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Engineered Cu-rich isIands were fabricated on an Al thin fiim to investigate
pit initiation mechanisms at noble particles. X-ray photoelectron
spectroscopy confmns that the thin film Cu-rich islands interdiffuse with the
underlying Al substrate to form A12CUislands. The defect arrays exhibit
open circuit potential fluctuations whose ma=titude and frequency increase
as defect spacing decreases for constant island size and cathodekmode ratio.
Post-exposure examination by energy dispersive spectroscopy (EDS)
shows that the Al beneath the Cu-rich island dissolves with a crevice
geometrv. Engineered Al islands fabricated under identical conditions do
not indu;e crevice corrosion in the vicinity of the Al defects. These results
suggest that the Al dissolution is driven by the galvanic coupling between
the noble iskmd and matrix, andor by a Iod change in chemistry, rather
than by the presence of a defective oxide in the.vicinity of he island.

, INTRODUCTION

The reliability of Al (Cu) metallization on integrated circuits and A1-CUen=tieering alloys is
compromised due to the presence of AlzCu intermetallic particles, which induce localized
corrosion (1-3). These particles are noble with respect to tie surrounding Al matrix,
forming local galvanic couples and supporting enhanced electron transfer rates indicative of
a more conductive oxide (4). Several mechanisms for pit initiation in the vicinity of these
particles have been proposed, including the presence of a defective oxide at the surface of
the particIe (5,6,7), or at the particle/matrix interface (6), as well as the galvanic coupling
mechanism (2,3). In an attempt to distinguish between these mechanisms, we have used
thin film deposition combined with photolithography to create arrays of Cu-rich particles on
an Al thin-film matrix. This approach allows sensitive control of the surface oxide formed,
the size and the spacing of the particles, and analysis of the initial stages of localized
corrosion.

EXPERIMENTAL

The fabrication of the Al thin films and Cu defect arrays used in this study has been
previously destibed in detail (8). Briefly, Al was electron-beam evaporated in a vacuum
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chamber from 99.9999% pure Al onto 2 inch diameter, 2 pm Si02 on Si (100) substrates.
Following deposition, the Al was exposed to an oxygen plasma generated by an electron
cyclotron resonance (ECR) source in-situ for 10 minutes to form a 4 nm protective oxide
layer at the surface of the 200 nrn thick film. X-ray diffraction measurements show that the
films grown on SiOz/Si substrates are polycrystalline, with preferred (111) orientation, in
contrast to the polycrystdine, randomly oriented films grown directly on Si (100) as
shown in Figure 1. Photoresist was then spun onto the sample and processed in order to
define 10 x1O element arrays of hexagonal openings with diameters of 4 – 8 microns and
spacings of 10-100 pm. The sample was then returned to the vacuum chamber where the
exposed Al oxide was removed with an Ar ion etch, (to ensure good electrical contact
between the island and matrix) and 10 nm of Cu was electron-beam evaporated onto the
fieshly exposed Al surface. The Cu layer was then exposed to an ECR oxygen plasma for
2 minutes. The photoresist was removed with acetone, leaving welldefmed Cu-nch island
arrays as shown in Figure 2. Atomic force microscopy over the surface of the Cu-rich
ishmds shows a 2-8 nm rise above the surrounding Al matrix. The defect arrays discussed
here were all fabricated on a single w“aferto ensure identical processing conditions.

X-ray photoelecmon spectroscopy (XPS) scans were performed on Cu films, AlzCu films
and A1/Cu bilayers to determine whether the Cu-rich islands interdifise with the
underlying Al film to form theta phase, AlzCu islands. The binding energy of the Cu 2p

core level was measured using Al Krx (300W) radiation and a VG100AX spectrometer.
X-ray reflectivity has been used extensively to analyze the structure of layered thin films as
has been described in detail elsewhere (9-11). Briefly, the intensity of specularly reflected
x-rays depends upon the electron density at and near the film surface (12). Above the
critical angle for total external reflection, the x-rays penetrate and interfere constructively or
destructively with reflections from buried interfaces. The observed interference fringes can
be simulated using Fresnel recursive relations modified to include interface roughness
(9, 13). ,A non-linear least squares fit of the calculated intensity to the measured intensity
determines the electron density, thickness, and roughness of each layer (9,13). The mass
density is then deduced using the stoichiometry of the individual layers (9). Our
measurements were performed on a four-circle Philips X-Pert MRD diffractometer using

Cu Ku radiation from a fixed anode line source. A parallel plate collimator, 100 pm slit
and flat graphite monochrometer defined the reflected beam. The sample height was

adjusted to bisect the beam using a stage capable of 0.1 micron steps. A 0-2e scan was
performed to measure the specularly reflected intensity.

