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A B S T R A C T   

To achieve performance and reliability in microelectronics devices, copper interconnections must be protected 
from aggressive environment during the manufacturing process and throughout the life of the devices. Atomic 
Layer Deposition Al2O3 thin films has been used as a compatible layer with key integration process steps, as well 
as being corrosion-resistant in neutral media. However, electrochemical tests in aggressive environment have 
revealed that the alumina prematurely failed to protect copper from localized corrosion. In this study, local and 
global electrochemical techniques have been employed to evaluate the reactivity of copper at multiple scales and 
to elucidate the underlying corrosion mechanisms.   

1. Introduction 

Currently, the most used materials for chips to package connections 
in microelectronics devices are aluminum (Al) pads and copper (Cu) 
wires. However, the wire-bonding process used to connect these com-
ponents can lead to the formation of inter-metallic compounds, which 
can cause galvanic corrosion [1–3], as well as the creation of Kirkendall 
voids [4,5]. These issues significantly limit the long-term reliability of 
the microelectronic packaging. To address concerns regarding 
cost-effectiveness, performance, and reliability of materials in the 
semiconductor industry. Copper wirebonding on copper pad (Cu-to-Cu 
bonding) approach was periodically evaluated since the early 2000 s, 
but never growth as an industrial application. Challenges and limita-
tions were summarized in 2018 review [6]. Copper is a promising ma-
terial for microelectronics due to its electrical conductivity ratio of 5:3 to 
that of aluminum and its high melting point, which greatly reduces the 
electromigration [7]. The intrinsic properties of electrodeposited cop-
per, such as impurities and microstructure evolution associated with the 
type of germination/growth, can make it sensitive to corrosion. While 
copper’s oxide film provides some protection against corrosion, it is not 
as stable, dense, or uniform as passive films formed on other metals like 
stainless steel [8,9]. 

The integration of copper bond pad presents a significant challenge 
for semi-conductor industry. Achieving a controlled surface state of 
copper is essential to enable reliable connection to the package. 

Although the manufacturing steps of electronic compounds are per-
formed in very controlled environments, there are many sources of 
contamination that can lead to corrosion of copper pads during the as-
sembly steps. Furthermore, major concern of copper oxidation takes 
place at back-end level with difficulties to wire-bond and to perform 
electrical tests on oxidized surfaces, as copper oxide layer leads to a 
morphology change of the copper surface [10,11]. Therefore, it is crucial 
to find an integrable solution to protect copper interconnections from 
corrosion. This solution must be compatible with key back-end process 
steps such as electrical probing, wire-bonding, and molding. 

Previous studies investigating the corrosion protection of copper 
pads and their bondability improvement have identified three distinct 
types of protective coatings [6,12]: (i) metallic coatings such as nickel, 
gold, palladium and less noble metals with their native oxides (e.g. Ti), 
(ii) organic coatings such as self-assembled monolayer and (iii) Inorganic 
coatings such as silicon or aluminum oxides. One limitation being to 
achieve very thin films deposition, it is to note that Al2O3 is less 
mentioned in the literature. 

The use of electroless over-pad metallization with a bilayers struc-
ture consisting of Ni/Pd [13], Ni/Au [14] or Ni/Au/Pd [14] has been 
explored. Gold and palladium offer anti-corrosion properties and strong 
reduction of Kirkendall effect. On the other hand, nickel exhibits 
remarkable interdiffusion properties regarding copper. But this solution 
is not desirable due to its high cost and the need for heavy chemical 
processes and equipment. The literature has also explored the deposition 
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of metallic thin films to create an oxide protective layer, such as Ti [15]. 
Aoh et al. deposited thin films of 3.5 nm using magnetron sputtering. 
They demonstrated that a pure TiO2 film was formed on the copper pads 
during back-end steps (sawing and die-mounting) and allowed reliable 
gold wire bonding. The main issue is the copper migration through the 
metal coatings and the increase in contact resistivity after bonding. 
Some researchers have also investigated the use of organic coatings [16, 
17]. In their work, Ho et al. have demonstrated the feasibility to bond 
copper wire to copper pad using Self Assembled Monolayer over the 
copper pad [18]. But the implementation of organic layer is associated 
with an increase in electrical resistivity at the Cu-Cu interface and the 
preparation of such layers required sophisticated process. The present 
study has specifically investigated inorganic coatings, which have 
received less attention in the literature for the purpose of protecting 
copper pads. To perform an efficient Cu ball to Cu pad wire-bonding, the 
inorganic protective film should be as thin as possible while being stable 
and uniform. Atomic Layer Deposition (ALD) is now a widely used 
technique in microelectronics production [19]. ALD’s ability to deposit 
nanometer-scale thickness films at relatively low temperature (< 200◦C) 
is advantageous as it avoids reaching the temperature limits of inte-
grated component such as microelectronics active materials [20]. 
Moreover, the ALD layers are reported to contain low defects density 
which promotes their barrier properties to protect the metal underneath 
against corrosion [21]. Alumina (Al2O3) was chosen as a good starting 
material for studying protection of copper bond pad due to its good 
stability in various media [22], strong adhesion to copper [11], and 
favorable mechanical properties [23]. 

