 3 Current-voltage (I-1') characteristics of a chain with failures in
group A. The resistance was about 1.5 x 10° Q



Effect of repeated post-metallization annealing

The probability of via-hole failures increased mono-
tonically with the number of post-metallization anneal-
ing treatments. The dependence of the via-hole failures
on resistance is shown in Fig. 4a. These failures are
characterized by a peak in the resistance at about
2% 10° Q.

The relationship between resistance before additional
annealing and the change in resistance with additional
annealing is shown in Fig. 4b. In detail, when the re-
sistance before additional annealing is smaller than
2 x 10° Q, additional annealing increases the resistance
slightly. When the resistance before additional annealing
is larger than 3 x 10° Q, additional annealing reduces
the resistance slightly. This is an interesting phenome-
non. We think that the smaller Si nodules become larger
and the larger Si nodules become smaller toward an
optimum (i.e. the most stable) state, shape, or size fitting
the via-hole structure. This mechanism deserves further
study.
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Fig. 4a, b Effects of additional post-metallization annealing. a The
dependence of via-hole failures on resistance. These failures were
characterized by a peak at a resistance of about 2 x 10° Q. Resistance
was defined as that when the applied voltage was 0.1 V. b The
relationship between resistance before additional annealing and the
change in resistance with additional annealing
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At any rate, via failures with Si nodules are charac-
terized by a peak in the resistance at about 2 x 10° Q for
the present experimental conditions.

Abrupt breakdown of via failures

When the voltage applied to via chains with failures is
smaller than 2 V, the current-voltage characteristics in
Fig. 3 are maintained even if the measurement is re-
peated many times. When the applied voltage exceeds
a certain value, however, the current increased
abruptly, which is indicated by T in Fig. 5a. In this
figure, when the applied voltage reaches a value of
3.85 'V, the current jumps from 3 to 38.5 mA. There-
after, when the applied voltage is decreased, the cur-
rent decreases along the line denoted by S in the figure.
When the applied voltage is increased again, the cur-
rent-voltage characteristics follow the line denoted by
S’ (which is substantially the same as S) in the figure.
That is, the current jump at a voltage of 3.85V is
irreversible. The current-voltage characteristics of S (or
S’) correspond to a resistance of 100 , which is equal
to the resistance of via chains without failures. This
means that the failure was repaired when the current
jumped and that normal conduction in the via chain
was attained. For convenience, here, the applied volt-
age causing the current jump is called the transition
voltage.
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Fig. 5a, b Irreversible current jump (transition) at various applied
voltages. a Current-voltage characteristics explaining the irreversible
current jump (transition) at some applied voltages. b Histogram for
transition voltage
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Figure 5b is a histogram of the transition voltage. It
can be seen that the transition voltage ranges from 2.5 to
6.5V, which will lead us to an important parameter
to find the breakdown mechanism involved.

Discussion

Figure 6 is a schematic diagram of a model for the via-
hole failure we dealt with. We assumed that Si nodules
of about 1 pm are situated at a via hole and act as re-
sistance between Al 1 and Al 2. We also assumed that
the Si nodules contain Al atoms at solid solubility level.
Onoda and colleagues [19] observed the electron dif-
fraction pattern of a Si nodule and suggested that the Si
nodule is polycrystalline with large grains. Under these
assumptions and Onoda and colleagues’ conclusion, we
estimated the resistance and breakdown voltage of a Si
nodule.

The concentration of Al atoms in a Si nodule is
estimated to be about 3 x 10'® atoms/cm?®, from the
extrapolation of data in Fig. 7. If these Al atoms in Si
are fully activated at 400 °C and they act as an acceptor,
the concentration of 3 x 10'® atoms/cm® will lead to a
resistivity of about 0.15 Q cm, which was estimated
from the data for boron (as an acceptor) in Fig. § (al-
though the dopant and process conditions are different).

Si nodules

Fig. 6 A schematic illustration of Si nodules as the origin of via-hole
failures. Silicon nodules situated at via holes act as resistance between
Al 1 and Al 2
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Fig. 7 Solid solubility of Al in Si as a function of temperature (data
from Trumbore [20]. The solid solubility of Al in Si at 400 °C is
estimated to be 3 x 10'® atoms/cm® (indicated by arrow), obtained
from extrapolation of the data at temperatures higher than 550 °C

The resistance of the via failure, R, can be given using
the following equation:

R=rL/S (1)

where 7 is the resistivity, L is the effective length of the Si
nodule along the electronic current, and S is an effective
cross-section of the Si nodule perpendicular to the cur-
rent. Assuming that L is typically 1 pm and S is also
typically 1 pm~, we obtain

R=0.15Qcm x 1um/l pm? = 1.5 x 10° Q (2)

which agrees approximately with the experimental
results in Fig. 5b.

The transition voltage of poly-Si with a resistivity of
0.15 Q cm is estimated to be about 2 V from extrapo-
lation of the data in Fig. 9. This is a very rough ex-
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Fig. 8 The dependence of poly-Si resistivity on impurity concentra-
tion (data from Nakayama et al. [21]). Boron in Si acts as an acceptor
and phosphorus in Si acts as a donor. Resistivity of poly-Si with
acceptors at a concentration of 3 x 10'® atoms/cm? is estimated to be
about 0.15 Q cm (indicated by an arrow), obtained from extrapola-
tion of the data

-_
(=4
o

-
(=]
T
1

L L ! L

0_1 | L 1 L
10 10®

102 10° 102

Transition voltage, V1 (V)

16“
Resistivity (Q-cm)

Fig. 9 The dependence of transition voltage on poly-Si resistivity.
(data from Tanimoto et al. [22]. Solid circles represent poly-Si films
with a thickness of 1 pm and the impurity in the poly-Si is arsenic.
Resistivity of 0.15 Q cm leads to a transition voltage of about 2 V,
(indicated by arrow), obtained from extrapolation of the data
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Fig. 10 The relationship between transition voltage and resistance of
via-hole failures. Solid circles represent data related to Si nodules. The
open star is a calculated value derived from Figs. 7, 8, and 9. Open
triangles represent data related to via-hole cleaning, or to a thin oxide
layer unintentionally formed between Al 1 and Al 2

trapolation, but this value agrees with the experimental
results in Fig. 5b, at least as an order estimate.

A comparison between a set of resistances and tran-
sition voltages was derived from Eq. 2 and Fig. 9, and
the experimental results are shown in Fig. 10. The good
agreement in the figure suggests that the model described
above is generally reasonable.

In addition, as a mechanism for transition, we assume
the following model. When the applied voltage reaches a
transition voltage, the corresponding electric current
leads to an increase in local joule-heat of up to several
hundred degrees centigrade, excessively activating the Al
atoms and, finally, inducing a spiking of aluminum at-
oms into the Si nodule. This spiking might become a
conductive path in the Si nodule. This model is only
speculative and should be studied further.

Conclusion

The current-voltage characteristics of via-hole failures
related to Si nodules indicated that the conduction
mechanism was approximately ohmic. The electrical
resistance of the failures was characterized as 1.5—
3 x 10° Q. The applied voltage that caused the abrupt
decrease in the resistance ranged from 3 to 6 V. These
results suggest that the origin of the failures was silicon
nodules formed during heat treatment. These electrical
characterizations can be explained in terms of the elec-
trical characterization of poly-Si-containing Al.
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