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Ultra-thin Al,O3 films with thickness in the range of 4.5-29.4 nm were prepared on a copper substrate by
atomic layer deposition (ALD) at the temperature of 150 °C to protect the substrate from corrosion. Auger
electron spectrum (AES) was employed to analyze elemental components of the film surface and to detect
elemental distribution in a depth direction of the film, and atomic force microscope (AFM) and scanning
electron microscopy (SEM) were employed to measure the surface morphology before and after corrosion
experiment. Electrochemical impedance spectroscopy (EIS) was used to measure anti-corrosion property
of the film in a 0.1 M NaCl solution. The results demonstrate that high quality ultra-thin Al,O3 films with
a uniform in-depth stoichiometry are achieved on the copper substrate and the films can efficiently
decrease the corrosion of copper. A thicker Al,O5 film can provide better corrosion resistance because of
its lower porosity. When the film thickness is 7.8 nm or above, the copper surface can be well protected,
which is embodied by the fact that the AFM and SEM images of the surface do not show great difference
before and after corrosion.
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1. Introduction

Copper, a technically important material with excellent heat
conductivity and corrosion resistance,” is widely used in plenty of
practical applications like heat exchangers* ® and household
plumbing system.*® Although being resistant to corrosion in pure
water, it is subject to corrosion in aggressive media, such as CI™
and SO}~ .*® One efficient way to decrease the corrosion is to
grow a protective coating to separate copper from the corrosive
media. Al,O; film, possessing excellent insulation properties, is a
good choice for the protective coating.’

Atomic layer deposition (ALD), a process derived from
chemical vapor deposition (CVD), is a proper candidate used to
grow a compact Al,O; film which is nearly pinhole free.!® ™ In
the ALD process, two precursors are introduced into a reaction
chamber alternately and separated by a purge cycle of an inert gas
to avoid direct reaction between the precursors. By adjusting
ALD parameters, the reaction reaches saturation, making the film
growth self-limiting. This self-limiting feature further makes it
possible to grow a highly uniform and conformal Al,O3film on a
large area, with film thickness controlled at a monolayer level. In
addition, both flat and complicated 3D surfaces can be
conformally coated with the film.

Because of the low deposition rate of ALD, it takes much time
to grow a thick film. Thus, ALD is generally used to grow a thin
film with a low thickness of several nanometers.' Fortunately,
such thin film can still have an excellent sealing property. Ultra-

45 thin Al,O3 films with a thickness in a range from 5 to 50 nm were
grown by thermal ALD on a stainless steel (316L) substrate,?
and results of electrochemical measurements (linear scan
voltammetry (LSV) and electrochemical impedance spectroscopy
(EIS)) revealed that a 50 nm Al,O; film grown at 250 °C

s0 achieved the lowest porosity value of 0.03%, and reduced the
corrosion current density by four orders of magnitude with
respect to the substrate. Due to high residual contamination from
the precursors at a low substrate temperature of 160 °C, a 50 nm
Al,O; film grown on a carbon steel alloy (AISI 52100) substrate

ss reduced the current density only by two orders of magnitude. ™
Al,O; film was also grown by plasma-enhanced ALD on 100Cr6
mild steel and aluminium Al2024-T3 alloys to provide corrosion
protection. As radicals in plasma improve the surface reactivity,
the film prepared by plasma-enhanced ALD is denser than that by

s thermal ALD and thus is better in anti-corrosion property.'> ¢ In
spite of the earlier work,'” to our knowledge, using Al,Os film as
the protective coating for copper are rarely practiced.

In the present study, Al,O3 films with thickness in the range of
of 4.5 to 29.4 nm were prepared by atomic layer deposition (ALD)

65 ON a copper and the corrosion resistance property of the coated
copper was investigated by electrochemical impedance
spectroscopy (EIS) measurement. The composition of the Al,O;
films was measured by an Auger electron spectroscopy (AES),
and the surface morphology before and after corrosion was

70 observed by a scanning electron microscopy (SEM) and an
atomic force microscope (AFM).

