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Copper thin film was obtained by metal plasma ion immersion implantation and deposition (MePIIID). The film
structure was characterized by grazing incidence X-ray diffraction whereas its thickness and surface topography
were evaluated by field emission scanning electron microscopy and atomic force microscopy, respectively.
Rutherford backscattering spectroscopy and X-ray photoelectron spectroscopy were used to evaluate the film
chemical states. Electrochemical quartz crystal microbalance (EQCM) analysis coupled to potentiodynamic
polarization was employed to investigate the dissolution behavior of the MePIIID deposited layer. The copper

film presented a crystalline character and its surface chemical state was mainly comprised of Cu,O. EQCM
measurements provided good basis for estimating the thickness reduction and anodic dissolution rate of the as-
deposited layer, proving to be a valuable tool for developing and evaluating copper-based MePIIID films for

electronic applications.

1. Introduction

Copper and its alloys find widespread industrial applications due to
their outstanding electrical and thermal conductivities [1,2]. Currently,
there is a renewed interest in the corrosion behavior of these materials
[3]. Such attention derives from their susceptibility to corrosion in
chloride-contaminated environments which is a main issue in the
electronic, pipeline and automotive industries [4-6]. Structural failure
can take place due to deterioration of material's performance by
chloride attack. The economic losses associated with copper corrosion
are reported to be voluminous, stimulating the development of pro-
tective coatings and corrosion inhibitors [7-9]. Copper coatings can be
applied in the microelectronic industry to provide a good combination
of corrosion resistance and conductivity performance to electrical
contacts [10,11]. However, in spite of its relative chemical stability,
copper thin film corrosion is a concern in microelectronic applications.

The high sensitivity of electrochemical quartz crystal microbalance
(EQCM) to mass changes has been favorably exploited to investigate
deposition and dissolution of metallic thin films [12,13]. In EQCM, the
mass change is obtained based on the Sauerbrey equation (Eq. (1)),
where Af is the frequency change, Am is the mass change, f, é the re-
sonant frequency, p, is the quartz density, y, is the shear modulus of
quartz and A is the electrode area exposed to the electrolyte [14].
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Recently, Ralston et al. [15] employed a combination of EQCM and
conventional polarization tests to study the dissolution process of
magnesium in NaCl solution. EQCM proved to be reliable to monitor the
online mass change either at open circuit or polarized conditions. While
several authors have employed the EQCM technique to investigate the
efficiency of corrosion inhibitors for copper and its alloys [16-19], the
dissolution process of copper films for microelectronic applications is
hardly ever reported in the literature.

Thin films obtained by the ion beam technique metal plasma im-
mersion ion implantation and deposition (MePIIID) can have their
surface chemistry easily controlled at the nanometer scale [20]. The
corrosion resistance of the coated substrate can be advantageously af-
fected by the good adhesion between the topcoat and the underlying
substrate, giving rise to a robust surface treatment [21]. The use of
MePIIID to produce copper films for electronic applications is hardly
reported in the literature.

In this work, we investigated the dissolution process of MePIIID-
deposited copper films by EQCM and potentiodynamic polarization
tests. The film structure, morphology and chemical composition were
studied by grazing incidence X-ray diffraction (GIXD), field emission-
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scanning electron microscopy (FE-SEM), atomic force microscopy
(AFM), Rutherford backscattering spectroscopy (RBS) and X-ray pho-
toelectron spectroscopy (XPS).

2. Experimental
2.1. Sample preparation

Copper films were deposited by MePIIID. The apparatus consists
mainly of a plasma gun, a plasma filter and the sample holder. All
components are mounted inside a stainless steel vacuum chamber.
Plasma of the cathode material is obtained within the gun by a dis-
charge between the cathode and the anode. A ceramic cylinder was
applied to isolate the cathode (copper rod) from the anode. The plasma
filter guides the generated copper plasma to the substrate and elim-
inates macroparticles. Details of the apparatus have been described in
previous works [22-24]. The films were deposited using Si wafers and
glassy carbon as substrates. Before deposition, the substrates were ul-
trasonically cleaned with acetone and isopropanol for 5 min. Next, the
cleaned substrates were heated at 230 °C for 20 min. The deposition
chamber pressure was approximately 7 x 10~ *Pa. High purity Cu
(99.99%) was employed as cathode for obtaining the metal plasma.
Plasma deposition was carried out in repetitive pulsed process. Para-
meters used for copper deposition were 180 A for the arc current, 5 ms
of pulse duration at one pulse per second (1 Hz of frequency). The total
number of pulses was 5400.

