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Abstract 

Copper–aluminum (Cu-Al) wire-bonded devices are widely used in microelectronic pack-
aging; however, corrosion at exposed Cu-Al bimetallic interfaces can lead to Al pad deg-
radation, undercutting, and eventual ball-bond lift-off or open-circuit failure under humid, 
halide-contaminated conditions. This work presents a scalable post-wire-bond wet-chem-
ical passivation process using octadecylphosphonic acid (ODPA) to simultaneously mod-
ify exposed Cu/Pd-coated Cu (PCC) and Al surfaces. The passivation process includes a 
hydroxylation pretreatment to generate reactive oxide/hydroxide surface sites, followed 
by ODPA treatment and solvent rinsing to remove weakly adsorbed species. Surface mod-
ification was evaluated using contact-angle measurements, reflection–absorption infrared 
spectroscopy (RAIRS), atomic force microscopy (AFM), and X-ray photoelectron spectros-
copy (XPS). ODPA treatment increased the water contact angle on Cu and Al, confirming 
a substantial increase in surface hydrophobicity following coating formation. RAIRS iden-
tified ODPA-associated aliphatic C-H bands, AFM showed treatment-induced nanoscale 
surface changes, and XPS supported metal–oxygen–phosphorus interfacial bonding. Un-
der aggressive 100 ppm chloride-ion immersion, ODPA passivation strongly suppressed 
corrosion-induced ball-bond lift-off across both device platforms. Lift-off decreased from 
99.0% to 0.73% for Cu-Al devices and from 23.3% to 0.42% for PCC-Al devices. Collec-
tively, these findings establish an effective, process-compatible post-wire-bond strategy 
for substantially protecting corrosion-susceptible interfaces and thereby improving the 
reliability of wire-bonded interconnects in halide-containing environments. 

Keywords: Cu-Al wire bonding; dual-metal passivation; octadecylphosphonic acid 
(ODPA); bimetallic corrosion; chloride-induced ball-bond lift-off 
 

1. Introduction 
Wire bonding remains one of the most mature and extensively adopted interconnect 

technologies in microelectronics packaging, owing to its combination of low cost, high 
throughput, and broad compatibility with diverse device architectures. Although flip-
chip, wafer-level, and heterogeneous integration technologies are becoming more com-
mon, wire bonding remains the preferred choice for high-volume manufacturing. It is still 
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widely used in power, analog, memory, and mixed-signal devices [1–3]. At the same time, 
increasingly strict reliability requirements for automotive and other safety-critical elec-
tronics have made near-zero-defect performance, often measured in defective parts per 
billion (DPPB), an essential target [4]. 

In response to these demands, copper (Cu) has largely replaced gold (Au) as the pre-
ferred wire-bonding material. Compared with Au, Cu is less expensive, provides better 
electrical and thermal conductivity [1,3], and forms Cu-Al intermetallic compounds more 
slowly at the bonding interface [5]. Despite these advantages, Cu-Al wire bonds remain 
susceptible to corrosion in humid environments containing mobile ionic contaminants [6]. 
One of the main consequences is corrosion-induced ball-bond lift-off, which can result in 
intermittent or complete open-circuit failure. These failures are commonly observed after 
humidity-based reliability tests, such as temperature–humidity bias (THB), pressure 
cooker testing (PCT), and highly accelerated stress testing (HAST), and are often associ-
ated with halide contamination [7]. Figure 1 shows representative SEM images of the fail-
ure progression, from an intact ball bond to Al bond-pad corrosion and eventual ball-
bond lift-off under chloride exposure. 

 

Figure 1. SEM (BED) images of ball bond before corrosion, after Al bond-pad corrosion, and after 
ball-bond lift-off. 

