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Abstract

Ton-beam irradiation and ion implantation were used to evaluate the influence of point defects and alloying elements
on the sulfidation rate of copper films in atmospheric environments containing H,S. Low-energy ions from an oxygen
plasma were used to grow thin metal oxide passivation layers on Cu films that were subsequently irradiated and exposed
to sulfidizing environments (50-600 ppb H,S in air with 0.5-85% relative humidity). The type of oxide proved to be
important in that a CuO layer essentially prevented sulfidation whereas a Cu,O layer permitted sulfidation. For the
native copper oxide (Cu,0), density-functional theory modeling of Cu divacancy binding energies suggested that al-
loying with In or Al would cause vacancy trapping and possibly slow the rate of sulfidation. This finding was then
experimentally verified for an In-implanted Cu film. A series of marker experiments using unalloyed Cu showed that
sulfidation proceeds by solid-state transport of Cu from the substrate through the Cu,S product layer. © 2001 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Ton implantation has been used in a number of
previous corrosion studies but generally the focus
has been to alloy the surface to vary the corrosion
susceptibility for a given base metal (e.g. steels, Al,
Ti, see [1-3]). Less work has involved the appli-
cation of ion beam modification to determine
mechanisms of corrosion [4,5]. The study de-
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scribed in this paper is the first to use ion beams
specifically to determine the influence of solid-state
transport process on the characteristics of atmo-
spheric copper sulfidation. Solid-state diffusion of
vacancies in Cu, Cu,0, CuO and Cu,S may be
important processes in determining the kinetics of
Cu sulfidation. The findings from this study have
been achieved by combining solid-state measure-
ments of sulfidation kinetics with density-func-
tional theory (DFT) modeling. In this latter
activity, the local density approximation is used to
model the energetics of vacancy diffusion and
trapping in the various materials of interest. Spe-
cific topics addressed in this study include the role
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point defects and vacancy traps have on Cu dif-
fusivity through the oxide and sulfide layers and
the resultant relative rate of copper sulfidation.
The effect of varying oxide type through ion irra-
diation was also examined. In this work, ion
beams introduce both vacancies and alloying ele-
ments to permit the effects of sulfidation to be
examined and compared with predicted behavior
from the DFT calculations.

2. Experiment

Copper films were electron beam evaporated at
a rate of 0.15-0.3 nm/s onto SiO,-coated Si wafers
at 35-42°C. The evaporation source material was
99.9999 at.% Cu. The base pressure of the sample
preparation system was 2 x 107® Torr. These
samples were then oxidized by either using ener-
getic O5 ions from an electron cyclotron resonance
(ECR) oxygen plasma at temperatures varying
from 35°C to 60°C or by exposure to air at room
temperature. The copper films exposed to an ECR
plasma formed a thin, dense surface-oxide layer
that could be ion irradiated with different ion
species and fluences. The O ions in the ECR
plasma, with a mean energy of approximately 30
eV, were generated using 100 W of 2.45 GHz mi-
crowave power and a magnetic field of 875 G,
forming the ECR resonance condition upstream
from the deposition chamber. The plasma offered
a method to controllably form CuO at the surface,
~4.0 nm thick, in a clean UHV environment. The
effects of ion irradiation on the ECR-oxidized
layer were examined as a function of 200 keV Cu®"
fluence. After ECR plasma oxidation, the sample
surface was examined in situ using X-ray photo-

Table 1

electron spectroscopy (XPS), stimulated with Al
Ka X-rays, in order to identify the type of oxide(s)
present. The Cu 2p;,, and O 1s core level spectra
were measured as well as the Cu LMM Auger
spectrum.

The copper films were also implanted with dif-
ferent ion species to examine the effects of surface
alloying on the sulfidation rate and specifically to
look for changes in the rate due to vacancy trap-
ping. Implanted species included D, O and In.
Samples were ion implanted with either In or O to
form a uniform concentration profile of 0.5 at.%
up to a depth of 150 nm. Another set of samples
was implanted with 13 keV D to form an im-
plantation profile centered at a depth of 107 nm
with a FWHM of 120 nm. The ion implantation
energies and fluences are given in Table 1. The
treated copper samples were sulfidized for various
times in an ambient temperature atmosphere (~
23-25°C) containing 50-600 ppb H,S, 0.5-80%
relative humidity (RH), and air. Following expo-
sure, the morphology and composition of the sul-
fide layer were examined using scanning electron
microscopy and Rutherford backscattering spect-
rometry (RBS). The total thickness of Cu,S layer
after H,S exposure was measured using ion beam
analysis of broad area samples.