Many studies have shown that nanoscale ALD oxide layers can 
enhance the corrosion protection of bulk copper. Daubert et al. have 
shown improved corrosion resistance of copper using ALD-deposited 
Al2O3 and other oxide layers by using electrochemical impedance 
spectroscopy [24]. However, they also found, that increasing the 
thickness of the alumina layers beyond 50 nm did not improve the 
protection. Chai et al. conducted a study in the same media with a 
similar material and process condition [25] and found a stabilization of 
the corrosion protection above ~20 nm. Among the notable differences 
between the samples, the copper preparation and its surface state can be 
mentioned. However, some other parameters may be responsible for the 
variability observed, thus fully justifying the reproduction of the study 
for the microelectronic sample. The long-term corrosion protection of 
ALD Al2O3 on copper has already been demonstrated by several authors 
in neutral sodium chloride solutions. Electrochemical impedance mea-
surements at the corrosion potential were used to evaluate the stability 
of the 50 nm ALD Al2O3 films in neutral 0.1 M NaCl solution over 
75 hours [24]. Some studies suggested that the copper corrosion 
mechanism is caused by alumina dissolving when the pH drop due to O2 
reduction [26–28]. Mirhashemihaghighi et al. have also demonstrated 
that corrosion rates were restricted by dissolved oxygen reduction 
resulting from mass transport, when exposed to the same media [28]. 
While ALD alumina demonstrates sealing properties and can provide 
sufficient initial corrosion protection with films under 50 nm thickness, 
its enduring stability on low-scaled copper films remains uncertain and 
requires further investigation. 

This study focuses on investigating the corrosion protection prop-
erties of an alumina coating applied on a thin copper layer. The use of 
versatile electrochemical techniques, such as electrochemical imped-
ance spectroscopy, helps to characterise the dielectric layer as well as to 
investigate the complete degradation mechanisms of the copper bond 
pads. Aggressive electrochemical tests involving immersion in saline 
solutions coupled with advanced microscopic observations have been 
performed to characterize the evolution of the system. This study aims to 
improve the reliability of copper bond pads by analyzing the local 
corrosion mechanisms of copper film coated with alumina to predict 
failures. In other words, the objective is to investigate early stages 
degradation mechanisms of the system to propose ways of optimizations 
based on the metallic substrate and the coating material engineering. 

2. Experimental part 

2.1. Material and surface preparation 

Two types of multi-material stacks were used. The first, called 
“patterned wafer” (Fig. 1.a) reproduced the different nature of layers 
used in real microelectronic devices with copper pad of 60 μm wide. In 
order to further study the corrosion mechanism, full-sheet wafer 
reproducing the stack with lager copper surface area were used (Fig. 1. 
b). This second kind of material was developed without any pattern and 
constitute fast process and efficient tool. For the both samples, the base 
of the wafer is composed of p-type (001) silicon substrate covered with a 
layer of silicon oxide of 1000 μm, added to get closer to the mechanical 
behavior of an electronic chip. A bilayer of tantalum and tantalum 
nitride was physically deposited on the silicon oxide to promote the 
adhesion of the copper seed layer prior to the final electrodeposition of 3 
μm thick copper film. In-situ 120 s annealing at 250◦C was then per-
formed to stabilize the metal. The surface was then polished to reach a 
final thickness of 3 μm. The copper surface was then exposed to chemical 
desoxidation treatment (HF 0.2% for 20 s) prior to coating deposition 
with a controlled waiting time of 1 hour maximum. The procedure for 
ALD Al2O3 deposition on copper wafer is directly adapted from indus-
trial process at STMicroelectronics. Coatings with nominal thicknesses 
of 10 nm were deposited using commercial ASM XP8 reactor at a tem-
perature of 150◦C. The precursors employed were trimethylaluminium 
(TMA, Al(CH3)3) and H2O (water vapor). One complete ALD cycle is 
composed of 1.5 s oxidant pulse, 5 s N2 purge, 225 ms TMA pulse and 2 s 
N2 purge, leading to 1.1 Å/cycle growth rate. 