This type of degradation can occur even when the halide concentration is relatively 
low. Previous studies on Cu-Al wire bonds have shown that chloride concentrations rang-
ing from 5 to 20 parts per million can cause severe corrosion in the presence of moisture 
[4,8]. These chloride-containing impurities may originate from epoxy molding com-
pounds (EMCs), adhesion promoters, additives, processing residues, or opportunistic 
manufacturing contamination [8,9]. Once moisture is present, the ions can become mobile 
and migrate toward exposed regions around the Cu-Al bond perimeter, where localized 
corrosion may begin. This sensitivity to trace ionic contamination remains a major chal-
lenge for long-term package reliability. To accelerate the evaluation and clearly distin-
guish between untreated and passivated devices, the present study uses a 100 ppm Cl− 

aqueous solution as a deliberately severe screening condition. Under this condition, 
nearly all untreated Cu-Al devices undergo corrosion within the selected test duration, 
providing a stringent baseline against which the protective effectiveness of the coating can 
be directly compared. The 100 ppm concentration is not intended to represent the actual 
chloride level or transport conditions inside an encapsulated package. Instead, it provides 
a controlled and accelerated environment for evaluating the relative corrosion resistance 
of unprotected and passivated wire-bond assemblies. 

The susceptibility of the Cu-Al system is fundamentally electrochemical, although 
the dominant corrosion pathway depends on the local Cu-Al phase composition, passive-
film stability, chloride concentration, solution pH, and the extent of electrolyte access to 
the bimetallic interface [10–13]. Under high-temperature and high-humidity package-re-
liability stress tests, previous studies have reported preferential degradation of Cu-rich 
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Cu-Al intermetallic compounds (IMCs) [6,14]. In contrast, real-time corrosion studies in-
dicate that halide-induced wire-bond failure can initiate at the electrolyte-accessible Cu-
Al bond perimeter and then progress through localized Al-pad corrosion and undercut-
ting toward the underlying IMC-containing region [4,11]. Under the room-temperature, 
100 ppm Cl− aqueous screening condition used in this study, chloride can destabilize the 
native Al oxide/hydroxide film and promote localized Al dissolution, while adjacent 
Cu/PCC surfaces and other accessible Cu-rich regions support coupled cathodic reactions. 
This localized bimetallic corrosion can propagate laterally beneath the ball bond, leading 
to Al-pad undercutting, eventual ball-bond lift-off, and, if the attack continues, subse-
quent degradation of the underlying IMC-containing region [4,11]. The dual-metal pas-
sivation strategy developed in this work is therefore intended to suppress corrosion at 
this accessible initiation site by modifying both the Al-containing and Cu/PCC-containing 
surfaces near the bond perimeter, thereby limiting early-stage corrosion before it can ad-
vance toward buried IMC-containing regions. 

One widely adopted manufacturing approach for improving Cu-Al bond reliability 
is the use of palladium-coated copper (PCC) wire. The Pd coating can alter interfacial re-
actions, suppress the formation of highly corrosion-susceptible Cu-rich IMCs, and reduce 
direct exposure of reactive Cu; as a result, PCC-Al devices generally show better corrosion 
resistance than bare Cu-Al devices [14]. Nevertheless, PCC does not completely eliminate 
the Cu-Al galvanic couple. During free-air-ball formation and thermosonic bonding, the 
Pd coating may become non-uniform or discontinuous, while Al splash or squeeze-out 
can create exposed Cu-Al contact around the bond perimeter. PCC-Al devices can there-
fore still undergo corrosion and lift-off under aggressive halide exposure [4,15]. To eval-
uate the proposed treatment across both conventional and improved wire metallurgies, 
this study examines Cu-Al Low-Profile Quad Flat Package (LQFP) devices and PCC-Al 
Mold Array Process Ball Grid Array Package (MAPBGA) devices, as shown in Figure 2. 

 

Figure 2. Optical microscope images of (a) LQFP (Cu-Al device) and (b) MAPBGA (PCC-Al device) 
devices used in the study. 