This journal is © The Royal Society of Chemistry [year]
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2. Experimental
2.1 Ultra-thin film preparation
High purity copper (99.99 wt% purity) with a size of 20X20X2

mm?® was employed as the substrate to grow ultra-thin Al,O; films.

Since surface defect and contamination would give rise to the
failure of films,** *® the copper substrate was fine polished to
decrease the surface defects. The copper substrate was
mechanically polished with SiC foils (Grit size #320, #500 and
#1200) followed by a final polishing with commercial slurries
(PL-7105, Fujimi) (the slurries were diluted by deionized water
with a dilution ratio of 1:3). After polishing, colloidal silica
particle contamination on the polished surface was removed by a
dilute sulphuric acid solution, and then the copper substrate was
cleaned in an ultrasonic bath of deionized water for 2 min and
dried by blowing with high pure nitrogen (99.99%). The RMS
roughness of the final surface measured by AFM (Veeco) was <1
nm.*®

The Al,O; film was prepared with a Picosun SUNALE R-150
ALD reactor. Trimethyl aluminum (TMA, purity >99.99%) and
water were used as Al precursor and oxidant, respectively. These
two precursors were alternately fed into the growth chamber
using high purity nitrogen (purity >99.999%) as carrier gas, and
between the two precursor pulses, the growth chamber was
purged with the high purity nitrogen. One complete ALD cycle
consisted of 0.1 s of TMA/N,, 3 s of N, 0.1 s of H,O/N,, and 4 s
of N,. During deposition, the temperature in the chamber was
150 °C, and the pressure in the chamber was ~1400 Pa.

2.2 Film characterization

The thickness of Al,O; films was measured from a silicon wafer
coated simultaneously with the copper substrate. The
measurement was carried out with null-ellipsometry (Multiskop,
Optrel). Data fit for thickness and refractive index of the film was
carried out using Elli software (Optrel). A 2-layer model
comprising silicon and air was used to determine the refractive
index and the absorption coefficient of the silicon substrate, and
then the film thickness was determined using a 3-layer model
comprising silicon, Al,O3 film and air. In this study, 30-300 ALD
cycles were preformed, and the resulting film thickness is in the
range of 4.5 to 29.4 nm."®

Auger electron spectrum is a powerful tool to detect the
composition of materials. The surface elemental analysis and the
elemental depth profile were obtained using AES (PHI-700,
ULVAC-PHI) with a co-axial cylindrical mirror analyzer (CMA).
The spectrometer was operated at a pressure of <3.9x10° Torr.
For surface analysis, a 5 kV electron beam with a diameter of 25
nm was employed. The depth profiling was done with a 3 kV Ar
ion sputter beam at an incident angle of 30°. The sputtering rate
of SiO, film (calibration specimen) was 4 nm/min.

2.3 Electrochemical measurements

Corrosion test was conducted using an M237A potentiostat
(EG&G) with a conventional three-electrode cell. A platinum
wire and a silver/silver chloride (Ag/AgCl) electrode were used
as counter and reference electrodes, respectively. A working
electrode was placed in a Teflon sample holder and the exposed
area was delimited to 2.01 cm? by a Viton O-ring. All the
experiments were performed in a 0.1 M NaCl solution prepared

by ultra-pure water (resistivity >18 MQcm) and reagent grade
chemicals (NaCl Analar Normapur analytical reagent, Sinopharm
Chemical Reagent Co.). Before EIS measurement, the sample

s was immersed in the solution for 30 min to get a stable open
circuit potential (OCP), and then the EIS was measured at OCP,
in a frequency ranging 10 MHz-100 kHz, with a signal amplitude
of 10 mV. Finally, the acquired spectra were analyzed using
ZView software.

es The surface morphology of samples before and after
electrochemical measurement was observed using AFM and SEM
(FEI Quanta 200 FEG).