2.2. Surface analysis 

Surface analyses were performed on patterned wafers, which were 
carefully assessed for correspondence with the non-patterned wafers. 
The thin ALD film was examined using scanning transmission electron 
microscopy (STEM) with an EDS detector to improve film detection and 
ensure adequate resolution.to compare them with non-patterned wafers. 

The observation of the surface state before and after the immersion in 
aqueous electrolyte was performed using a scanning electron micro-
scope Zeiss Supra 55 with an accelerated voltage of 5 keV and a working 
distance of 8.5 cm to ensure sufficient surface resolution. Focus Ion 
Beam (FIB) was used to cut into the local defects using a Tescan Amber 
G4 instrument using conventional Ga ions source. 

X-ray reflectivity (XRR) is a non-destructive technique to measure 
film thickness below 1 µm [29]. A 17-point mapping was performed on 
each wafer to control film homogeneity and ensure an accurate ALD 
layer thickness measurement. 

2.3. Electrochemical measurements 

Local and global electrochemical measurements were performed on 
patterned wafer and non-patterned wafer, respectively. 

Scanning Electrochemical Microscopy was used to map the local 
reactivity that occurred on patterned wafer (Fig. 1.a). The selected 
working mode was the feedback mode, using ferrocenemethanol as the 
electrochemical mediator. A solution composed of 5 mM NaCl and 2 mM 
ferrocenemethanol was selected as supporting electrolyte. All SECM 
measurements were carried out in a faraday cage, using a VERSASTAT 
low-current modulus. The test-cell was composed of a platinum micro- 
electrode of 10 μm radius as the working electrode, a platinum wire as 
a counter electrode, and a Ag/AgCl electrode as the reference electrode 
with a potential of +0.222 V vs SHE. A potential bias of + 0.7 V was 
applied to the tip to ensure a limiting-current state for the oxidation of 
Fe2+ from the mediator. The SECM scans were performed on an area of 
300×300 µm2 with a step of 5 µm and a measuring speed of 10 µm/s. 
The complete scan was recorded in 3 hours. 

Concerning large-scale measurements, a 3-electrodes cell was 
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introduced in a Faraday cage. The working electrode used was the non- 
patterned Al2O3 coated copper (Fig. 1.b), with a constant area of 10 cm2. 
This area was chosen to account for the heterogeneous local thickness of 
the coating and to provide an average electrochemical response. A 
saturated calomel electrode (SCE) with a potential of +0.241 V vs SHE 
was utilized as the reference electrode, regardless of the electrolytic 
solution. Distance between reference and working electrode has been 
fixed to 2 cm. A porous graphite rod was used as the counter electrode. 
Electrochemical measurements were performed at room temperature 
using a Gamry Reference 600 potentiostat. Neutral and aerated 0.1 M 
Na2SO4 and 0.1 M NaCl aqueous solutions were used as electrolytes. The 
first solution was selected as a non-aggressive electrolyte and the second 
to reproduce the corrosion mode observed during preliminary assembly 
test. Before performing electrochemical measurements, the samples 
were cleaned with deionised water and dried under air flow. 

Successive electrochemical impedance spectroscopy (EIS) measure-
ments were performed every two hours over a 16 hours period. 
Impedance measurements were carried out at corrosion potential (Ecorr) 
with a voltage amplitude of ± 10 mV, in the frequency range from 
10 kHz to 2 mHz and with 10 points per decade. Before each EIS mea-
surement, the polarization resistance (Rp) was measured in order to 
verify the stability of the electrochemical system. The polarization 

resistance was determined from the slope of the polarization curves 
obtained at a sweep voltage of 0.5 mV/s close to the corrosion potential 
(± 5 mV around Ecorr). 