Taken together, these limitations and the current understanding of the corrosion 
mechanism suggest that approaches focused only on wire metallurgy or IMC control may 
not be sufficient to protect the exposed Cu-Al bond perimeter. The exposed Cu/PCC-Al 
bimetallic contact at the bond perimeter is a primary site for corrosion initiation because 
electrolyte access enables galvanic reactions to occur between the Cu-containing surface 
and the adjacent Al [11,16]. Buried Cu-Al intermetallic phases may then influence how the 
corrosion progresses. Cu-selective passivation can reduce the reactivity of exposed Cu-
containing regions, but it leaves the adjacent Al surface untreated [17]. As a result, it does 
not provide simultaneous protection to both sides of the Cu-Al galvanic couple in a com-
pleted wire-bonded device. 
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The present work advances corrosion-mitigation strategies by introducing a hydrox-
ylation-assisted ODPA treatment that modifies Cu/PCC and Al surfaces after wire bond-
ing. The treatment creates a hydrophobic bond-perimeter environment, where electrolyte 
access can promote coupled corrosion reactions [11,16]. Unlike approaches based only on 
Pd-containing wire metallurgy or Cu-selective passivation [14,17], this dual-metal strat-
egy targets both sides of the Cu-Al galvanic couple in completed devices. The process 
avoids high-temperature post-treatment [18]. ODPA was selected because phosphonic ac-
ids bind strongly to metal oxide and hydroxide surfaces through M-O-P linkages [19]. Its 
C18 chain promotes a hydrophobic layer that can limit water and ion access. Here, the 
coating is better described as a heterogeneous phosphonate-derived layer with multi-
layered regions rather than an ideal monolayer. Depending on surface chemistry, phos-
phonate groups may adopt mono-, bi-, or tridentate coordination [20]. On Al oxide/hy-
droxide surfaces, ODPA can form chemisorbed and Al-phosphonate species [21], increas-
ing hydrophobicity and reducing electrolyte access [22]. It can also form phosphonate-
derived coatings on oxidized Cu, including CuO, Cu(OH)2, and Cu2O [23]. By modifying 
both metals, the treatment is expected to slow bond-perimeter corrosion. Figure 3 sum-
marizes the proposed passivation mechanism. 

 

Figure 3. Schematic of corrosion mechanism and ODPA-assisted dual-metal passivation at Cu-Al 
bimetallic contacts in wire-bonded packages. The red crosses denote suppression of electrolyte ac-
cess and the associated corrosion reactions following formation of the Cu-O-P-R and Al-O-P-R pas-
sivation layers. 

Guided by this mechanism, the study evaluates a scalable wet process in which hy-
droxylation generates reactive oxide/hydroxide sites before ODPA exposure [24]. Surface 
modification was examined by contact-angle measurements, RAIRS, AFM, and XPS, con-
sistent with studies of phosphonic-acid-treated Cu and Al surfaces [23,25]. Device perfor-
mance was assessed by chloride-immersion screening of Cu-Al and PCC-Al assemblies. 
To our knowledge, this is the first demonstration of phosphonic-acid-based dual-metal 
passivation suppressing chloride-induced Al-pad degradation and ball-bond lift-off in de-
vices. 

2. Materials and Methods 
2.1. Wire-Bonded Devices 

Two types of wire-bonded package assemblies are used in this study. The first device 
type consisted of functional dies (5.0 mm × 4.6 mm) surface-mounted on Cu-based lead 
frames from low-profile quad flat packages (LQFP). These devices employed Cu wires 
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(~25 µm diameter) thermosonically ball-bonded onto Al bond pads (70 µm × 78 µm). 
Throughout this manuscript, these assemblies are referred to as Cu-Al devices. 

The second device type consisted of dies (~5.5 mm × 5.5 mm) surface-mounted on 
lead frames from mold array process ball grid array (MAPBGA) packages. These devices 
used Pd-coated Cu (PCC) wires (~20 µm diameter) for ball bonding and are referred to as 
PCC-Al devices. 

2.2. Dual-Metal Passivation Process 

A scalable wet-process dual-metal molecular passivation strategy was applied to Cu 
and Al wafers as well as Cu-Al and PCC-Al wire-bonded devices. All wafers and devices 
were used as received from our industrial collaborators. The process consisted of a con-
trolled hydroxylation pretreatment followed by ODPA treatment. 

First, the wafers or wire-bonded devices were immersed in 5 mM aqueous NaOH 
(pH ~11) for 2 min to activate the exposed Cu/PCC and Al-based surfaces. Immediately 
after the NaOH treatment, the samples were immersed in ultrapure water (UPW) at 70 °C 
for 10 min. This NaOH/UPW sequence was designed to promote the formation of hydrox-
ylated oxide/oxyhydroxide surface sites prior to ODPA exposure. The approach was 
adapted from alkali-assisted Al surface-modification procedures in which dilute NaOH 
treatment followed by hot-water exposure generated an Al(OH)3-rich surface layer [26]. 
In the present work, the milder 70 °C UPW treatment was used to promote surface hy-
droxylation rather than to intentionally form a thick hydroxide film. 