The open circuit potential of the defect arrays was monitored in an aerated, aqueous 0.05 M

NaCl solution prepared from reagent grade chemicals and 18 M-Q deionized water.
Electrical contacts were made by attaching conductive Al tape to the edge of the wafer with
conductive siIver paint. Test areas were defined by masking approximately 3 mm x 3 mm
square regions with Microstop lacquer. The sample was then inserted into a vertical
electrochemical test cell for a 10 minute exposure on individual areas. A standard three
electrode confirmation was used, consisting of a platinized Nb mesh counter electrode, a
chlorodized Ag wire reference electrode, and the aluminum working electrode. The
potential of the Ag wire was found to be stable at approximately +0.060 V vs saturated
calomel. A PAR 283 potentiostat measured the sample potential relative to the primary
reference electrode with a data acquisition rate of 20 data points/see under computer
control.

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS)
measurements were petiormed on the Cu defect arrays before and after electrochemical
testing in a JEOL JSM-845A microscope. The Al Kct and Cu L x-ray peaks were excited
with a 5kV, 1 nA electron beam in the vicinity of the Cu-rich defects to enable
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compositional ma~ping and line scans. Emitted x-rays were detected and analyzed with an
Oxf&d Isis Link EDS-system. The low energy excitation was
the signal from the thin films relative to the SiOz/Si substrate.

RESULTS AND DISCUSSION

chosen in ord;r to enhance

In order to discern whether the pitting behavior observed in our engineered defect arrays
can be compared with the pitting behavior of thin film A1(CU)metallization layers and Al-
Cu engineering alloys containing A12CUprecipitates, we have investigated several
properties of our engineered defects and compared them to bulk A12CU.XPS has been used
to investigate the nature of the interracial bonding in thin film A1/Cu bilayers. The XPS
peaks from the Cu 2p levels in A12CUexhibit a -1 eV shift to higher binding energies
relative to metallic Cu, while no shift occurs in tie Al binding energies (14). Figure 3
shows Cu 2p XPS scans from a me@ic Cu thin film (a), a 1.3 run Al on 210 nm Cu thin
film bilayer (b), and an A12CUtin film (c). The scans for the Cu and A1/Cubilayer were
performed in-situ, directly after film deposition, while the AlzCu scan was performed in-
situ after melting and resolidifying a A120jA.1/CUthin film structure on a Si02/Si substrate
to forma single phase, Iarge-grained film of A12CU(15). The A1/Cu bilayer clearly exhibits
the - leV binding energy shift characteristic of AlzCu (14). This result suggests that even at
the temperature of 30°C attained during deposition, there is enough interdlffusion between a
1.3 nrn Al film and the underlying Cu to form bonds characteristic of AlzCu in the -10 nm
surface region probed by XPS. This implies that the interface between the Al matrix and
Cu-rich defects, formed by depositing 10 nm of Cu directly on the underlying Al thin film,
has a local bonding structure closer to that of AlzCu than that of metallic Cu. The.
engineered defects are therefore expected to have an electrochemical behavior similar to
AIZCU,~at is they should be noble and support enhanced cathodic reactions with respect to
the Al matrix (4).