Additional EIS measurements were performed around corrosion 
potential in either the anodic or cathodic domains (± 50 mV vs. Ecorr) 
after 2 hours of immersion at Ecorr. Prior to acquiring impedance dia-
grams, the working electrode was polarized at the desired potential for 
20 min. 

The validity of the results obtained from EIS measurements was 
defined by Kramers-Kronig transformation ensuring measurement ac-
curacy by identifying the frequency range in which the conditions of 
linearity, causality, and stationarity are satisfied. The impedance dia-
grams were fitted using a Python-based free software developed by 
Orazem and Watson [30] permitting to obtained standard deviation on 
fitted parameters. The input parameters in the model were first obtained 
from a graphical analysis of the experimental data [31,32]. To ensure 
reproducibility of the results, all electrochemical measurements were 
repeated at least three times. 

Fig. 1. Schematic representation of multi-layer stack of microelectronic device: (a) patterned wafer and (b) full-sheet wafer.  

Fig. 2. SEM micrographs of: (a) bare copper substrate and (b) 10 nm-thick Al2O3 coated copper as-deposited. Cross sections of alumina coated copper: (c) STEM 
micrograph and EDS analyses of (d) aluminum and (e) oxygen. Pt & Au layer were deposited for TEM Lamella preparation. 
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3. Results and discussion 

3.1. Surface characterization of Al2O3/Cu system 

SEM observation before the immersion tests have been performed on 
bare copper (Fig. 2.a) and copper coated with alumina layer (Fig. 2.b). 
Crystallographic contrast can be seen with SE detector on the bare Cu 
sample, evidencing high quality of the surface state. For both samples 
(with and without ALD layer), small copper hillock surrounded by 
bigger grains can be observed. Copper grain hillocks defects, a common 
phenomenon in microelectronics [33,34], arise from variations in 
normal stress along the grain boundaries, which are influenced by fac-
tors such as grain orientation, dimensions, and environment [35]. As 
shown in Fig. 2.c-e, the ALD Al2O3 layer is covering the whole copper 
surface. The thickness layer was measured to be 11 ± 0.5 nm. However, 
a localized thinning of the layer down to a few nanometers at the 
stepping edge of the hillocks is observed. 

3.2. Electrochemical characterization of the coated copper 

3.2.1. Dielectric properties of ALD alumina layer 
Fig. 3.a shows an impedance diagram in Bode coordinates, obtained 

after 1 hour of immersion in the neutral and aerated Na2SO4 solution. 
The ohmic drop contributes to the electrochemical response observed in 
the high frequencies range, masking the capacitive response of the 
interface [36]. Thus, to remove this contribution and to enhance the 
high frequency signal, the diagram was corrected by the value of the 
electrolyte resistance Re (152 Ω.cm2) determined in high frequency 
range in Nyquist plot, following a procedure described by Orazem et al. 
[36]. The adjusted Bode plot is characterized by a pure capacitive 
behavior defined by a constant phase angle equal to − 90◦ in high fre-
quency range. It can be assumed that the impedance is only governed by 
the capacitance of the dielectric film, the double-layer capacitance being 
neglected [37]. Thus, this electrochemical response is attributed to the 
10 nm-thick Al2O3 layer. A complex representation of the capacitance 
(also called Cole-Cole plot [38,39]) shows the evolution of the imagi-
nary capacitance as a function of the real capacitance (Fig. 3.b). The 
complex capacitance C(ω) is expressed in Eq. 1 as a function of the 
impedance Z(ω): 

C(ω) = 1
jω(Z(ω) − Re )

(1) 

The estimated capacitance of the alumina film C∞, graphically 
determined in high frequency range by extrapolation is equal to 
6.55×10− 7 F.cm− 2. Knowing the thickness of the alumina film δ, the 
remaining unknown value ε can be determined using the Eq. 2: 

ε =
δC∞

ε0
(2) 

The dielectric constant was found to be 8, which agrees with data 
from the literature usually between 8 and 9 for Al2O3 thin films [40]. 