3. Results and discussion
3.1 Film characterization

70 Figure 1 (a) shows an AFM image of the copper substrate. After
polishing, the copper substrate becomes very smooth, its root-
mean-square (RMS) roughness reaching 0.72 nm. The copper
substrate we used is polycrystalline, and the grain boundary can
be clearly seen. Figure 1 (b) shows an AFM image of the copper

75 Substrate coated with a 19.4 nm Al,O; film. The two images
demonstrate that the morphology of the coated copper substrate
does not differ greatly with that of the uncoated copper substrate.
This is attributed to the self-limiting growth mechanism of the
ALD process which enables conformal coating of the substrate.

20.0 nm
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Figure 1. (a) AFM image of the polished copper substrate. (b) AFM
image of the polished copper substrate coated with a 19.4 nm Al,O; film.

Figure 2 shows the Auger spectrum of the surface of 19.4 nm
s Al,O3 film coated copper. It can be seen that Al, O and C are
present on the surface of the film. For Al, there are two
transitions, which are located at 59.0 eV and 1391.0 eV,
respectively. Surface atomic concentrations of Al, O and C can be
calculated from peak intensities and the atomic concentrations
10 obtained thereof are 28.5, 49.4 and 22.1%, respectively. O/Al
atomic ratio calculated from atomic concentration is 1.7 which is
larger than 1.5 of stoichiometric Al,Os. The large concentration
of O is attributed to contamination of surface exposed to the
ambient air.
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Figure 2. Auger spectrum of the surface of Al,O; film deposited on the
copper substrate.

Figure 3 shows the depth profile of the 19.4 nm Al,O; film
deposited on the copper substrate. For the Al,O5 film, plateaus of
20 O and Al atom concentration are observed, indicating the growth
of a film with uniform in-depth stoichiometry. Because of
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high concentration of C is present on the very surface of the film.
However, after 1 min of sputtering, the concentration decreases to
the residual level. The residual C in the film is due to incomplete
reaction of Al(CHj); precursor.2% 122

After about 6 min of sputtering, the concentrations of Al and O
decreases, while the concentration of Cu atom starts to increase,
marking the onset of the interface layer. An increase of C atomic
concentration is observed in this layer. This is due to organic
contamination on the surface of substrate before deposition. The
width of the interfacial layer is ~7.5 nm which is much smaller
than ~50 nm of previous report.* Thin interfacial layer is
attributed to the fact that copper substrate was fine polished.
Finally, after approximately 8.5 min of sputtering, the
concentration of the Cu atom becomes stable indicating the entry
of the substrate.
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Figure 3. Depth profile of the 19.4 nm Al,O; film deposited on the
copper substrate.

3.2 Electrochemical impedance spectroscopy

EIS measurement was employed to investigate the corrosion
property of the copper coated with Al,O; film. Figure 4 (a) shows
the sketch of the test system. The copper coated with Al,O3 film
is immersed in a 0.1 M NaCl aqueous solution, and a disturbance
sinusoidal voltage Esin(wt) is applied to the system. This system
is usually modeled with an equivalent circuit (EC) with two time
constants,?>?* as shown in Figure 4 (b). The parallel-connected
elements Ry and CPE, are pore resistance and coating
capacitance which correspond to the dielectric properties of the
film. Another pair of parallel-connected elements R and CPEy is
charge transfer resistance and double layer capacitance which are
adopted to describe the substrate/electrolyte interface in the
permeable coating pinholes. R, is the electrolyte resistance. In
this model, a constant phase element (CPE) was used to replace
the ideal capacitor. The CPE impedance is defined by Eq. (1),

1
LZopp =————
“Qjo)"
where Q and n are adjustable parameters obtained from the non-

linear fitting. The value of n always lies between 0.5 and 1.
Surface roughness was demonstrated to be responsible for the

)