2.2. EQCM analysis

EQCM tests were carried out with AT-cut, gold-coated quartz crys-
tals with nominal resonant frequency of 6 MHz (Autolab-Eco Chemie).
Copper coating was deposited on the gold-coated quartz crystals fol-
lowing the same procedure described in Section 2.1. After deposition,
the copper-coated crystals were rinsed in deionized water prior to
EQCM analysis. After mounting the working electrodes in the EQCM
cell, it was filled with 3.5wt% NaCl solution. Electrochemical tests
were conducted with a M101 Autolab potentiostat/galvanostat. Con-
ventional three-electrode cell setup was employed with Ag/AgCl elec-
trode as reference, a platinum wire as the auxiliary electrode and the
copper-coated quartz crystals as the working electrodes. In order to
ensure a steady state condition, samples were subjected to an initial
monitoring of the open circuit potential. Next, potentiodynamic po-
larization curves were obtained at a scanning rate of 1mV-s~ ! in the
potential range from —250 mVg/aqc1 Versus the open circuit potential
up to +1.0 Vag/agcl- The mass change of the working electrode was
continuously recorded during the test. The tests were conducted in
triplicate.

2.3. Film characterization

The atomic structure of MePIIID-deposited copper films on silicon
(Si) substrates was characterized by GIXD and the crystalline phases
were indexed using the JCPDS catalog. The analysis was performed
using a Bruker D8 Discover theta-theta diffractometer provided with a
Cu X-ray tube working at 40kV and 40mA, with wavelength of
0.1541 nm. A parallel beam optics configuration was used for the
grazing incidence measurements with a Gobel mirror and a 0.2° di-
vergence vertical Soller slit in the incident beam and a 0.1° divergence
parallel plate horizontal slit coupled to a 0.2° vertical Soller slit in the
scattered beam side. The incidence angle of the X-ray beam was fixed at
0.6° and the angular range was scanned from 10° to 60°, with a step size
of 0.1° and 30 s/step.

Atomic composition of deposited cooper films was assessed by RBS.
Measurements were performed using He® ion beam, with energy of
2.2 MeV, scattered at 120° and 170° (with respect to beam direction)
and incident angle of 7°. RBS spectra were fitted using SIMNRA code.
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The chemical surface state of the copper film was assessed by XPS
analysis. The spectra were acquired using a ThermoFisher Scientific K-
alpha® spectrometer, operating with Al-ka radiation source
(1486.6 V) at ultra-high vacuum at 10~ mbar. The shift of the binding
energies was calibrated with respect to C 1s hydrocarbon contamina-
tion signal at 284.8 eV. Survey spectrum and high resolution spectra for
Cu2p and O1s were recorded. Background subtraction was performed
using the Smart™ algorithm.

Scanning electron microscopy was performed using a FE-SEM in-
strument, JMS-6701-F, JEOL, in secondary electron imaging (SEI) mode
operating at 10kV to determine the thickness of the copper film de-
posited on the Si substrate.

Morphological characterization of the copper layer surface has been
carried out by AFM using a Nanoscope IIIA, Bruker, operating in tap-
ping mode with scanning area of 1.0 X 1.0 um.

3. Results and discussion
3.1. Coating characterization

GIXD analyses were carried out to assess the structure of the
MePIIID-deposited copper film. As it can be observed from Fig. 1, the
metallic copper arrangement was indexed as a single phase, according
to the JCPDS catalog (04-0836). The peak identified as Si was indexed
as the silicon phase (JCPDS 05-0565 catalog) related to the silicon
wafer substrate.

Using Eq. (2) (Scherrer equation) [25,26], where Dy is the par-
ticle size perpendicular to the diffracting lattice plane, k is a constant
shape factor of 0.9, O is the diffraction angle, A is X-ray wavelength
(0.1541 nm) and B is the full width at half maximum (FWHM), we
calculated the copper average crystallite size. The peaks related to
crystalline copper, (111) and (200) planes, are located at 43.43° and
50.53° (20), respectively. Based on their FWHM, 0.72° for (111) and
0.96° for (200), the crystallite sizes for the (111) and (200) planes were
determined as 11.9 nm and 9.1 nm, respectively.

k.4
B. cosf

Dy =
(hkl) o)
The high intensity peak observed at (111) can be associated to a
face-centered cubic system of the metallic copper phase [27]. The lat-
tice parameters were calculated according with the Bragg's Law [27]
using the free software CellCalc. They were estimated considering a
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Fig. 1. GIXD pattern of the copper film obtained. The peaks were indexed as metallic
copper phase according to the JCPDS catalog (04-0836). The additional peak identified
as Si is related to the silicon wafer substrate (JCPDS 05-0565).
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Table 1

Standard and estimated lattice parameters of the copper film.
Sample a (A) vV (A%
JCPDS 3.615 47.24
Copper film 3.612 ( = 0.005) 47.1 (= 0.2)

cubic crystallographic system. The lattice parameters of the copper
structure (Table 1) showed no significant differences when compared to
the JCPDS pattern, indicating that the cell is little distorted.