To determine the dielectric properties of the film, an electrical 
equivalent circuit (EEC) composed of a pure capacitance CAlumina in 
parallel with a film resistance RAlumina was proposed to fit the experi-
mental data (Fig. 4). The impedance data were corrected by the elec-
trolyte resistance, and therefore this parameter was not included in the 
model. Fig. 3.a shows a good agreement between experimental and 
fitted data characterized by a narrow confidence interval (χ2 value 
limited to 1.85×10− 2). Assuming a constant permittivity along the 
alumina layer thickness, the resistivity ρ can be obtained using the Eq. 3: 

ρ =
R
δ

(3) 

All parameters determined from XRR, ellipsometry and EIS mea-
surements are reported in Table 1. 

The thickness of the ALD layer determined by XRR and ellipsometry 
are in agreement. The obtained thickness value, along with the param-
eters obtained from EIS measurements, enable the assessment of the 
dielectric parameter of the layer. The alumina resistivity is lower than a 
value reported in the literature for ALD alumina grown on silicon sub-
strate, which is around 1015 Ω.cm for 12 nm-thick alumina [41]. This 
difference, can be attributed to the heterogeneous thickness of the 
alumina layer due to the presence of copper hillock, as shown in 
Fig. 2c-e. The deep understanding of the copper/alumina layer/Na2SO4 
electrolyte system was necessary prior to investigating the corrosion 
mechanism in chloride-containing aqueous solution. 

Fig. 3. Electrochemical impedance diagrams obtained for full-sheet wafer after 1 hour of immersion in aerated 0.1 M Na2SO4 electrolyte: (a) corrected by ohmic 
drop in Bode coordinates and (b) in complex capacitance representation. 

Fig. 4. Electrical equivalent circuit used to fit impedance data obtained for 
Copper/Alumina layer/Aerated sodium sulfate solution interface. 
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3.2.2. Electrochemical behavior of Cu/Al2O3/NaCl interface 
The advantage of SECM is to study surface reactivity variations 

caused by local heterogeneities. Thus, it is particularly dedicated to 
measure the surface reactivity of electronic microships. Fig. 5.a shows 
the scanned area delimited by the white square of a copper chip covered 
by 10 nm-thick Al2O3 layer. Around 15 copper pads were scanned over 
the 300×300 μm2 surface area. The SECM maps acquired after 4 hours, 
24 hours and 32 hours in immersion in a dilute NaCl solution (5 mM) 
are presented in Fig. 5.b-d, respectively. The current normalized to the 
bulk limiting current is measured on selected surface. After 4 hours, 
some localized areas already display higher reactivity, although the 
recorded current remains below the bulk current. After 24 hours, posi-
tive feedback emerges on some copper pads, indicating the triggering of 
corrosion processes. After 32 hours, current continues to increase over 
the entire scanned area. This evolution is correlated with the formation 
of non-protective corrosion products and the thinning and/or dissolu-
tion of the Al2O3 oxide layer. Based on this observation, global elec-
trochemical measurements were performed on non-patterned full-sheet 
wafer to investigate the corrosion mechanisms involved. 

Impedance measurements were performed on the non-patterned full- 
sheet wafers after 2 hours of immersion in more concentrated NaCl so-
lution (0.1 M). At Ecorr, both cathodic and anodic electrochemical pro-
cesses take place simultaneously. To enhance the contribution of each 
process, electrochemical impedance spectroscopy was performed under 
polarisation in both domains (Fig. 6). The shape of the impedance 

diagrams is modified with the anodic polarisation with a decrease of the 
maximum phase angle at high frequency and a decrease in low fre-
quency impedance modulus (Fig. 6.a). On the other hand, the cathodic 
polarisation did not show any high frequency response modification, but 
the low frequency impedance modulus increases with the over potential 
(Fig. 6.b). These observations revealed that the electrochemical 
behavior of Al2O3/Cu system in 0.1 M NaCl at Ecorr is mainly driven by 
the anodic process. 

Fig. 7 shows the adjusted impedance diagrams obtained for the 
coated copper during time in 0.1 M NaCl electrolyte at corrosion po-
tential. It should be mentioned that the low frequency part of the 
impedance diagrams was limited to 1 Hz. Values below this frequency 
exhibited KK error >5% and were therefore excluded from the inter-
pretation of the impedance diagram. However, additional experiments 
conducted in a deaerated 0.1 M NaCl solution suggest that the low- 
frequency signature observed may be attributed to limited reactive 
species such as dissolved oxygen. The diffusion impedance for a semi- 
infinite film is modelled using a Warburg element [42], and has been 
previously reported for a copper sheet covered by alumina in aerated 
solutions [26,28,43]. Direct comparison with other works cannot be 
done due to the significant differences of sample preparation, resulting 
in different morphology, chemistry, etc. However, it is assumed that the 
mechanism of corrosion of copper is rather similar in electrolyte con-
taining chloride and oxygen. 