Following the hydroxylation pretreatment, the samples were immersed for 1 h, un-
less otherwise specified, in a 1 mM octadecylphosphonic acid (ODPA) solution (pH ~4) 
prepared in ethanol (ODPA from MilliporeSigma, Burlington, MA, USA) . The ODPA 
concentration was selected based on previous studies reporting ODPA-derived surface 
modification of Cu from 1 mM ethanolic solutions [23,27]. The hydroxylated oxide/oxy-
hydroxide surface sites are expected to facilitate ODPA attachment through interfacial 
metal–O–P bonding. After ODPA treatment, the samples were thoroughly rinsed with 
ethanol to remove weakly bound or physisorbed material, then dried under a nitrogen 
stream before characterization and corrosion screening. 

The 1 h ODPA immersion time was selected through preliminary coating-time 
screening using PCC-Al devices. ODPA treatments of 10 min, 30 min, 1 h, 6 h, and 24 h 
were evaluated under the same chloride-immersion screening conditions. The 1 h treat-
ment strongly suppressed corrosion-induced lift-off. Although the longer 6 h and 24 h 
treatments also provided effective protection, they did not offer a practical advantage over 
the 1 h condition that would justify the substantially longer processing times. In contrast, 
the 10 min and 30 min treatments were less effective than the 1 h condition. Therefore, 1 
h was selected as a practical balance between corrosion mitigation and process duration 
for potential microelectronics-packaging applications. The corresponding coating-time 
screening results are provided in Table S1. 

2.3. RAIRS and Wettability 

RAIRS was performed using a Thermo-Nicolet iS50 (Madison, WI, USA) spectrome-
ter to verify adsorption of octadecylphosphonic acid species via characteristic aliphatic C-
H stretching signatures and to assess relative film coverage across samples. Spectra were 
collected on representative treated and untreated surfaces under consistent acquisition 
conditions. 

Static water contact-angle measurements were used to quantify wettability changes 
after ODPA treatment. Measurements were performed using a YSC M400 power scope 
(Fremont, CA, USA) by dispensing 10 µL UPW droplets onto passivated and control wafer 
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surfaces. Droplet images were analyzed using ImageJ (Version 1.54g), and contact angles 
were reported as the mean ± standard deviation. 

2.4. Atomic Force Microscopy (AFM) 

Surface topography changes resulting from passivation were examined using a Park 
NX10 atomic force microscope (Gwacheon-si, Gyeonggi-do, Republic of Korea). Images 
were collected in non-contact mode with PPP-NCHR cantilevers to minimize tip-sample 
interactions and reduce the likelihood of disturbing the ODPA-derived surface layer. For 
each condition, four independently selected scan areas were analyzed to assess surface 
morphology and determine the average roughness (Sa) and root-mean-square roughness 
(Sq). The reported roughness values are presented as the mean ± standard deviation from 
these four measurements. The approximate thickness of the ODPA-derived coating on Cu 
was estimated by creating localized boundaries between coated and stripped regions on 
ODPA-treated Cu wafers. Selected areas were exposed to 3.5% sulfuric acid to remove the 
surface coating locally. Step-height profiles were then acquired across the resulting 
boundaries by comparing relatively flat coated and stripped regions while avoiding iso-
lated large surface features. Measurements were collected at three independently selected 
locations and are reported as the mean ± standard deviation. All AFM data were processed 
using Park Systems XEI software (version 5.2.0) with the same plane-subtraction and anal-
ysis settings applied across all samples.  

2.5. SEM Imaging and XPS Analysis 

Scanning electron microscopy (SEM) was used to examine the wire-bonded devices 
at key stages of the corrosion screening process. Images were acquired using a JEOL IT200 
microscope (Akishima, Tokyo, Japan) operated at 5 kV. A backscattered electron detector 
(BED-C, composition mode) was used to provide compositional contrast and clearly re-
solve corrosion features around the bond perimeter. 

