Nanoscale corrosion behavior of polycrystalline
copper fine wires in dilute NaCl solution
investigated by in-situ atomic force microscopy
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Abstract

In this study, nanoscale corrosion behavior of copper fine wires in dilute NaCl so-
lution is studied by atomic force microscopy and electron backscatter diffraction
technique. The dissolution rate of the grains constituting the wires strongly de-
pends on their crystallographic orientation. In pure water, the dissolution rate
increases in the order of (111) < (001) < (110). Addition of Cl~ dramatically
increases the dissolution rate of the (111) surface to alter the order to (110) ~
(001) & (111) at 0.1 mM. These results show that the crystallographic orienta-
tion dependence is significantly changed by a slight increase of C1~ concentration

in dilute solution.
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1. Introduction

Corrosion of copper fine wires during fabrication of semiconducting devices
has been a serious problem. To fabricate copper fine wires, a patterned trench

structure on a Si wafer is formed by photolithography and a copper thin film is
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deposited on it. Subsequently, the surface is flattened by chemical mechanical
polishing (CMP), where a rotating wafer is pressed against a fixed polishing
pad in a slurry solution. The solution contains anticorrosive molecules to form
a protective layer on the copper surface. Thus, the polished copper surface is
protected during the polishing and subsequent transfer of the wafer to the next
process. However, before proceeding to the next process, the protective layer
should be removed by gently scrubbing the surface in a cleaning solution. Al-
though the solution contains another anticorrosive component, it is gradually
replaced with pure water before drying. During this cleaning process, a cop-
per surface is exposed to a dilute ionic solution and partially dissolves to form
defects: locally etched spots showing high electrical resistance in a wire. To pre-
vent such corrosion, it is essential to understand nanoscale corrosion processes
of a copper fine wire in a dilute ionic solution.

So far, corrosion behavior of various metals in different solutions has been in-
vestigated. Among them, copper corrosion in pure water[1-4] and Cl~ solution[5—
10] is one of the most extensively studied examples. This is due to the wide use
of copper materials and the ubiquity of Cl~ in an aqueous environment (e.g.
sea water and tap water). Macroscopic corrosion behavior is mainly studied
by electrochemical measurement techniques while microscopic behavior is ana-
lyzed by optical, electron or x-ray beam technologies as well as scanning probe
microscopy (SPM)[6-10]. However, microscopic studies on copper fine wires
are limited[11]. In addition, previous studies were mainly performed at a high
Cl~ concentration[5-10] due to the strong interests in the corrosion caused by
sea water. Therefore, microscopic corrosion behavior of copper fine wires in a
dilute Cl~ solution has not been well understood in spite of its importance in
semiconductor industry.

Recently, SPM techniques such as scanning tunneling microscopy (STM)[12],
atomic force microscopy (AFM)[13] and scanning electrochemical microscopy
(SECM)[14] have been proven to be a powerful tool for studying microscopic
corrosion processes. As they can be operated in liquid, in-situ measurements

of microscopic corrosion behavior can be performed. Furthermore, when it
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is used with electron backscatter diffraction (EBSD) measurement technique,
crystallographic orientation dependence of corrosion behavior can be studied[6—
10]. According to these previous studies, microscopic metal corrosion behavior
strongly depends on crystallographic orientation. In addition, Lapeire et al. re-
ported that the crystallographic orientation of the neighboring grains can also
influence the corrosion behavior[7]. Copper fine wires consist of plated poly-
crystalline thin film having nanoscale domains with different crystallographic
orientations. Therefore, to understand their corrosion behavior, it is essential
to use a microscopic technique having a nanoscale spatial resolution in liquid.
In this study, nanoscale corrosion processes of copper fine wires in dilute
NaCl solution is studied by in-situ AFM and ez-situ EBSD measurements. AFM
measurements in different NaCl concentration were performed. Comparing the
AFM images with inverse pole figure (IPF) maps obtained by EBSD, dependence
of the nanoscale corrosion behavior on crystallographic orientation and NaCl
concentration is clarified. A possible model to explain the observed corrosion

behavior is also presented.

