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ABSTRACT

Using plasma-beam techniques, an engineered
on Al thin film substrates. Electrochemical

Al oxide has been placed
testing indicates that this

structure has a low susceptibility to pitting corrosio; making it an ideal
control on which to study the impact of intentionally introduced defects.
Results from potentiodynamic polarization experiments and chemical
etching indicate that this engineered oxide is extremely robust compared
to air-formed oxides. Subsequent ion beam implantation was used to
introduce Cl into the deposited oxide. Minimal impact on both electrical
and ionic conductivity of the oxide was observed for Cl concentrations of
approximately 0.4 a/o. Approximately an order of ma~itude higher Cl
concentration is expected in an oxide formed after EKN03 etching to the
peak of the Cl implant distribution. This oxide had an elevated ionic
conductivityy and enhanced susceptibility to pit initiation.

INTRODUCTION

It is generally accepted that pit initiation in high purity Al takes place at a local
defect in the protective oxide or over a heterogeneity in the underlying material. It is
extremely difficult to determine the nature of the interactions that lead to pit initiation
because of the small size scale over which these processes occur. A methodology for
potentially overcoming this difficulty is to modify the bulk behavior of the metal or oxide
and correlate changes in pitting behavior to the nature of the modifications. Many
researchers have used ion implantation into the substrate material, followed by natural
oxidation as a means of modifying the oxide behavior [1-12]. Instead of relying on the
natural oxidation of the Al metal, our approach is to engineer oxides that have much
reduced defect density compared to native oxides. Defects can then be intentionally
introduced and the impact on pitting behavior determined using conventional
electrochemical techniques. In this work, plasma-beam techniques were used to deposit
artificial amorphous aluminum oxides, and ion implantation was used to introduce
chlorine defects into the oxide.

EXPERIMENTAL

Thin film sample preparation

Al films were deposited on Si02/Si substrates that were then coated with a thin
deposited alumina layer and implanted with Cl+ ions. Samples were grown using
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electron beam evaporation of aluminum at O.
nm. Upon completion of the Al deposition

rim/s to a thickness of approximately 180
a thin alumina layer was formed using

electron beam evaporation of Al at 0.1 rim/s and co-bombardment with 02+ ions from an
electron cyclotron resonance (ECR) plasma. The deposition chamber base pressure was
0.4-1 xl 0-8 Torr and during alumina deposition an 02 flow rate of 2.5 seem produced a
background Oz pressure of 5-7x 10“5Torr 02. The ions in the ECR plasma were generated
using 100 Watts of 2.45 GHz microwave power and a magnetic field of 875 Gauss,
forming the ECR resonance condition upstream from the deposition chamber. The 02+
ions in the ECR plasma have a mean energy of approximately 30 eV when impinging
upon a sample at the floating potential. Some samples were implanted at room
temperature with 35 keV Cl+ ions to a fluence of 1x 10ib C1/cm2. The ions were incident
at an angle of 5° relative to the surface normal. The fluence was chosen to produce a
level of damage in the sample such that near the surface in the oxide layer each atom was
displaced approximately 2 times, and well into the AI layer, at a depth of 100 nm, each
atom was displaced approximately 10 times. Figure 1 shows the calculated [13] Cl

profile after implantation. The maximum concentration of Cl in the oxide layer is = 0.4
at. 0/0 and at a depth of 36 nm into the Al the peak concentration of Cl was almost 4 at. O/O.

Electrical measurements

Samples for electrical measurement were prepared by patterning Au contacts with
areas ranging from - 2 x 10-7 cm2 to 4 x I ()”4 Cm* On to the Al oxide surface. The most

frequently used contact size was 2.5 x 10-5 cmz in area (a square contact 50 ~m by 50

pm). The Au contacts were fabricated by electron beam deposition under high vacuum
onto photolithographically patterned photoresist covered samples followed by a lift-off
procedure. Electrical characterization was performed on capacitor (metal-insulator-
metal) structures using the Au top contact as one electrode and the Al layer beneath the
oxide as the bottom electrode. The DC electrical measurements included current-voltage
sweeps (between --1 V to +1 V) followed by sweeps to higher potentials (typically a few
volts either positive or negative) until dielectric breakdown occurred. Measurements
were performed at room temperature with a sweep rate of approximately 5 to 10 mV/sec
and an instrumental noise level of 10 fA. The AC electrical measurements included
capacitance-frequency and AC conductance-frequency sweeps over the frequency rano
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of 1 Hz to 1 MHz. The frequency sweep was completed in approximately 10 minutes. .i:’ ““<’-”
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Electrochemical testing