X-ray photoelectron spectroscopy (XPS) was performed on passivated Al and Cu wa-
fer samples using a PHI 5000 VersaProbe scanning XPS microprobe (Physical Electronics, 
Chanhassen, MN, USA) equipped with an Al Kα source. Measurements were collected at 
an anode voltage of 11 kV and a pass energy of 29.35 eV. For both Al-ODPA and Cu-
ODPA samples, the binding-energy scale was charge-referenced to the C 1s peak at 284.8 
eV. Spectra were processed using CasaXPS software (Version 2.3.26PR1.0). 

2.6. Accelerated Immersion Corrosion Screening Metrology 

Accelerated corrosion screening was performed using aqueous chloride solutions 
prepared in ultrapure water (UPW; 18.2 MΩ·cm resistivity; EQ-7008 system, Milli-
poreSigma, Burlington, MA, USA). The screening solution contained 100 ppm chloride 
and was prepared using ACS-grade sodium chloride (EMD Millipore, Billerica, MA, 
USA). The resulting solution had a pH of approximately 5. 

Wire-bonded devices were fully immersed in the 100 ppm Cl− solution for 2 h under 
ambient atmospheric conditions. Chloride was selected as the primary screening ion be-
cause it is commonly associated with packaging contamination and can aggressively de-
stabilize the native Al oxide/hydroxide layer at exposed Cu-Al bond perimeters. Evalua-
tion under mixed-halide conditions is reserved for future reliability studies. 

Corrosion initiation and progression were monitored in real time using a Nikon 
Eclipse LV150N optical microscope (Nikon Instruments Inc., Melville, NY, USA) 
equipped with a DS-Ri2 camera (Nikon Instruments Inc., Melville, NY, USA). Time-de-
pendent images were collected at defined intervals to track morphological changes 
around the ball-bond perimeter and relate the observed corrosion damage to the final fail-
ure outcome [11]. 
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Device reliability was quantified using ball-bond lift-off as the failure criterion. The 
percentage of lifted bonds was calculated as 

% Lift-off = (Nlifted/Ntotal) × 100, 

where Nlifted is the number of wire bonds exhibiting lift-off, and Ntotal is the total number of 
wire bonds in a PCC-Al or Cu-Al device. Failure statistics and plots were generated in 
Origin (Version 2025b). The real-time immersion corrosion-screening setup, in which the 
Cu-Al or PCC-Al device is fully immersed in 100 ppm Cl− solution and monitored under 
an optical microscope, is illustrated in Figure 4. 

 

Figure 4. Schematic of real-time corrosion screening of Cu-Al and PCC-Al devices in a 100 ppm Cl− 
solution for 2 h, monitored in situ by optical microscopy.  

3. Results and Discussion 
3.1. Changes in Surface Wettability 

Contact-angle measurements were used to evaluate the effect of ODPA treatment on 
the wettability of Al and Cu surfaces (Figure 5). Before passivation, the Al surfaces exhib-
ited water contact angles ranging from 80.7° to 84.5° (mean: 82.7°). Following ODPA treat-
ment, the contact angles increased to 115.4-124.0° (mean: 119.1°), indicating a substantial 
decrease in wettability and a transition to a more hydrophobic surface [22,25,28]. A similar 
trend was observed for Cu. The untreated Cu samples exhibited contact angles ranging 
from 61.7° to 69.5° (mean: 65.3°), whereas the ODPA-treated Cu samples showed values 
of 90.2–95.0° (mean: 92.9°) [23]. 

The consistent increase in water contact angle on both Al and Cu indicates that ODPA 
treatment altered the surface chemistry of both components of the Cu-Al galvanic couple, 
creating a more hydrophobic interfacial environment. When considered together with the 
XPS and RAIRS results, this wettability change is consistent with the formation of an 
ODPA-derived layer in which phosphonate groups interact with hydroxylated metal ox-
ide sites, and the C18 alkyl chains preferentially extend away from the surface [22,23]. At 
exposed Cu-Al regions near the ball-bond perimeter, the lower wettability may reduce the 
residence and accessibility of the chloride-containing aqueous electrolyte. Because chlo-
ride-induced corrosion requires electrolyte access to initiate localized anodic dissolution 
and coupled cathodic reactions, the increased hydrophobicity is consistent with the re-
duced Al-pad undercutting and ball-bond lift-off observed after ODPA treatment. 
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However, the contact-angle measurements do not directly quantify water uptake, chloride 
transport, or galvanic-current suppression at the wire-bond interface. 