The impedance modulus at 1 Hz is decreasing during time, from 

Table 1 
Dielectric parameters obtained for the Al2O3 layer deposited on copper from different characterization technics.  

δ 
(XRR) 
/ nm 

δ 
(ellipsometry) 
/ nm 

Capacitance 
(graphical 
determination, 
Fig. 3.b) 
/ F.cm− 2 

Capacitance 
(obtained 
from fitting) 
/ F.cm− 2 

ε 
(calculated 
from Eq. 2) 

R 
(obtained 
from fitting) 
/ Ω.cm2 

ρAlumina 

(calculated 
from Eq. 3) 
/ Ω.cm 

10.9 
± 0.23 

10.9 
± 2.55 

6.55×10− 7 6.56×10− 7 

± 1.5×10− 9  
8 2.97× 107 

± 7.49×106 
2.7×1013  

Fig. 5. (a) Optical micrograph of copper pads covered with 10 nm-thick alumina layer. SECM current maps obtained over time after (b) 4 hours, (c) 24 hours and (d) 
32 hours of immersion in 5 mM NaCl solution containing 2 mM ferrocenemethanol. 
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7×104 Ω.cm2 to 104 Ω.cm2 between 1 hour and 16 hours of immersion 
(Fig. 7.a). The phase angle as a function of frequency exhibits two 
distinct behaviors. At shorter times, the phase angle remains constant 
and is lower than − 90◦ at high frequency. It is worth noting that the 
phase plateau decreases from − 85◦ to − 81◦ between 1 hour and 2 hours, 
respectively. For longer immersion time, the phase decreases mono-
tonically with frequency, indicating a pseudo-CPE behavior. 

The ex-situ SEM micrographs reveal an early-stage degradation of 
alumina layer on the hillocks grain boundary after 1 hour immersion 
(Fig. 8.a). Fig. 8.b illustrates the propagation of the degradation along 
the grain boundary. As immersion time progresses, the corrosion mode 
spreads toward the center of the copper grain, with the appearance of 
corrosion products (Fig. 8.c-d). The cross-sectional observations of 
localized corrosion after 16 hours of immersion reveal that the copper 
dissolution is limited to a depth of 200 nm. The tortuous morphology of 
the corrosion products and copper dissolution is clearly visible, with a 
complex geometry inside the corrosion defects. However, there is no 
apparent continuity of these corrosion products, creating a free pathway 
for the electrolyte to reach the underlying copper. It was verified that 
there was no corrosion after 16 hours immersion under the same con-
ditions for a sample with no hillocks (Fig. 9a), on its surface, whereas the 
corrosion was observed for the covered copper for covered copper with 
hillocks (Fig. 9b). This indicates that it is indeed the thinning of ALD 
Al2O3 layer on the edges of the copper hillocks that leads to the corrosion 
sensitivity of the coated copper, in agreement with the modification of 
the electrochemical signature over the immersion time in the neutral, 
aerated and chlorinated solution. 

The localized initiation and propagation of the coated-copper 

corrosion in neutral environment can be explained using a mechanism 
proposed by Diaz et al. [44]: when the irreversible oxygen reduction 
reaction takes place [45,46], hydroxide ions OH- are formed close to the 
substrate in areas of confined porosity/discontinuity (Eq. 4), leading to 
brutal increase of the pH and alumina dissolution (Eq. 5): 

O2 +2H2O+4e− →4OH− (4)  

Al2O3 +2OH− ⇄ 2AlO−
2 + H2O (5) 

In an environment containing chloride and at room temperature 
(~25◦C), alumina has a relatively small pH stability range between 
about 4 and 9. Moreover, it is well known that the halogen anion pen-
etrates at weak points of the oxide film to assist localized corrosion [47]. 
In the present case, these weak points are copper hillocks edge, where 
alumina layer is thinned. The anodic reaction is the copper oxidation. In 
the presence of complexing agents such as the chloride ions [Cl-], Cu(I) 
reacts with the latter to form insoluble copper chloride CuCl (Eq. 6). 
Unstable, the corrosion products then react to form soluble complexes 
like CuCl2- allowing Eq. 7, for example [45]: 