2. Material and methods

2.1. Copper fine wires

For the AFM and EBSD measurements, patterned copper fine wires fabri-
cated on a Si wafer (854 Cu CMPd Wafer, Advanced Materials Technology)
was used. Figure 1(a) shows a large-scale view of the pattern while Figure 1(b)
shows a magnified view of the area that was measured by AFM and EBSD. In
this region, the line and space width is 1 pm. The two wires at the center are
connected to a 0.1 mm x 0.1 mm copper pad while the others are electrically
isolated. Owing to the characteristic wiring pattern in this area, its location
can be easily identified either by scanning electron microscopy (SEM) or optical
microscopy. This enables to analyze the same area by AFM and EBSD.

Figure 1(c) shows a cross section of one of the wires shown in Fig. 1(b). As

illustrated in this cross section, the copper wires are formed on a 25 nm Ta film
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and have a depth of 475 nm. The outline of the fabrication process is as follows.

1. A patterned trench structures were formed by etching the SiO5 layer.

2. A 25 nm Ta film was formed on the wafer surface by physical vapor de-
position (PVD).

3. A thick copper film was formed on the Ta film by electroplating.

4. The wafer was annealed at 150°C for 30 min.

5. The surface was polished by CMP to make the SiO5 thickness 500 nm,

which corresponds to the copper wire thickness of 475 nm.

In this way, polycrystalline copper fine wires were fabricated. The wires consist
of nanoscale grains with different crystallographic orientations. For the AFM
and EBSD measurements, the wafer was cut into 10 mm x 10 mm pieces such

that each sample should have the same type of copper wire pattern at its center.

2.2. AFM and EBSD measurements

In this study, AFM measurements were performed in pure water and 0.01
mM /0.1 mM NaCl solution. For each experiment, a different piece of sample was
used. Before the AFM measurements, an EBSD measurement was performed to
obtain an IPF map of the copper wires. For the measurements, field-emission
scanning electron microscopy (JIB-4601F, JEOL) and EBSD detector and soft-
ware (TSL Solutions) were used. The acceleration voltage and current of the
electron beam were 20 kV and 1 nA, respectively.

During the EBSD measurements, carbon contaminations were deposited on
the surface. To remove such contaminations, the surface was cleaned by Ar
plasma cleaner (SC-701, Sanyu Electronics). The Ar plasma cleaning with a
typical operating condition can severely damage the copper wires. Thus, the
bias voltage and the inlet gas pressure were adjusted to just as high as required
for maintaining the plasma. In addition, the sample was covered with a Cu
plate to suppress the electric field applied to the sample surface. Under this
condition, the damage of the wires caused by the cleaning is negligible.

After the Ar plasma cleaning, the sample was attached onto a sample holder

for the AFM used in this experiment. On the fixed sample, a 100 pL 0.5
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M citric acid solution was dropped and left it for 1 min to remove organic
contaminations deposited on the surface during the sample transfer process.
Subsequently, the deposited solution was replaced with pure water by gentle
pipetting. This process was repeated for five times not only to completely
replace the solution but also to rinse the surface with pure water. Although the
copper surface partially dissolves in the citric acid, the created height variations
do not significantly influence following discussions, where time-dependent height
changes of the copper wires are compared between different solution conditions
and crystallographic orientations.

The sample holder was set onto the AFM system. Just before starting the tip
coarse approach process, the water on the sample was replaced with an imaging
solution, which is either pure water, 0.01 mM or 0.1 mM NaCl solution. Note
that the term ‘imaging solution’ is used to refer to ‘solution in which AFM
imaging was performed’. This process was repeated twice to completely replace
the solution with the imaging solution. The elapsed time was recorded since
this replacement as each AFM image was saved.