3. Results and discussion

Fig. 1 is the XPS spectrum for the Cu 2p;),
region from a Cu film that was exposed to an ECR
O, plasma for 10 min at 50-60°C (solid line) and
for the same sample after irradiation with 200 keV
Cu™ ions to a fluence of 1.6 x 10’ Cu/cm’. The
spectrum for a similar sample that was oxidized in

Ton implantation conditions for examining surface alloying effects on sulfidation

Species

Implant # D O

In

13 keV, 5.5 x 10" cm2

B oW —

95 keV, 5 x 10 cm™2
45 keV, 1 x 10" cm™?
20 keV, 8 x 10" cm2

600 keV, 4 x 10" cm 2
300 keV, 8 x 10" cm™2
125 keV 8 x 10 cm™2

30 keV, 2.5 x 10" cm™2
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Fig. 1. Cu 2p;,, XPS spectrum taken using Al Ko X-rays for
different Cu-oxides: air-formed, ECR oxidized, and ECR-oxi-
dized and irradiated with 200 keV Cu ions.

air for four days is also shown in this figure. The
Cu 2p,, peak positions for CuO, Cu and Cu,O are
marked with arrows at the top of the figure. In
addition, the broad shake-up peak (at 940-945 eV)
is also indicated, which is a characteristic peak of
Cu in the +2 oxidation state. Analysis of these
spectra combined with the O 1Is and Cu LMM
Auger transitions (not shown) demonstrated that
the surface of the ECR oxidized sample is pri-
marily composed of CuO (with possibly a small
amount of Cu(OH),) whereas the native air-oxide
is Cu,O with a minor amount of Cu in a +2 oxi-
dation state. Strikingly, the irradiated CuO surface
was completely converted from a +2 oxidation
state to a +1 state (no visible sign of a shake-up
peak and a significant shift in the primary peak at
932.5 eV).

The structure of Cu,O is a fairly open, simple
cubic structure with 2 formula units per cell. It has
a density of 6.1 g/cm? and a molecular weight of
143.09 g/mol. In comparison, the structure of CuO
is a more compact monoclinic crystal with 4 for-
mula units per cell and a density of 6.51 g/cm?,
while having a molecular weight of only 79.55 g/
mol. Thus, it is expected that the barrier for dif-

fusion through the more compact CuO structure
would be considerably higher.

A TRIM [6] calculation showed that the Cu ion
average range (Rp) is 58 nm (with a AR, of 25 nm)
which is much greater than thickness of the oxide
(=4 nm). Therefore, the compositional changes in
the oxide layer from the tail of the Cu implant are
expected to be minimal. However, the level of
points defects for this fluence is high, increasing
with depth in the oxide layer up to about 3 dis-
placements per atom (dpa). Such a high level of
defects causes a complete reduction in the oxida-
tion state of Cu in the oxide from Cu*" to Cu®. It
is reasonable to assume that Cu would need to
migrate in from the substrate to accommodate this
complete change in the oxidation state. The exis-
tence of such a process would then require a high
mobility of Cu into and through the highly de-
fected oxide.

By comparing the sulfidation behavior of the
CuO/Cu to the Cu,O/Cu, a better understanding
was obtained of the solid-state diffusion processes
involved in the sulfidation of copper. Samples with
oxidized surfaces that were completely Cu,O were
compared to those with surfaces that were com-
pletely CuO. After exposure for 5.5 h at 24°C to a
65% relative humidity air atmosphere containing
600 ppb H,S, the CuO-covered sample showed no
visible (or measurable by ion beam analysis) sign
of sulfidation whereas the sample with a Cu,O
layer formed a Cu,S layer with ~32 nm thickness
(Fig. 2, RBS spectrum).

Modeling calculations were performed to de-
termine the single-site Cu-vacancy formation en-
ergy and the split-vacancy formation energy in
Cu,0. These calculations employed the Vienna Ab
Initio Simulation Package (VASP) [7-10] and uti-
lized ultrasoft pseudo-potentials [11] within the
framework of the Kohn-Sham formulation of
density-functional theory [12-14]. The split va-
cancy is one formed when a Cu atom is removed
from the Cu sub-lattice and the crystal is allowed
to relax to an equilibrium state (at 7 = 0 K) such
that a neighboring Cu atom relaxes into an inter-
stitial site (approximately half way toward the
vacant site). The net result of this relaxation is to
split the single vacancy between the two sites ad-
jacent to the relaxed Cu in the interstitial site. The
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Fig. 2. RBS spectrum from an ECR-oxidized sample implanted
with 200 keV Cu to a fluence of 1 x 10'5 Cu/cm® and then
sulfidized for 5.5 h in a 65% RH air environment containing 600
ppb H,S. The RBS spectrum was collected using 2.8 MeV He
ions incident at 45° from the surface normal and a scattering
angle of 164°.