Cu+Cl− ⇄CuCl+ e− (6)  

CuCl+Cl− ⇄CuCl−2 (7) 

CuCl compounds react with water to form copper oxides by precip-
itation. The equilibrium of the reaction (Eq. 8) is shifted to the left when 
the concentration of chloride ion increases (decrease of the stability of 
Cu2O) [44]: 

2CuCl−2 + 2OH− ⇄Cu2O+H2O+ 4Cl− (8) 

Fig. 6. Adjusted Bode impedance diagrams obtained after 2 hours of immersion in 0.1 M NaCl electrolyte at corrosion potential and around corrosion potential in (a) 
anodic and (b) cathodic domain. 

Fig. 7. Experimental adjusted and fitted Bode electrochemical impedance diagrams obtained at corrosion potential over immersion time: (a) impedance modulus and 
(b) phase angle as a function of frequency. 
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Based on these observations a further interpretation of experimental 
impedance diagrams can be proposed to build the models which allow to 
fit the data and to discuss the quantitative parameters evolutions. 

For lower time, the slight phase shift reflects a non-ideal capacitive 
response of the alumina layer (Fig. 7). To account for this deviation from 
ideality, the constant phase element (CPE) was introduced [31,48]. 
Impedance of a CPE is defined by Eq. 9, according reference [48]: 

ZCPE =
1

QCPE(jω)α (9)  

Where QCPE is a pseudo-capacitance with Ω− 1.cm− 2.sα units and α is a 
adimensional number between 0 and 1 reflecting non-ideality with 
respect to a pure capacitance (α = 1). The CPE parameters can be 
graphically extracted [36]. 

After 6 hours of immersion, the pure CPE behavior at high fre-
quencies disappears in favor of a pseudo-CPE behavior attributed to 
Young impedance [49,50]. The Young impedance describes a decrease 
in resistivity from the metal/film interface to the film/electrolyte 

interface. This exponential distribution is expressed as shown in Eq. 10, 
and the calculation of the corresponding impedance Z(ω) is expressed 
allowing Eq. 11: 

ρ(x) = ρ0exp
(− δ

λ

)
(10)  

Z(ω) =
− λ

jωεε0
ln
[
1 + jωεε0ρ0exp( − δ/λ)

1 + jωεε0

]

(11)  

Where ρ0 is the resistivity at metal/film interface, δ is the thickness of 
the dielectric film, λ is the characteristic length of the decay. 

To describe the two electrochemical behaviors observed during time, 
two electrical equivalent circuits are given in Fig. 10. For short im-
mersion time, the model consists of a CPE in parallel with a resistance 
(Fig. 10.a). As immersion time increases, the model evolves to account 
for the reactivity of copper. A non-faradaic branch is composed of a 
double layer pseudo-capacitance (CPEdl), while the faradaic branch 
consists of a Young’s impedance in parallel with a resistance, consistent 
with result obtained in anodic domain (Fig. 6b). Since the Al2O3 layer is 
expected to be inert outside of the pitted region, the physical interpre-
tation of the Young element is given by a mixed behavior between the 
Al2O3 layer and the discontinuous CuCl/Cu2O corrosion products at the 
bottom of the defects. The alumina layer electrochemical signature is 
expected to predominate over corrosion product with low insulating 
properties such as CuCl and Cu2O. For example, CuCl compounds are 
known to have very low dielectric constants [51] (ε = 0.1), while Cu2O 
corrosion products are reported to be porous [52]. As the impedance 
data were corrected by the electrolyte resistance, this parameter was not 
included in either model. 

The fitted impedance diagrams are presented in Fig. 7 in straight 

Fig. 8. SEM micrographs of 10 nm-thick alumina layer deposited on copper in 0.1 M NaCl solution after: (a) 1 hour, (b) 2 hours, (c) 6 hours and (d) 16 hours. (e) FIB 
cross-section of corrosion defect observed after 16 hours of immersion. 