In this experimental procedure, it is very important to keep the sample sur-
face wet after the cleaning by citric acid. Experiments without a cleaning by
citric acid or with an exposure of the surface to the air after the cleaning re-
sults in poor reproducibility due to the contaminations deposited on the copper
surface during the exposure to the air. This is particularly evident for an exper-
iment in dilute NaCl solution, where relatively minor corrosion processes must
be accurately analyzed.

AFM measurements were performed by a custom-built amplitude-modulation
AFM (AM-AFM)[15-17] in the imaging solution. AFM images were obtained in
the constant amplitude mode, where the tip-sample distance is controlled such
that cantilever oscillation amplitude is kept constant. A commercially available
AFM controller (RC4/0C4, SPECS) was used for the AFM operation. Si can-
tilevers (AC55, Olympus) having a spring constant of ~80 N/m, a resonance

frequency (fy) of ~1.3 MHz and Q factor of ~12 in aqueous solution were used.
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3. Results

Corrosion process of copper wires in water was imaged by AFM from 39 min
till 203 min since the surface was immersed in the imaging solution. Figures
2(a, b) show AFM images of copper wires in water at 39 min and 203 min,
respectively. See also a video consisting of all the AFM images obtained during
the corrosion process (Water.gif in supplementary online materials). The images
show four copper wires as illustrated in Fig. 1(b). At 39 min, the copper surface
already shows nanoscale height variations. Such initial height variations may be
caused by the CMP, Ar plasma or citric acid cleaning. As the main interest of
this work is on the copper corrosion processes in dilute NaCl solution, hereafter
we do not discuss formation mechanism of these initial height variations but
focus on the time-dependent height changes observed during the AFM imaging.
The image obtained at 203 min shows a larger local height variation than the
one obtained at 39 min. This result shows that the corrosion resistance is not
uniform but has local variation.

Figure 2(c) shows an IPF map of the same area as imaged by AFM. Com-
parison between the IPF and AFM images reveals that the local areas showing
different corrosion resistance approximately correspond to the grains with differ-
ent crystallographic orientations. The result shows that the corrosion resistance

is strongly dependent on the crystallographic orientation.

Table 1: Dissolution rates (unit: pm/min) measured in different solution at positions 1-
3 indicated in Figs. 2-4 Avg and SD denote average and standard deviation of the values

measured at positions 1-3.

Water 0.01 mM 0.1 mM
(110) (001) (111) (110) (001) (111) (110) (001) (111)
1 20.6 5.4 1.7 16.3 321 195 21.2 238 404
2 22.2 5.1 0.6 219 331 219 26.8 20.2 332
3 25.5 6.0 2.3 26.5  26.5  31.1 — 21.0  25.6
Avg 228 5.5 1.5 21.6  30.6 24.2 24.0 21.7 331
SD 2.5 0.5 0.9 5.1 3.6 6.1 4.0 1.9 7.4
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To investigate the correlation between the crystallographic orientation and
the corrosion resistance, height changes at three locations were analyzed for
each of the (110), (001) and (111) surfaces as indicated by the arrows. Note
that all the locations were selected from the same wire to eliminate possible
influence of the difference in the macroscopic wiring pattern. Fig. 2(d) shows
the height changes at the locations indicated by the arrows No. 1 in Fig. 2(c).
The curves show that the height decreases almost linearly at these locations.
Thus, we calculated the average dissolution rates at positions 1-3 from the initial
and final surface heights as summarized in Table 1.

Similar analyses of the copper corrosion were performed in 0.01 mM and 0.1
mM NaCl solution as shown in Figures 3 and 4. See also videos consisting of
all the AFM images obtained during the corrosion processes (001mM.gif and
0lmM.gif in supplementary online materials). AFM images shown in Figure
4 may appear to have a low resolution compared to the other images. This
is not due to the pixel resolution but the contaminations on the tip apex. As
Cl™ concentration increases, the dissolution rate increases, making it difficult
to keep the tip apex clean. However, this does not significantly influence the
accuracy of the height measurements. The average dissolution rates measured
at all the locations in different solution are summarized in Table 1 and Figure
5.