Electrochemical experiments were performed in either 50% HN03 or 0.05 M
NaCl (pH - 6.5) at 25°C. Three-electrode electrochemical impedance spectroscopy (EIS)
\vas performed using a 10 mV RMS AC waveform superimposed on a O V vs. open
circuit DC potential. Three-electrode potentiodynamic polarization experiments were run
following either an open circuit exposure or a potentiostatic hold at –0.950 VscE (details
\vill be reported with the data in the results section). Scan rates used included 1 mV/s
and 0.1667 mV/s, Some of the samples were tested using the repetitive polarization scan
(RI%) technique that was described in detail elsewhere in these proceedings [14].
Briefly, the RPS approach uses multiple scans in a single experiment to measure multiple
pitting potentials.



Secondary ion mass spectroscopy

Secondary ion mass spectroscopy (SIMS) analysis was used to generate depth
profiles for species found within the Al oxide. The experiments were performed using a
16 keV Ga ion beam for sputtering and analysis. The sputtered area was 90 pm by 90

pm and the analysis area was 25 pm by 25 pm. Detected ions generally included Cl-, F-,
0-, AIO-, Oz- and OH-. Details of SIMS analysis can be found elsewhere [15].

RESULTS

Electrochemical and electrical Properties of deposited Al oxide

Potentiodynamic polarization testing of evaporated Al
oxide in 50 mMol NaCl resulted in pitting potentials ranging

with a 50 ~ deposited
from +0. 1 to +1.5 VscE

(Fig.2). A typical Epit value for an air formed oxide on high purity (99.9999%) Al in this
environment is around -0.680 VscE [16]. The increase in Epit is a clear indication of the
robustness of the deposited oxide. A second comparison of the deposited oxide to an air
formed oxide was made by chemically etching samples in 50?40HN03. The impedance
and open circuit potential (EOC)of the samples were monitored to determine the time until
the oxide was completely dissolved. The polarization resistance (RP) was observed to

decrease, then reach a steady state of approximately 1000 Q-cmz. The steady state
condition was taken as an indication that the original oxide had been dissolved and the
impedance of the system represented equilibrium between oxide formation and oxide
dissolution. The deposited oxide remained intact up to 7000 s whereas the air formed
oxide (on 99.999 Al) dissolved is less than 1000 s of exposure (Fig 3). Once again, the
superior resistance of the deposited oxide is clearly demonstrated.

The behavior of the deposited oxide was also probed using dry electrical
measurements (Fig. 4). The leakage current is several orders of magnitude lower for the
deposited oxide than for the air formed oxide indicating lower electrical conductivity and
a lower defect density. Furthermore, the breakdown field (not shown) is higher for the
deposited oxide suggesting that higher overpotentials may be required to induce pitting
under aqueous conditions.

The effect of chloride implantation on the behavior of deposited Al oxide

As shown in Fig. 1 the implantation profile of chlorine is calculated to have a
maximum value of 0.4 a/o Cl in the Al oxide. SIMS analysis was used to verify the
implant profile (Fig. 5). The sputter efficiency for Cl in the oxide appears to be greater
than that for Cl in the Al metal, resulting in a profile different from that shown in Fig. 1.
Nevertheless, the SIMS data qualitatively indicate successful Cl loading of the oxide.
Dry electrical measurements performed on control and implanted samples showed little
effect of ion implantation on either leakage current or breakdown potential (Fig. 6). In
contrast, potentiostatic polarization at –0.950 VscE in 50 mMol NaCl showed an increase
in oxide conductivityy corresponding to Cl implantation (Fig. 7). Despite this increase in
conductivity, only a slight difference in pitting behavior was indicated by the



potentioclynamic polarization data (Fig. 8). Most notably, the ranges of pitting potentials
overlap for the control and implanted oxides.