This journal is © The Royal Society of Chemistry [year]
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variation.?* When a surface is rough, the true area exposed to the
solution is larger than that obtained from geometrical calculation,
and in this condition, n is not a unity value. While for a perfect
capacitance made from two smooth surfaces, the value of n

s equals 1. Using the Q and n parameters, equivalent capacitance
value can be calculated from the Brug equation®

C — Ql/n Re(l—l‘l)/n (2)

When the copper substrate is exposed to the ambient air or in
the electrolyte, an oxide layer grows on its surface.?5? Therefore,
10 the EC for the copper substrate should also consist of two time
constants, as shown in Figure 4 (c). In this model, CPE, and
Rpore are the dielectric properties of the surface oxide layer. The
corrosion of the copper substrate occurs in pinholes in the oxide
layer. Because the corrosion of the copper substrate is fast, the
15 reaction byproduct may block the pinholes, which reduces
diffusions of reagents (O, and CI’) and reaction products (CuCI*)
towards and away from the active zones.?* In this situation, the
corrosion is controlled not only by a charge transfer process but
also by a mass diffusion process. The diffusion process is
20 modeled by a diffusion impedance (W).

(a)

NaCl solution

Esin(mt)

Cu substrate
Pinhole

(b) | ©

Rpore Rpore

J CPE(‘oat C PEcoat

Figure 4. (a) Diagram of the test system. Al,Os film coated copper is
immersed in a 0.1 M NaCl aqueous solution, and a disturbance sinusoidal
voltage Esin(wt) is applied to the system. (b) ECs used to describe the
25 Al,Os film coated copper substrate. (c) ECs used to describe the bare
copper substrate.

Figure 5 shows the EIS data for the copper substrate and Al,O;
film coated samples presented as Bode plots (impedance module
and phase angle vs. log(freq)). Two time constants can be

3 observed in the spectra, which is consistent with the model
proposed. The phase angle in the high frequency region gives

information on film capacitance. With the increase of film
thickness, film capacitance decreases, and phase angle in the high
frequency region increases, indicating enhanced capacitive
s behavior. The impedance in the low frequency region
corresponds to the film resistance. The increase of impedance is

observed with the increase of film thickness, indicating
increasing corrosion resistance.
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40 Figure 5. The EIS data for the copper substrate and Al,O; film coated
samples.

Because the Al,O3 film possesses high electric insulativity,
anodic oxidation rarely occurs on the surface of the film. Instead,
in the pinholes of the film, where electrolyte contacts with the

45 copper substrate directly, that anodic reaction mostly occurs. The
EIS fitting parameters obtained using the equivalent circuit
presented in Figure 4 (b) and (c) are listed in Table 1. The
polarization resistance R, can be obtained from pore resistance
Rpore and charge transfer resistance R; present in Table 1,2

50 Rp =R __+ Rct 3)

pore
and then porosity (pinhole induced uncoated substrate surface
fraction) of the Al,O; films can be determined from the equation
in our previous study.'® Figure 6 shows the porosity of the Al,O4
film coated samples. The porosity decreases with the increase of

ss film thickness. This is why the corrosion resistance increases with
the increasing film thickness. The porosity of Al,O3 film tends to
become stable as film thickness increases to 7.8 nm. When the
film thickness further increases, the porosity decreases slowly.
This means that a 7.8 nm thick Al,O; film is effective in reducing

60 COpper corrosion.

4 | Journal Name, [year], [vol], 00-00
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Figure 6. The porosities of the Al,Os films.

Figure 7 (a) shows the SEM image of the copper substrate
before corrosion. The surface is smooth with no defect, which
s consists with the result obtained by AFM. Figure 7 (b) shows the
SEM image of the copper substrate after corrosion. The copper
substrate is corroded and many fine structures developed on its

surface.