Due to the limited number of the grains in one wire and hence the data
points, the obtained data has a relatively large error bars (i.e. standard devia-
tion). To evaluate the significance of the difference in the mean values between
the data sets, two-tailed T-tests were performed with a significance level of
a = 0.05. Following discussions are made based on these statistical analyses.

In pure water, the dissolution rate increases in the order of (111), (001)
and (111). However, the addition of Cl~ into water significantly increases the
dissolution rate of the (001) and (111) surfaces while it gives little influence on
the dissolution rate of the (110) surface. Further increase of Cl~ concentration
from 0.01 mM to 0.1 mM decreases the dissolution rate of the (001) surface.

Although the mean value of the dissolution rate of the (001) surface increases,
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the significance of the difference is not confirmed due to the large error bars. For
0.01 mM and 0.1 mM NaCl solution, the dissolution rate shows no significant

difference between different crystallographic orientations.

4. Discussion

From the results presented above, at least two major findings are obtained.

1. The dissolution rate in pure water increases in the order of the (111), (001)
and (110) surfaces.
2. The dissolution rate of the (111) surface dramatically increases with in-

creasing the Cl~ concentration.

Two sets of similar experiments were performed and reproducibility of these two
major findings were confirmed. Here, the mechanism underlying these corrosion

behaviors is discussed.

4.1. Corrosion in pure water

In pure water, copper corrosion is caused by the following reaction.
Cu = Cu®t 4 2e~ (1)

However, a copper surface should be covered with an oxide layer in an aqueous
environment. Note that the surface oxide layer was once removed by the citric
acid cleaning. However, we replaced the citric acid with pure water and subse-
quently with an imaging solution. Thus, by the time we started the imaging,
the surface had been immersed in aqueous solution for several tens of minutes
and hence covered with an oxide layer formed after the citric acid cleaning.
The copper oxidation and its influence on corrosion resistance have been
investigated by various methods[18-29]. Most of these studies reported that the
initial oxide layer mainly consists of CuzO rather than CuO or Cu(OH)[20, 22,
24-27]). The Cus0 layer serves as a protective layer against corrosion. Thus,
the observed difference in the dissolution rate should represent the difference in

the corrosion resistance of the CuyO layer.
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There have been several studies on crystallographic orientation dependence
of copper oxide films formed by anodic oxidation[8, 26, 30-34]. Previous AFM
and STM studies[30-32, 34] showed that a CuzO(111) film is epitaxially grown
on Cu(111) while a CuzO(001) film is epitaxially grown on Cu(001) in 0.1 M
NaOH solution. Kunze et al. reported that the CupO film formed on Cu(111)
by anodic oxidation is thicker than that on Cu(001)[34]. Gao et al. reported
that an oxide film formed on Cu(111) by thermal annealing is thicker than
that on Cu(110) and Cu(001)[26]. Martinez-Lombardia et al. reported that the
passive layer formed by anodic oxidation on Cu(111) has a lower conductivity
or reactivity than that on Cu(001)[8]. They tentatively explained the observed
difference by the difference in the defect density. Although the oxide films
formed in these previous studies are not prepared by the same procedure or
in the same environment, they consistently show a similar dependence on the
crystallographic orientation. Namely, a CuzO layer formed on Cu(111) has a
higher thickness and corrosion resistance than that on Cu(001).

The corrosion resistance increases in the order of (110), (001) and (111) in
pure water. This result is consistent with the previous reports described above.
The same order is found for different physical quantities. The surface energy
decreases[35], the work function increases[36], the atomic density increases, and
the surface corrugation decreases in the order of (110), (001) and (111). These
results suggest that the (111) surface should show the highest crystalinity and
the lowest defect density. As a CuyO film is epitaxially grown on Cu(111), this
should be also true of the oxide layers formed on a copper surface. Therefore,
the observed difference in the corrosion resistance probably originates from the
difference in the defect density of the oxide layer. This interpretation is con-
sistent with previous reports on the corrosion mechanism of an oxidized copper
surface. According to the previous review by Kear et al., the copper dissolution
takes place due to the charge and material transports through the defects in the
CuzO layer and the corrosion products made of CuO/Cu(OH)s are deposited
on the oxidized surface[5].