split-vacancy formation energy is approximately
0.10 eV lower than the single-vacancy formation
energy (depending slightly on the charge state of
the vacancy). The barrier for Cu-vacancy diffusion
through the split-vacancy site is ~0.3 eV whereas
the barrier for diffusion through the single-vacancy
site (no relaxation allowed) is ~0.75 eV. In either
case, the barrier for Cu-vacancy diffusion through
Cu,0 is small suggesting that Cu should be rela-
tively mobile in and through Cu,O (especially
through the split-vacancy site). Transmission
electron microscopy (TEM) of ECR-oxidized
copper [15] revealed that the grain sizes for both
CuO and Cu,O ranged from 10 to 100 nm.
Therefore, with such small but equivalent grain
sizes for the two oxides, if copper sulfidation were
primarily dependent upon grain boundary diffu-
sion, then similar sulfidation rates should have
been found for the CuO and Cu,O samples.
Combining the results from the DFT calcula-
tions, the TEM analysis, and the experimental re-
sults suggest that the sulfidation rate is slowed or
completely suppressed by increasing the barrier to
Cu-vacancy diffusion. Another possible finding
based on the experimental results is that if the

sulfidation process depends on supplying copper to
the surface, then lattice diffusion is as important if
not more important than grain-boundary diffusion.
Further examination of the oxygen and sulfur
signals in the RBS spectrum of Fig. 2 indicates
only two possible reaction processes for the for-
mation of the Cu,S layer on the surface. This
spectrum was collected from a sample that was
ECR-oxidized for 19 min at 75°C, forming a 9.4
nm thick CuO layer. The sample was implanted
with 200 keV Cu and sulfidized for 5.5 h. Further
experimental details are given in the figure caption.
An enlarged view of the S signal (with background
subtracted) and the O signal are shown as insets in
Fig. 2. Arrows in these insets indicate the positions
for the surface peaks of the S and O, respectively.
The sulfur clearly resides at the surface and ex-
tends in depth whereas the O signal is below the
surface peak position, demonstrating that the O is
trapped below the surface Cu,S layer. Either Cu
vacancies have diffused through the oxide to form
a surface sulfide layer, thereby burying the oxide
layer, or the surface oxide layer reacted directly to
form the sulfide, releasing the O and ‘““‘snowplow-
ing” it below the sulfidized layer. The latter pos-
sibility requires the diffusion of sulfur (or S
vacancies) through the sulfide layer to supply the
sulfidation reaction at the Cu,O/Cu,S interface.
A series of inert-marker experiments were per-
formed to confirm which of the two candidate
species actually diffuses through the combined
oxide/sulfide layer. These experiments were per-
formed using bulk polycrystalline Cu substrates
possessing a native Cu,O surface. The samples
were exposed for 4 h at room temperature to an
80% RH air environment containing 150 ppb H,S
that formed an initial Cu,S layer approximately
135 nm thick. An Au marker layer was then de-
posited to a thickness equivalent to 2 nm. How-
ever, for such a thin layer, the Au forms a low
density of small patches (depicted schematically in
Fig. 3), each with a thickness greater than 2 nm.
The presence of this patchy Au layer was con-
firmed using a scanning electron microscope with
backscattered electron imaging to highlight the
elemental contrast between Au and Cu. Many
RBS spectra were collected as a function of sulfi-
dation time, but for clarity, only four spectra are
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Fig. 3. RBS spectra collected from the marker-experiment
samples using 2 MeV He" ions incident along the sample
normal and a scattering angle of 164°. The Au patches, indi-
cated schematically in the inset, were used as markers to de-
termine the dominant moving species.