Fig. 9. SEM micrographs for the covered copper (a) a free of hillocks and (b) 
with hillocks after 16 hours of immersion in 0.1 M neutral chloride solution. 
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orange lines and show good correspondence with experimental dia-
grams. The red dashed lines represent the confidence intervals for the 
data (± 2σ). The phase values is more sensitive, resulting in broader 
confidence intervals (Fig. 7.b). Table 2 displays the fitted parameters 
obtained from using of model EEC (a) corresponding to impedance di-
agrams obtained after 1 hour and 2 hours. The values of the CPE 
parameter are consistent with the presence of an oxide layer [53]. The 
polarisation resistance is close to the fitted resistance. Thus, the fitted 
resistance can be attributed to the charge transfer resistance by com-
parison with the obtained resistance in sodium sulfate medium 
(Table 1). It should be noted the charge transfer resistance decrease by 
almost 50% during the first 2 hours of immersion. 

The fitted parameters obtained for longer immersion time and using 
EEC (Fig. 10.b) are presented in Table 3. As previously discussed, the 
polarization resistance was assumed to be equal to the charge transfer 
resistance. Therefore, the Rct value was fixed at the experimental Rp 
value to guide in the fitting process. The values of the CPE parameters 
correspond to typical values for a double layer capacitor (α ~ 0.7 and Q 
~ 10− 5 Ω.cm− 2.sα) and remain constant over time. The polarization 
resistance decreases from 47.2 kΩ.cm2 to almost 29.7 kΩ.cm2 between 4 
and 6 hours before stabilizing. The thickness obtained at the copper/ 
alumina layer/NaCl electrolyte has been observed to increase, while the 
resistivity fitter has been observed to decrease over time. These results 
could be attributed to the modification of the dielectric layer parameters 
resulting from the formation of localized copper corrosion products and 
the thinning or dissolution of the alumina layer, in agreement with the 
SECM investigation (Fig. 5). This is consistent with the surface state 
observations depicted in Fig. 8c-e. 

The link between the electrochemical behavior and the surface state 
observations has been established through the employed procedure. 
This has been done in order to gain a better understanding of the 
corrosion failure of microelectronic devices. 

4. Conclusion 

The present study employed a multidisciplinary approach that 
combined electrochemistry and surface analysis to investigate the 

corrosion issues of microelectronic copper pads covered with 10 nm- 
thick alumina layer deposited via ALD. Among the techniques 
employed, impedance spectroscopy emerged as a crucial tool. This 
versatile technique enables the characterization of thin layer materials, 
as well as the identification of degradation mechanisms, depending on 
the type of electrolyte used. 

The durability of the coated system was shown to be relatively poor 
in 0.1 M NaCl medium, with a reduction in corrosion protection from 
the first hours. It was proposed that the alumina layer is weakened and 
thinned in the areas close to hillocks grain boundary due to internal 
mechanical constraints. This local thinning, combined with the aggres-
sive action of halides, was responsible for the mechanism of corrosion on 
the whole hillocks grain. A local increase of pH was assumed, linked to 
the dissolved oxygen reduction in the areas where the copper is exposed. 
This phenomenon exacerbated the local dissolution of Al2O3, revealing 
the areas of high reactivity. The tortuous corrosion morphology 
observed was associated with preferential dissolution of the copper. 

By gaining a better understanding of the degradation mechanism 
specific to these types of materials, it is now possible to propose material 
conceptualizations to fulfill industrial requirement. 
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Table 2 
Fitted data obtained from EEC (a) (Fig. 9.a).  

Time αfilm Qfilm 

µΩ− 1.cm− 2sα 
Rct 

kΩ.cm2 
χ2 Rp* 

kΩ.cm2 

1 h  0.94  1.15  71.6 3.05×10− 3  74.7 
2 h  0.89  1.89  43.8 4.30×10− 2  49.0  

* The polarization resistance Rp is obtained independently and added to 
validate the fitted values. 

Table 3 
Fitted data obtained from EEC, Fig. 10.b.  

Time αdl Qdl 

µΩ− 1. 
cm− 2sα 

ρ0 

Ω.cm 
δ 
nm 

λ 
nm 

χ2 Rp* 
kΩ. 
cm2 

4 h  0.68  4.57 5.41×1012  12.2  2.14 1.21×10− 2  47.2 
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* The polarization resistance Rpol is obtained independently and added to 
validate the fitting values. 
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