Lapeire et al. previously investigated crystallographic orientation depen-
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dence of copper corrosion in 0.1 M NaCl and 0.5 M NaySO, by AFM and
EBSD|[7]. They found that the (111) surface dissolves faster than the (001)
surface when they are adjacent to each other. In this study, the (111) grains in-
dicated by arrows 1-3 are all adjacent to the (001) grains as shown in Fig. 2(c).
However, they consistently showed a lower dissolution rate than that of the
(001) grains (Fig. 5 and Table 1). This disagreement suggests that such influ-
ence of neighboring grains in pure water may be weaker than that in 0.1 M NaCl

solution.

4.2. Corrosion in dilute CI~ solution

In pure water, the dissolution rate of the (111) surface is lower than that of
the (110) and (001) surfaces. However, it is dramatically increased by adding
Cl~. At 0.1 mM, the dissolution rate of the (111) surface becomes as high as
that of the other surfaces. According to previous studies, the dissolution rate
of the (111) surface becomes higher than that of the (001) surface at a higher
Cl™ concentration. Martinez-Lombardia et al. investigated the reactivity of the
(111) and (001) surfaces in an active state in 5 mM NaCl solution by SECM]S].
They found that the (111) surface has a higher reactivity than the (001) surface.
They also investigated corrosion behavior of the (111) and (001) surfaces in 10
mM HCI solution by STM[9]. They found that the dissolution rate of the (111)
surface is higher than that of the (001) surface. These results consistently show
that the corrosion of the (111) surface is strongly accelerated by Cl1~.

In this experiment, the copper wires were first immersed in pure water and
subsequently it was replaced with NaCl solution. Thus, before the replacement,
the surface should be covered with a CusO layer. The dramatic increase of the
dissolution rate of the (111) surface by Cl~ suggests that the corrosion is mainly

caused by the following reactions.

Cup0 +2C1~ + 2H = 2CuCl + Hy,0 2)

CuCl+Cl” = CuCly (3)

As discussed above, a CuzO layer formed on Cu(111) has a relatively high

10
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crystallinity[8, 26, 34]. Thus, the dissolution should smoothly take place in
a layer by layer fashion. This explains the high dissolution rate of the (111)
surface in 0.1 mM NaCl solution.

A Cuy0 layer formed on Cu(110) has a higher defect density than that on
Cu(111) or Cu(001). Thus, in pure water, the dissolution takes place through
the defects and corrosion products made of CuO/Cu(OH)y are deposited on
the surface. Kunze et al. reported that an amorphous-like layer of the corrosion
products is not formed on Cu(111) but formed on Cu(001)[34]. This amorphous-
like layer of the corrosion products does not serve as a good protective layer in
pure water[8, 34, 37]. However, as it separates the CusO surface from the
solution, it should reduce the speed of reactions (2) and (3). At the same time,
Cl™ may directly reacts with a copper surface through the defects. According
to the previous review[5], corrosion of pure copper in C1~ solution is caused by

one of the following three reaction paths.

Cu+2Cl" = CuCl; +e” (4)
Cu = Cu'+e, Cut+2Cl" = CuCly (5)
Cu+Clm = CuCl+e, CuCl+Cl" &= CuCly (6)

In either case, the reaction involves transfer of C1~ and CuCl; through narrow
defects, which should limit the reaction rate. Thus, the overall dissolution rate
of the (110) surface is not as high as that of the (111) surface in C1~ solution.