shown in Fig. 3: (a) initial 4-h sulfidation with Au
marker on top, (b) sample (a) + additional 4-h
sulfidation, (c¢) sample (a) + additional 12-h sulfi-
dation, and (d) sample (a) + additional 103-h
sulfidation. The “motion” of the Au marker to
continually greater depths below the growing Cu,S
layer clearly identifies Cu vacancies are the fastest
moving species through the oxide and sulfide lay-
ers. A schematic diagram depicting the composi-
tion depth profile determined from spectrum (d) is
shown in the inset in Fig. 3. For each of the other
spectra analyzed, the thickness of the layer X, was
135 nm that equaled the initial sulfide thickness
before depositing the Au markers. Only for the
final sulfidation did the layer X, begin to thicken
slightly. This thickening corresponds to evidence
in the gas flow analysis during the final sulfidation,
suggesting that the sulfide layer formed micro-
cracks which permitted the sulfidizing species to
reach the Cu substrate, without diffusing through
the solid state. The fact that the thickness of layer
X, remained constant and all sulfide growth oc-
curred above the markers for the other analyses
proves that the sulfidizing species are not diffusing
through the solid to react at the oxide/sulfide in-

terface, but rather the Cu vacancies are the pri-
mary moving species.

A preliminary finding of this study described
earlier and based on a comparison of the relative
sulfidation behavior of CuO/Cu and Cu,0O/Cu
samples was that the sulfidation rate can be slowed
by increasing the barrier to Cu-vacancy diffusion.
This concept was further tested using ion implan-
tation to form surface alloys that could serve as
Cu-vacancy traps and thereby slow the sulfidation
rate. Again, DFT was employed to calculate the
binding energy of a Cu divacancy to either an Al
or In substitutional atom sitting on a Cu lattice site
in Cu,0. A divacancy trap was considered in order
to maintain charge neutrality for the substitutional
divacancy complex. The results of these calcula-
tions show strong trapping (binding) energies for
both Al and In substitutional atoms: (Alc,+
2Ve)’ =3.19 eV with respect to unbound AIZ,
and 2V, and (Inc, + 2Ve)” = 1.53 eV with re-
spect to unbound Ing; and 27, . Thin film, ECR-
oxidized Cu samples were implanted with In, O
and D according to the details shown in Table 1.
These samples were all sulfidized in a 50 ppb H,S,
80% RH, air environment at 35°C for 5 h. The
amount of sulfur uptake was measured using RBS
with a 2.8 MeV He' beam incident normal to the
sample surface and with a scattering angle of 164°.
The sulfur signal for these samples is given in
Fig. 4 with the background stripped-off: (a) In-
implanted sample, (b) O-implanted sample, and (c)
D-implanted sample. A control sample with only a
native Cu,O on the surface gave a spectrum
equivalent to the O-implanted sample and is not
shown to maintain clarity in the figure. The surface
peak position for sulfur is indicated in the figure
with an arrow. These peaks are barely resolved
and somewhat noisy as a result of the large Cu
background signal subtracted from below them.
Therefore, each signal was simply integrated to
give the areal density of sulfur: (a) 3.6 x 10"+
0.6 x 10, (b) 4.8 x 10'® £ 0.7 x 10'°, and (c) 5.9x
10'¢ £+ 0.8 x 10' S/cm’. These results validate the
ab initio calculation that the In is effective at
slowing the sulfidation reaction, presumably by
trapping vacancies, in comparison to the
O-implanted sample and control sample. Further,
the D implantation, which produced far less
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Fig. 4. Sulfur signals determined from RBS analysis with a 2.8
MeV He* beam incident normal to the sample surface and with
a scattering angle of 164°: (a) In implanted, (b) O implanted,
and (c) D implanted. The large Cu background signal was
subtracted from below the S peak for each of these spectra.

damage in the oxide layer than did the In implant,
had a 65% greater sulfidation rate than did the In-
implanted sample. This latter result suggests that
the presence of hydrogen species in the Cu can
either increase the Cu-vacancy permeability or
enhance the surface reaction rate.

4. Summary

Ion implantation and ion-beam irradiation has
been used in this study for the first time to deter-
mine the influence of solid-state transport processes
on the behavior of copper in atmospheric-sulfidiz-
ing environments. Processes involving diffusion in
Cu, Cu,0, CuO and Cu,S were considered. In
combination with solid-state measurements of
sulfidation kinetics and DFT calculations, several
findings resulted including (1) the role point defects
and vacancy traps have on Cu diffusivity through
the oxide and sulfide layers and the resultant effect
on sulfidation kinetics, (2) the effect of the type of
surface oxide, and (3) the identification of the
dominant species that diffuses through the sulfide
product layer. For the native copper oxide (Cu,0O),

the importance of vacancy trapping on slowing the
rate of sulfidation was predicted and experimen-
tally verified. The type of oxide proved to be im-
portant in that a CuO layer essentially prevents
sulfidation whereas a Cu,O layer permits sulfida-
tion. Finally, solid-state transport of Cu from the
substrate through the Cu,S product layer is the
primary mass transport process.
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