Pitting characteristics of oxides formed in HN02

In order to examine an oxide with a higher level of Cl, the implanted samples
were etched in 50°/0 HN03 to dissolve the outermost 30-40 nm of sample and form an
oxide at the peak of the Cl implant profile. Although the etch rate was calibrated to be
between 30 ~min and 40 .~min, the final depth of etching was approximate. Follow-up
SIMS data are being collected to document the distribution of Cl in the oxide and in the
underlying metal. Control samples were prepared by etching non-implanted samples to
remove approximately the same amount of material. For, these samples the oxides are
formed in the oxidizing HN03 environment and should bear no memory of the previously
deposited oxide. Preliminary impedance data (Fig. 9) and polarization scans (Fig. 10) for
the control and implanted samples indicate that the chlorine implantation results in a
lower RP value and enhanced metastable pitting.

DISCUSSION

The deposited oxide has excellent resistance to both electrochemical and chemical
attack (Figures 2 and 3 respectively), making it an excellent platform on which to study
intentionally introduced defects. Ion implantation was used to introduce Cl into the oxide
at a maximum oxide concentration of approximately 0.4 a/o. The dry electrical
properties showed no dependence on implantation at this level (Fig. 4) whereas
electrochemical current flow at cathodic potentials showed a slight dependence (Fig. 7].
Only a minor impact on pitting potential could be discerned (Fig 8). In contrast, when
the level of Cl in the oxide was increased by etching further into the implant profile, both
low frequency impedance and polarization behavior were strongly affected. The EIS data
(Fig. 9) show a drop in RP value from 86 kC2-cmz to 1.2 kQ-cmz with Cl implantation,
indicating increased ionic conductivity in the oxide. From the polarization data (Fig. 9) it
appears that there may be a slight increase in passive current density and a decrease in
Epit for the implanted sample. The most profound difference in the polarization behavior
is the presence of anodic current fluctuations throughout the data for the implanted
sample (Fig 10). These fluctuations are believed to represent rnetastable pitting and
represent a significant difference in the susceptibility to pit initiation as a function of Cl
incorporation into the oxide.

Other researchers have also investigated the impact of incorporated anions on
oxide properties and pitting behavior [17-22]. Pryor et al. observed no change in high
frequency impedance data for incorporation of Cl into anodic aluminum oxide but did
report decreases in low frequency resistivit y [17- 19]. They explained these results as Cl
increasing ionic conductivityy but having no impact on electrical conductivity. The dry
electrical measurements in this study are a direct measure of electrical conductivity and
compare favorably with the results reported by Pryor. However, to date, the dry
measurements have only been performed on the low Cl level oxide and interpre~~tion
should be confined to oxides containing no more than 0.4 a/o Cl. Our preliminary results
on the oxide having a Cl content potentially greater than 0.4 do support Pryor’s data that
show enhanced ionic conductivityy with the incorporation of Cl.



The impact of Cl defects on oxide conductivity suggests there should be an impact
on pitting susceptibility. Skeldon et al. used both ion implantation [21] and
electropolishing [22] to provide a source for incorporation of Cl during anodic growth of
aluminum oxides. The primary intent of these studies was to identify the conditions
necessary for Cl migration in the alumina. However, in the course of anodizing samples
that contained incorporated Cl, evidence was found for metastable pitting in a chloride-
free environment. Interestingly, their implantation was performed at a fluence of
approximately 1015ions/cm2, whereas in the current study the fluence was 101b ions/cm2.
Yet the polarization data (Epit) presented here show no impact of ion irradiation. The
apparent discrepancy may stem from the choice of environment. In the present case the
environment (50 mMol NaCl) contains significant chloride and may mask the influence
of low levels of ion implantation. The sample having the heightened level of Cl in the
oxide did demonstrate elevated levels of metastable pitting vs. the control sample. In this
case, perhaps, the level of oxide loading is sufficient to control the response of the sample
even in a chloride-containing environment.