One mechanism thought to be responsible for the pitting of Al in the vicinity of Al@J
precipitates is the presence of a defective oxide (5-7). Evidence for enhanced electron
transfer rates at AlzCu surfaces due to the presence of metallic Cu in the oxide has also been
reported (5). Measurements of the electron density of each of these oxides allows a direct
comparison between their elecmonicproperties. We have used x-ray reflectivity to compare
tie densities of the oxide layer formed at the surface of <111> oriented single crystal Al
with that formed at the surface of an ECR oxidized (111) Al thin film and that formed at the
surface of a single phase A12CUthin film. The single crystal was obtained from
Monocrystals Inc., where the surface was mechanically polished with diamond in an
ethyelene glycol suspension and then finished with an Si02 polish in a water-based,
colloidal suspension slurry buffered to a pH of 9.6-9.9, followed by a rinse in DI water.
The oxide on the Al thin film was originally formed in the vacuum chamber directly after
deposition by exposure to the ECR oxygen plasma for 10 minutes and then was exposed to
air for 2 weeks. The A12CUthin film oxide was formed by air exposure after melting and
resolidifying an A120jA1/Cu thin fihn on a Si02/Si substrate, as discussed above. The
reflectivity scans are shown in Figure 4, where the symbols correspond to the data and the
solid line is the fit. The single crystal data (b) was fit to a single layer model consisting of a
3 nm, 2.1 g/cm3 oxide layer on an Al substrate. The thin film Al data (c) was fit to a three-
layer model with a 4 nm, 1.9 g/cm3oxide at the surface, and a 120 nm Al film on a 450 nm
Si02 on Si substrate. The fringes observed are due to the difference in electron density
between the Al and the Si02 layer. The A12Cuthin film data (a) was fit to a 3 layer model

with a 6 run 4.3 g/cm5oxide at the surface, a 340 nm A12CUlayer on a 2 pm Si02 layer on



a Si substrate. Note that sapphire has a density of 3.98 g/cm3.The oxide on the A12CUfilm
clearly has a higher density than that observed on the thin film AI or on <111> single
crystal Al. Such a high density suggests that the oxide is not pure A1203,and may indicate
the presence of - 10% Cu in the oxide layer, which is consistent with the reported
enhanced electron transfer rates observed on A12CUrelative to Al (5).

Fluctuations in the open-circuit potential, V~C,were observed for all defect arrays examined
to date. Measurements on arrays of Cu-rich defects with 4 pm diameter as a fimction of
spacing are shown in Figure 5. The magnitude and frequency of the potential fluctuations
increase as the defect spacing decreases. Such potential fluctuations have been previously
attributed to metastable pitting events, where the oxide breaks down locally, repassivates,
and the potential decays as the interracial capacitance is recharged (16,17). Here the more
noble Cu or A12Cuopen circuit potential may drive the surrounding Al matrix above it’s
breakdown potential and initiate metastable pitting. The decrease in magnitude and
frequency as the defects get farther a&rt may suggest that closely spaced defects behave as
a single, larger cathode capable of driving enhanced rates of metastable pitting relative to
isolated cathodes (8). Similar potential fluctuations have been observed in Al films with an
ECR grown oxide at the surface, in the absence of Cu-rich defects. Here the fluctuations
may be associated with local oxide heterogeneities, where a small fluctuation in the passive
current could produce a large fluctuation in potential.

After the 10 min., 0.05 M NaCl exposures, the defect arrays were investigated by opticaI
microscopy, SEM and EDS. Optical microscopy indicated significant thinning at the site of
each defect, independent of defect size or spacing. Such thiming is observed as a
pronounced change in the color of reflected light relative to the as-deposited defect. Several
representative defects were chosen for SEM/EDS analyses in order to investigate the
morphology and to measure the spatial distribution of Al and Cu in the vicinity of the
defect. Figure 6 shows an elemental Al (b) and Cu (c) map for the Cu-rich defect shown in
the SENl image (a). The Al is preferentially dissolved beneath the Cu defect. The EDS
linescan, (d), across the defect shows that the Al dissolves with a crevice geometry,
extending >1 pm laterally from the perimeter towards the center, before dissolving the 0.2
pm thickness down to the Si02 substrate. If a pit initiates at the Al/AlzCu interface,
preferential dissolution of Al is expected to occur. The Al dissolution could create a local
acidic environment due to limited mass-transport beneath the noble island, which drives the
crevice along the cathode/anode interface. No significant overall dissolution of Cu is
observed, although the small amount of deposited Cu ( 10 nm ) results in a weak x-ray
signal that does not allow a quantitative measurement. We do observe isolated regions
within the defect where the Cu has dissolved, which we believe to coincide with initially
protruding Al grains. Here it is likely that the 10 nm Cu deposition did not fully cover the
protruding grain, resulting in exposed AlzOJAl within a cathodic matrix. These sites are
expected to exhibit enhanced Al dissolution rates, which could result in mechanical
detachment of the Cu-rich surface. No significant difference was observed in the
dissolution morphology as a function of defect size or spacing after NaCl exposure. This
implies that because differences were observed in the VWfluctuations as a function of
defect spacing, those fluctuations may not reflect the dissolution of Al beneath the Cu-rich
defect.