The copper film thickness was measured using the cross-sectional
FE-SEM micrograph of the MePIIID-deposited film. Fig. 2 reveals a
homogeneous copper layer with uniform thickness of some tens of
nanometers (around 75 nm).

Surface morphology was investigated by AFM. Fig. 3a shows the 2D
view of the as-deposited layer whereas the corresponding line scan
showing the surface profile is presented in Fig. 3b. To analyze the to-
pography of the copper surface, the average surface roughness (Ra) was
determined. The difference (SD) between real surface area (SA) and
projected area (PA) was also evaluated based on Eq. (3).

_SA—PA
PA

SD 3)

The mean value of Ra was 0.7 nm, while SA was 1.02 pm? and the
calculated SD was1.7%. AFM 2D micrograph (Fig. 3a), associated with
SD and Ra values, denotes the formation of a flat and smooth copper
layer topography.

The nuclear scattering spectra of deposited copper are presented in
Fig. 4a-b, in which the presence of O, Cu, S and Cl can be identified.
The presence of S and Cl can be treated as contamination, since it is
well-known that Cu oxides adsorb quickly polar contaminants
[18,28,29]. Combined spectra analysis obtained under different scat-
tering angles (170° and 120°) revealed highest O concentration at the
outer metal layer (surface). The average atomic ratio Cu:O was 1.91.
These results suggest the formation of copper oxides, which may be
present as CuO, Cu,0 and Cu(OH),. However, RBS does not distinguish
between different oxide species.

XPS analysis was, therefore, carried out to evaluate the chemical

Copper Layer

Si substrate

SEI 10.0kV

X300,000 WD 7.4mm
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state of the MePIIID-deposited copper film. The general survey spec-
trum is shown in Fig. 5. The main signatures are referred to Cu2p, Ols
and Cls. Since the film does not contain carbon, the Cls peak can be
assigned to surface contamination (adventitious carbon) [30,31]. The
concentrations of Cu2p and Ols are 44.8 at.% and 33.6 at.%, respec-
tively. The presence of the polar contaminants S and Cl species was
detected, confirming the results obtained by RBS. Auger peaks of Cu
and O were also found as indicated. Narrow scan XPS spectra for the
Cu2p and Ols core levels are shown in Fig. 6. The Cu2p spectrum
displays a strong multiplet splitting with an energy difference of ap-
proximately 20 eV. This feature is typical of metallic copper and its
oxidation states [32,33]. There are two strong peaks at 932.6 eV and
952.6 eV and a broad satellite peak at 946.7 eV. The peak at the lowest
binding energy is due to Cu2ps,, and can be due either to Cu® (metallic
copper) or Cu” species [34,35]. It is not easy to distinguish between
metallic copper and Cu,O based on the Cu2p signal, since there is a
marked similarity between peak widths and binding energies of these
species [36,37]. Notwithstanding, the presence of the small broad sa-
tellite peak between the two main Cu2p; ,» and Cu2ps,» peaks indicates
that the surface of the copper film is mainly comprised of Cu,O [38].
Metallic copper does not present satellite peaks and CuO presents a
satellite peak much more intense than that of Cu,O [39].

Two components were assigned to the Ols core level spectrum
whose peaks as indicated in Fig. 6b. The component at a binding energy
of 530.5 eV can be assigned to the presence of Cu,O [40,41]. The peak
at 531.7 eV indicates that a different chemical state exists for the
oxygen in the as-deposited copper film. It can be due to copper vacancy
or chemisorbed O on the copper oxide [42].

SIMNRA fitting of the RBS allows estimating the thickness of the
oxide layer. Assuming the formation of Cu,O layer from XPS analysis,
the thickness of the outer O rich layer thickness was 5.73 = 0.57 nm.
For the whole deposited film, an average Cu/O atomic ratio was cal-
culated as 6.72. In spite of the decreased O content across the MePIIID
film with respect to the oxygen-rich outer layer, the presence of O
suggests the existence of copper oxide species in lower contents through
the film thickness.

Fig. 2. FE-SEM micrograph of the cross section of the MePIIID
copper film (tilt angle 10°).

75 nm

10nm
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Fig. 3. AFM topographic images of the MePIIID
copper film: A. 2-D (scan size: 1.0 pm X 1.0 um; Z-
range: 10.0nm); B. Cross section roughness profile
extract from line “1” represented in A.
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3.2. EQCM measurement

Fig. 7a shows the mass change (Am) recorded with the EQCM on the
copper film when it was polarized in 3.5 wt% NacCl solution at room
temperature. It is possible to estimate the film thickness reduction rate
(8) from the mass change results using Eq. (4) [17] where A is the
electrode surface area exposed to the electrolyte, p is the copper density
and t is the time. The result is shown in Fig. 7b. The corresponding
potentiodynamic polarization curve is shown in Fig. 7c.