 

Figure 5. Contact angle analysis of (a) Al and (b) Cu wafers before and after ODPA passivation 
(number of wafers tested per condition = 4). 

3.2. Chemical Bonding Signatures from RAIRS 

Following the contact-angle measurements, RAIRS was used to confirm the chemical 
presence of the ODPA-derived layer on the hydroxylated Cu and Al surfaces, as shown 
in Figure 6. Relative to the hydroxylated controls, both ODPA-treated substrates show 
clear aliphatic C-H stretching bands in the 2800-3000 cm−1 region, confirming the presence 
of long-chain alkyl species associated with ODPA. For Al-ODPA, the asymmetric CH2 and 
CH3 stretching bands are observed at approximately 2918 and 2959 cm−1, respectively, 
while the symmetric CH2 stretch appears near 2850 cm−1 [29]. The Cu-ODPA surface 
shows corresponding bands at approximately 2850, 2917, and 2956 cm−1 [27]. A CH2 bend-
ing/scissoring band near 1465 cm−1 provides further evidence of an ODPA-derived alkyl 
layer on both substrates [30]. 

For the Cu-ODPA sample, additional features appear in the lower-wavenumber re-
gion, particularly between approximately 1000 and 1150 cm−1. These bands are assigned 
mainly to P-O stretching vibrations of surface-associated phosphonate groups, with pos-
sible contributions from P=O-related modes [31]. Their appearance after ODPA treatment, 
together with the aliphatic C-H bands, supports the formation of an ODPA-derived inter-
facial layer on the oxidized/hydroxylated Cu surface. Overall, the RAIRS results comple-
ment the contact-angle data by providing direct vibrational evidence of ODPA-derived 
alkyl and phosphonate species on the treated surfaces. When considered together with 
the other surface characterization results, these findings are consistent with the formation 
of a molecular coating that can reduce surface wettability and help limit electrolyte access 
in Cu-Al interconnect environments. 
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Figure 6. RAIRS spectra of (a) Al-ODPA and hydroxylated Al, and (b) Cu-ODPA and oxidized/hy-
droxylated Cu (AS, asymmetric; SYM, symmetric). The shaded regions highlight the spectral ranges 
containing characteristic ODPA-related C-H stretching and phosphonate-group vibrations. 

3.3. Analysis of Surface Morphology Using AFM 

AFM was used to compare the surface morphology of Cu and Al wafers before and 
after ODPA treatment, as shown in Figure 7. The untreated substrates were not com-
pletely smooth and contained localized nanoscale variations associated with their growth 
or deposition processes. These features were retained in the roughness analysis because 
they represent the inherent substrate morphology.  

The untreated electroplated Cu surface was relatively smooth, with Sa and Sq values 
of 1.2 ± 0.1 nm and 1.8 ± 0.2 nm, respectively. Sparse nanoscale protrusions were also ob-
served and may be associated with local electroplating variations, such as growth-related 
nodules or asperities. Because these features were isolated, their contribution to the over-
all roughness remained limited. 

Following ODPA treatment, the Cu surface became substantially more heterogene-
ous, with Sa and Sq increasing to 16.3 ± 2.0 nm and 24.6 ± 4.1 nm, respectively. The larger 
relative increase in Sq indicates that localized high-height features made a strong contri-
bution to the overall height distribution. To estimate the thickness of the Cu-ODPA coat-
ing, selected regions were exposed to 3.5% sulfuric acid to create boundaries between 
coated and locally stripped areas. Dilute sulfuric acid was selected because protonation of 
the surface-bound phosphonate groups, together with dissolution of the underlying Cu 
oxide/hydroxide anchoring layer, promotes local removal of the ODPA-derived coating 
and creates a measurable coated-to-stripped boundary for AFM step-height analysis. 
Step-height profiles were collected at three independently selected locations across rela-
tively flat regions, avoiding isolated tall features. The resulting average step height was 
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70.6 ± 7.6 nm. This value is interpreted as the approximate thickness of the heterogeneous 
ODPA-derived surface layer rather than that of a uniform molecular monolayer. 