The (001) surface has an intermediate property compared with the (111) and
(110) surfaces in terms of surface energy[35], work function[36], atomic density
and surface corrugation. As expected from this trend, the dissolution rate also
shows an intermediate behavior. Therefore, the corrosion behavior of the (001)
surface can be understood by the combination of the explanations made for
the (110) and (001) surfaces. The high dissolution rate at 0.01 mM can be
explained by the dissolution of both a CusO layer and an underlying copper
surface through the defects.

The decrease of the dissolution rate caused by the increase of Cl~ concentra-

tion from 0.01 mM to 0.1 mM can be explained by the influence of neighboring

11
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grains. As mentioned earlier, Lapeire et al. reported that the (111) surface dis-
solves faster than the (001) surface when they are adjacent to each other.[7] All
the (111) grains indicated by arrows 1-3 in Fig. 4 are adjacent to the (001) grains.
Thus, such an influence of the neighboring grains may result in a decrease of

the reaction rate on Cu(001).

5. Conclusions

In this study, nanoscale corrosion behavior of copper fine wires in dilute
NaCl solution was investigated by AFM and EBSD. The major findings are

summarized below.

1. The dissolution rate in pure water increases in the order of the (111), (001)
and (110) surfaces due to the reactions through defects in the surface CuzO
layer.

2. The dissolution rate of the (111) surface dramatically increases with in-
creasing the Cl~ concentration due the dissolution of the surface CuyO
layer as CuCl; .

3. The dissolution rate of the (110) surface shows little dependence on Cl~
concentration probably due to the corrosion products deposited on the

Cuy0 layer.

So far, investigations on the copper corrosion behavior in Cl~ solution were
mostly performed at a high ionic concentration. In this study, the nanoscale
corrosion behavior at a low Cl~ concentration (< 0.1 mM) was clarified. Such
information should be valuable for understanding the corrosion behavior of cop-

per fine wires in the fabrication process of semiconducting devices.
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Figure 1: Schematic illustration of copper fine wires used in this study. (a) A large-scale
view. (b) A magnified view of the area measured by AFM and EBSD. (c) Cross sectional view

of a copper wire.

Figure 2: AFM images of copper wires in water at (a) 39 min and (b) 203 min. The 0 nm
in the height scale corresponds to the approximate average height of the insulating areas. (c)
IPF map of the same area as imaged by AFM. (d) Height changes at the locations indicated
by the arrows No. 1 in (c).

Figure 3: AFM images of copper wires in 0.01 mM NaCl solution at (a) 68 min and (b)
177 min. The 0 nm in the height scale corresponds to the approximate average height of the
insulating areas. (c) IPF map of the same area as imaged by AFM. (d) Height changes at the

locations indicated by the arrows No. 1 in (c).

Figure 4: AFM images of copper wires in 0.1 mM NaCl solution at (a) 53 min and (b)
128 min. The 0 nm in the height scale corresponds to the approximate average height of the
insulating areas. (c) IPF map of the same area as imaged by AFM. (d) Height changes at the

locations indicated by the arrows No. 1 in (c).

Figure 5: Corrosion rates of the (110), (001) and (111) surfaces in water and 0.1/0.01 mM
NaCl solution. The values correspond to an average of the values measured at the three
locations indicated in Figures 2(c), 3(c) and 4(c). The only exception is the value for the
(110) surface in 0.1 mM solution, where only the two (110) surface grains exist in the wire.

The error bars correspond to a standard deviation of the measured values.
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Figurel
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Figure3

(b) 177 min

15 nm| (1 um 15 nm
(c) IPF map l_)TD //NDA1 1 .(d) .Height changes at locations
RD 001 110 indicated by the arrows No. 1

-20:'"'I""I""I""I""I""I""

N
\)
IIII

~
T

g

—h

=

Height [nm]
DN N
c O

I|IIII|IIIIIII

(001)
30F (111)
3o bt TETE FRETE FNANT NNTNE ey

40 60 80 100120140160
Time [min]



Figure4d

(@) 53 min (b) 128 min
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Figure5
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