_ Am
A.p. t

4

The mass change was negligible until the potential reaches ap-
proximately —0.17 Vag/agc. At this stage there is an initial mass loss up
to —0.04 Vag/agai, followed by a small plateau denoting a new period of
null mass loss that takes places up to 0.09 Vg agci- Then, a new plateau
of null mass loss ensues from 0.23 up to 0.80 Vag/agci. This plateau is
followed by a very sharp mass loss up to end of the test. The thickness
reduction rate presents an obvious coincidence with the EQCM mass
change. It is interesting to note that the thickness reduction at the end
of the test was approximately 72 nm. This value is in good agreement
with the copper film thickness determined from the FE-SEM micrograph
presented in Fig. 2. The copper film was, therefore, completely con-
sumed during the EQCM measurement, exposing the gold-coated quartz
crystal substrate.
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Fig. 5. XPS survey spectrum for the as-deposited copper film.

The mass loss behavior can be correlated with the corresponding
potentiodynamic polarization curve (Fig. 7c). The corrosion potential
(Ecorr) is —0.48 Vag/agct- The curve presents a typical passive region
which spans from —0.05 up to 0.78 Vag/aeai. The passive current
density (ipess) was defined at the middle of the passive range [43] and is
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Fig. 4. Nuclear scattering spectra for the deposited copper film for following scattering and incident angles: (a) energy spectra of 2.2-MeV He * ions scattered to 170° (7°incidence angle);

(b) energy spectra of 2.2-MeV He™ ions scattered to 120° (7° incidence angle).
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Fig. 6. Narrow scan XPS spectra of the as deposited copper film: a) Cu2p and b) O1s core
levels.

equal to 1.58.10 " * A-cm ™2 The first period of negligible mass change
encompasses the cathodic region of the polarization curve, extending
up to —0.17 Vg agc1 Which is located above the corrosion potential of
the copper film and corresponds to the end of the anodic dissolution
step that occurs before the electrode surface reaches the passive state.
The wide plateau of null mass change between 0.23 up to 0.80 Vag/agc1
corresponds to the point at which the copper film is in the passive re-
gion. At the end of the passive region there is a typical steep increase of
the current density due to passive film breakdown in the presence of
chloride ions [44]. The pitting potential (E,;) was 0.77 Vag/agc1. This
corresponds to the sudden and sharp drop of the mass change up to the
end of the test. After this point, the current density decreases near the
end of the test which can be due to the fact that the copper film was
completely consumed, exposing the gold-coated quartz crystal, as dis-
cussed above. The current density decreased due to the high corrosion
resistance of the gold surface.

The EQCM current density (i) could be estimated using the
Faraday's law, according to Eq. (5) [45] where F is the Faraday's con-
stant, M, is the copper atomic mass (63.54 g/mol) and z (the copper
ion charge) was taken as +1, based on the XPS results that pointed to
the oxidation of the copper film to the Cu,O state.

A (dﬂ) z. F
corr dt M,

The mass loss rate (dm/dt) was determined from Fig. 7a by con-
sidering the potential interval between the beginning of the first de-
tectable mass change and the end of the test (which corresponds to the
whole interval wherein the mass loss was detected). The value of i,
determined from the EQCM measurement is approximately

(5)
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Fig. 7. a) Mass change recorded with the EQCM on the copper film when polarized in
3.5wt% NaCl solution at room temperature; b) Thickness reduction rate; c) corre-
sponding potentiodynamic polarization curve.

2.05-10~ % Acm~? which is in good agreement with the value of iy,
determined from the potentiodynamic polarization curve. Since the
potentiodynamic polarization curve of the copper film indicated a ty-
pical passive behavior, anodic dissolution is controlled by ip.s [46]. In
this respect, ic, determined by EQCM and iy, determined from the
passive region of the polarization curve gave good approximation for
the copper film dissolution rate. The results suggest that EQCM can be
employed to provide a reliable evaluation of the dissolution process of
copper films deposited by MePIIID for electronic applications.
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4. Conclusions

A thin, crystalline copper film was successfully obtained by

MePIIID. Its surface chemical state was mainly comprised of Cu,O.
Oxygen is present in the Cu,O layer and is likely also present as a
chemisorbed species. EQCM analysis indicated that the dissolution rate
of the copper film is 2.0510 ™% A-cm ~ 2. This result is in good agreement
with the anodic dissolution rate determined from potentiodynamic
polarization test. The thickness of the copper was estimated as 72 nm
from the EQCM analysis which agrees well with the thickness de-
termined from cross-sectional FE-SEM analysis. EQCM proved to be a
valuable tool for evaluating the dissolution rate of copper films pro-
duced by MePIIID.
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