The untreated epitaxial Al surface showed a more heterogeneous baseline morphol-
ogy than the Cu surface, with Sa and Sq values of 5.8 ± 1.8 nm and 7.3 ± 2.2 nm, respec-
tively. This higher initial roughness could be related to the growth morphology of the 
epitaxial Al layer, including broader height variations and localized raised features. After 
ODPA treatment, Sa and Sq increased to 18.6 ± 1.0 nm and 23.5 ± 1.3 nm, respectively. The 
treated Al surface also exhibited a greater number and wider distribution of nanoscale 
features, which, together with the other surface-characterization results, is consistent with 
the formation of a dense ODPA-derived layer over the Al surface. 

A direct AFM thickness measurement was not performed on Al because the sulfuric-
acid stripping method used for Cu could alter the native Al oxide/hydroxide layer and 
locally etch the underlying metal due to the higher chemical reactivity of Al. Under those 
conditions, the measured step height would not represent the ODPA-derived coating 
alone. As an alternative, the RAIRS intensity was used as a semi-quantitative indicator of 
the relative amount of ODPA-derived material on the Al surface. The asymmetric CH2 
stretching band for Al-ODPA was approximately 50 mAbs, compared with approximately 
20 mAbs for Cu-ODPA. In our previous Cu-selective passivation studies, RAIRS peak in-
tensity was correlated with independently measured coating thickness using QCM and 
AFM data [17,18]. Applying the same approach and using the Cu-ODPA step height of 
70.6 ± 7.6 nm as a reference, the Al-ODPA layer was estimated to be on the order of ~180 
nm. This value should be regarded as an approximate estimate rather than a direct thick-
ness measurement because a substrate-specific calibration was not established for Al-
ODPA. Overall, the increase in roughness observed on both Cu and Al is consistent with 
substantial treatment-induced surface modification and the formation of heterogeneous 
ODPA-derived layers with locally raised, likely multilayered regions. Together with the 
RAIRS and other surface characterization results, the AFM data support the successful 
ODPA-based modification of both metal surfaces. Roughness values represent the mean 
of four independently analyzed regions for each condition, with the reported standard 
deviations indicating reasonable spatial reproducibility. 
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Figure 7. AFM topography images of untreated and ODPA-treated Al and Cu surfaces: (a) untreated 
Al, (b) ODPA-treated Al, (c) untreated Cu, and (d) ODPA-treated Cu. All images are analyzed across 
a 5 × 5 µm2 area. (e) Representative AFM height profile across a boundary between ODPA-coated 
and locally sulfuric-acid-stripped Cu. Measurements at three independently selected locations gave 
an approximate Cu-ODPA film thickness of 70.6 ± 7.6 nm. 

3.4. Chemical Bonding Analysis by XPS  

X-ray photoelectron spectroscopy (XPS) was used to evaluate the surface chemistry 
of Al and Cu after hydroxylation pretreatment and subsequent ODPA passivation. XPS 
survey spectra of ODPA-passivated Cu and Al surfaces are provided in Figures S1 and S2, 
respectively, confirming the presence of P 2p signals together with C 1s and O 1s features 
before high-resolution peak analysis. Since ODPA attachment to oxidized or hydroxylated 
metal surfaces is expected to occur through interactions between the phosphonic acid 
headgroup and surface M-OH/M-O sites, high-resolution P 2p and O 1s spectra were col-
lected to identify phosphorus incorporation and changes in the oxygen bonding environ-
ment. The P 2p region was used to verify the presence of ODPA-derived phosphonate 
species, while the O 1s region was analyzed to distinguish contributions from metal ox-
ides/hydroxides and phosphonate-related oxygen environments. The observed peak po-
sitions and deconvoluted components provide surface-chemical evidence for ODPA func-
tionalization on both Al and Cu, supporting the formation of molecular passivation layers 
relevant to corrosion mitigation. 