Studies of the effects of lithographic processing on pit initiation in Al films have shown that
exposure to the photoresist, developer, solvents and the Ar ion beam used to fabricate these
defect arrays reduces the pitting potential (18). We also expect a defective oxide to exist at
the perimeter of the Cu-rich defect due to the’ ion etching, followed by local oxide re-
growth. We have therefore investigated corrosion initiation at engineered Al defects
fabricated identically to the Cu defects discussed above, where instead of 10 nm Cu
deposition, we used 10 nm Al deposition. The Al defect arrays were also exposed to a 0.05



NaCl solution for 10 min., to determine whether the Al dissolution beneath the Cu defect
was purely a result of lithographic processing and/or a defective oxide at the defect
perimeter. Open circuit potential fluctuations comparable to those seen in the Cu defect
arrays were observed. Figure 7 shows an optical micrograph comparing a Cu defect array
(a) to an AI defect array (b) tier the 10 min. exposure. We observe no preferential
dissolution of Al beneath the Al defect, in contrast to the dissolution observed beneath the
Cu-rich defect. This result clearly indicates that the galvanic driving force provided by the
Cu-rich islands and/or the local change in chemistry is required to initiate the observed
crevice corrosion. It also suggests that the presence of a defective oxide (at the Al defect
perimeter) is insufficient to initiate such crevice corrosion.

CONCLUSIONS

Engineered Cu-rich defect arrays on an Al thin film matrix were fabricated to investigate pit
- initiation mechanisms at noble particles. XPS measurements show that thin film Cu/Al

bilayer analogues to the Cu-rich defects exhibit bonding characteristic of A12CU.X-ray

reflectivity measurements show that the Al oxide density, 1.9 g/cm3, on the Al thin film
matrix is comparable to the oxide density observed on <111> single crystal Al, 2.1 g/cm3.
By contrast the oxide density on thin film AIZCU,4.3 g/cm3, is significantly higher,
supporting the observation of enhanced electron transfer rates on AlzCu (5). Open circuit
potential fluctuations (indicative of metastable pitting) whose mabtitude and frequency
increase as the defect spacing decreases are observed during a 10 mm. exposure to 0.05 M
NaC1. SEM/EDS analysis shows that N is dissolved beneath the Cu-rich defects in a
crevice geometry, independent of defect size and spacing. Preferential Al dissolution is not
observed at Al defects fabricated in an identical fashion. These results show that at open
circuit potentials, the galvanic driving force between the Al and Cu-rich island, and/or the
local change in chemistry, is required to initiate local crevice corrosion, while the presence
of a defective oxide at the perimeter of the defect is insufficient.
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Figure 1. X-ray diffraction &2Q scans of Al thin films on (a) Si02/Si and (b) Si
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Figure 2. (a) Schematic of Cu deposition on freshly exposed Al within lithographically
defined island. (b) SEM image of completed Cu defect m-ray.
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Figure 3. XPS stays of Cu 2p peaks for thin
films of (a) 210 nm Cu (b) 1.3 nm Al on 210
nm Cu (c) AlzCu thin film.
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Figtie 4. X-ray reflectivity scans of (a) AlzCu Figure 5. Open circuit potential
thin film, (b) Al <111> single crystal, and measurements in 0.05 M NaCl for Cu
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Figure 6 (a) SEM image of Cu defect showing linescan position. EDS map of (b) Al, and
(c) Cu. (d) EDS linescan and SE linescan across defect shown in (a).

Figure 7 (a) Cu defect array and (b) Al defect array after 10 min NaCl exposure.