These fine structures are grain boundaries of

polycrystalline copper.®*2% 2 Figure 7 (c) is a magnified image of
10 the selected area in (b) from which the grain boundaries can be
clearly seen. When the copper substrate is coated with a 4.5 nm
Al,O; film, the corrosion of copper substrate decreases greatly, as
shown in Figure 7 (d). However, a 4.5 nm Al,O; film is still
insufficient to protect copper from corrosion as the porosity is
15 still high, 5.29%. A mass of pinholes can be observed on the
surface of the film. Figure 7 (e) shows a magnified image of the
pinholes in the selected area of (d). After a 7.8 nm Al,O;3 film is
deposited, the porosity decreases to 0.33% and the surface of
copper substrate is well protected. It can be seen from Figure 7 (f)
20 that no obvious corrosion is observed.

Table 1. The EIS fitting parameters obtained using the equivalent circuits presented in Figure 4 (b) and (c).

Samples
Cu
4.5 nm AlLO;
7.8 nm Al,O3
10.4 nm Al,03
19.4 nm Al,O;
29.4 nm Al,O4

Re
(Qcm?)
20.6
17.7

23.9
18.9
16.7
15.2

CPEcoa
uQ*em?s"
15.40
3.92
0.86
0.51
0.27

0.19

n coat

0.887
0.944

0.991
1
1
1

Rpore

(kQcm?)

0.23
1.22

12.4
38.0
76.6
292

CPEy
uQ*em?s"
112
58.5
0.55
0.41
0.36

0.42

N
0.610
0.600
0.568
0.504
0.569
0.423

Ru
(kQ cm?)
9.09
46.7
675
852
2360

1800

W
(2t cm?As)

465

25

Figure 7. (a) SEM image of the polished copper substrate before EIS
measurement. (b) SEM image of the copper substrate after EIS

measurement. (c) A magnified image of the selected area in (b). (d) SEM

image of the 4.5 nm Al,O; film coated copper substrate after EIS

measurement. (e) A magnified image of the selected area in (d). (f) SEM

30 image of the 7.8 nm Al,O; film coated copper substrate after EIS

measurement.

Figure 8 (a) shows the AFM image of the copper substrate
after corrosion. The surface of the copper substrate becomes
rough after corrosion and the depth of the grain boundary

35 increases. The surface of the 4.5 nm Al,O; film coated copper
substrate (Figure 8 (b)) is also rough because the porosity is still
high, while the surface of the 7.8 nm Al,O3 film coated copper
substrate (Figure 8 (c)) is nearly identical to that of the initial
copper substrate because of the low film porosity. The RMS

40 roughness values of corroded surface in Figure 8 (d) decrease
with the increasing film thickness, which is in good agreement

with the film porosity.

This journal is © The Royal Society of Chemistry [year]
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Figure 8. AFM images of (a) the copper substrate, (b) 4.5 and (c) 7.8 nm
Al,O; film coated copper substrates after EIS measurement. (d) The RMS
roughness of the Al,O; film coated samples after EIS measurement.

4. Conclusion

Al,O; films with thicknesses of 4.5-29.4 nm were deposited on a
fine polished copper substrate by ALD. Due to the self-limiting
growth mechanism of the ALD process, Al,O; films were coated
conformally on the copper substrate. The morphology of the
uncoated does not differ greatly from that of the coated copper
substrate. Surface and depth profile element analysis show that
the AlL,O; films are well stoichiometric. EIS measurement
demonstrates that the Al,O; films can significantly improve the
corrosion resistance of copper in a 0.1 M NaCl solution. With the
increase of film thickness, the corrosion resistance of the Al,O3
films increases. High corrosion resistance of thick Al,O; films is
attributed to their low porosity. The porosity of Al,O; films
becomes stable as film thickness increases to 7.8 nm. With the
further increase of film thickness, the porosity decreases slowly.

6 | Journal Name, [year], [vol], 00-00
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Therefore, a 7.8 nm Al,O3 film is capable of protecting copper
from corrosion. From AFM and SEM images, it can be seen that
the 7.8 nm coated copper surface is not corroded.
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