The evidence for metastable pitting in the implanted sample is the fluctuating
current observed during the anodic polarization scan [Fig 10]. Likewise, the absence of
fluctuations in the current for the non-implanted sample is interpreted as a lower
occurrence of metastable pitting. It should be recognized that metastable pitting may be
occurring in the non-implanted sample but is not detected due to either too slow of data
acquisition rate or masking of the fluctuations due to too high of passive current density.
Nevertheless, the implanted sample either has a higher occurrence of metastable pitting
or when a metastable pit initiates it grows to a much larger size before repassivation
occurs. If the former is the case then the Cl level in the oxide lowers resistance to pit
initiation. If the latter is true, it implies that the Cl may modify the stability of the oxide
such that when a pit initiates, more damage occurs before repassivation takes place.
Future experiments using microelectrodes should separate these two effects and provide
more conclusive results.

SUMMARY

1. A robust engineered aluminum oxide was produced using plasma
beam techniques. It has superior chemical and electrochemical
resistance than air-formed aluminum oxides while haying
approximately the same thickness. This engineered oxide / thin-film
structure is a useful substrate on which to study intentionally
introduced defects.

2. Implanting up to 0.4a/o Cl into the engineered oxide had little or no
impact on electrical conductivity, ionic conductivity and pitting
potential for the deposited Al oxide.

3. A Cl content of roughly 2 a/o in aluminum oxide formed in 50%
HN03 caused an increase in ionic conductivity and an increm: ;i?

susceptibility to metastable pitting.
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Figure 1. Predicted Cl implant profile. (a) Maximum [Cl] occurs at about 360~ into the
sample. (b) Peak [Cl] in the oxide is approximately 0.4 a/o.
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Figure 2. Potentiodynamic polarization testing of ECR deposited oxide on Al thin film in
50 mMol NaCl, open to air, 25°C. (a) Raw data from repetitive polarization scan (dV/dt
= lmV/s). (b) Pitting potentials from ‘a’ together with pitting potentials fi-om individual
scans (dV/dt = O.1667mV/s). The deposited oxide shows elevated resistance to pitting
compared to data for air-formed oxides.
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Figure 4. Conductivity of oxides tested
using dry electrical measurements. The
deposited oxide has a lower leakage
current compared to the air-formed
oxide indicating fewer electronic
defects.
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Figure 6. Dry electrical measurements
show little impact of Cl ion implantation on
Ieakage current and breakdown field. Data
include un-irnplanted control, implanted
sample, implanted + 12-hour exposure to
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vacuum in the SIMS chamber.
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Figure 8. Effect of Cl implantation on
pitting potential. The implant had a
maximum Cl concentration in the oxide of
0.4a/o. This level does not appear to be
sufficient to dramatically impact pitting
potential.
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Figure 9. EIS data comparing Cl implanted Al to control. Samples were etched in 50!40
HN03 in an attempt to maximize the Cl loading in the oxide by dissolving down to the
peak in the implant profile. Implanted Cl appears to have a si=~ificant impact on
polarization resistance. (a) Nyquist plot, (b) Bode magnitude plot. Samples were
immersed in 50 mMol NaCl open to the air @ 25°C.
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Figure 10. Potentiodynamic polarization data comparing Cl implanted Al to unimplanted
Al. Samples were etched in 50’% HN03 in an attempt to maximize the Cl loading in the
oxide by dissolving down to the peak in the implant profile. Implanted Cl appears to
have a significant impact on metastable pitting. (a) Potential scan data, (b) Close-up of
current data comparing lack of metastable pitting in control to high frequency of
metastable pitting in Cl implanted sample. Scan rate was 0.1667 mV/s. Samples were
immersed in 50 mlhfol NaCl open to the air@ 25°C.