Al-ODPA thin film: 
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The Al-ODPA P 2p spectrum (Figure 8a) was deconvoluted into two phosphorus en-
vironments at 133.2 eV and 134.4 eV, with a residual standard deviation (STD) of 0.84. The 
major component at 133.2 eV, accounting for 71.0% of the total P 2p area, is assigned to 
chemically bound phosphonate species associated with interfacial Al-O-P bonding. The 
higher-binding-energy component at 134.4 eV, contributing 29.0%, is attributed to resid-
ual molecular phosphonic acid-like species, such as uncondensed -CH2P(O)(OH)2-con-
taining environments [32]. This assignment is consistent with phosphonic acid adsorption 
on hydroxylated aluminum oxide surfaces, where condensation between surface Al-OH 
groups and phosphonic acid moieties can form interfacial Al-O-P linkages, while a frac-
tion of non-condensed phosphonic acid groups may remain on the surface [22,33]. 

The O 1s spectrum (Figure 8b) was fitted with three components at 530.2 eV, 531.6 
eV, and 532.9 eV, with a residual STD of 1.36. The low-binding-energy component at 530.2 
eV is assigned to oxygen from the underlying aluminum oxide/hydroxide surface, includ-
ing Al2O3 and Al(OH)3-related species. The dominant component at 531.6 eV is assigned 
primarily to oxygen involved in Al-O-P bonding, with possible overlap from phosphoryl 
P=O and surface hydroxyl/oxide-related oxygen species [34–36]. The higher-binding-en-
ergy component at 532.9 eV is attributed to P-OH-related oxygen from incompletely con-
densed phosphonic acid groups [36,37]. Together, the P 2p and O 1s spectra support the 
formation of a chemically anchored ODPA-derived layer on Al through interfacial Al-O-
P bonding while also indicating the presence of a minor fraction of residual, uncondensed 
phosphonic acid functionality.  

 

Figure 8. High-resolution XPS spectra of ODPA-coated Al wafers showing peak deconvolution of 
(a) P 2p and (b) O 1s regions into their respective chemical-state components (fits and residuals 
shown). Colored regions represent the deconvoluted components.  

Cu-ODPA thin film: 
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High-resolution XPS was used to characterize the Cu surface after ODPA treatment. 
The Cu-ODPA P 2p spectrum (Figure 9a) was deconvoluted into two phosphorus compo-
nents at 133 eV and 134.4 eV, with a residual STD of 1.01. The major component at 133 eV, 
accounting for 70.2% of the total P 2p area, is assigned to chemically bound phosphonate 
species associated with interfacial Cu-O-P bonding. The higher-binding-energy compo-
nent at 134.4 eV, contributing 29.8%, is attributed to residual molecular phosphonic acid-
like phosphorus environments, such as incompletely condensed -CH2P(O)(OH)2 contain-
ing species [27,32,33,38]. This assignment is consistent with phosphonic acid adsorption 
on oxidized/hydroxylated metal oxide surfaces, where condensation between surface M-
OH groups and phosphonic acid moieties can form interfacial M-O-P linkages, while a 
fraction of uncondensed phosphonic acid functionality may remain on the surface [32,33]. 
The O 1s spectrum (Figure 9b) was fitted with three oxygen components at 530.4 eV, 531.4 
eV, and 532.6 eV, with a residual STD of 1.23. The low-binding-energy component at 530.4 
eV is assigned to oxygen from native copper oxide/hydroxide species, represented as 
CuOx/Cu(OH)x. The dominant component at 531.4 eV is assigned primarily to oxygen in-
volved in Cu-O-P bonding, with possible overlap from phosphoryl P=O oxygen [19,23,38]. 
The higher-binding-energy component at 532.6 eV is attributed to P-OH-related oxygen 
from incompletely condensed phosphonic acid groups [39,40]. Similar to that observed on 
the Al surface, the P 2p and O 1s spectra support the formation of a chemically anchored 
ODPA-derived layer on Cu through interfacial Cu-O-P bonding while also indicating the 
presence of a minor fraction of residual uncondensed phosphonic acid functionality. 

Figure 9. High-resolution XPS spectra of ODPA-coated Cu wafers showing peak deconvolution of 
(a) P 2p and (b) O 1s regions into their respective chemical-state components (fits and residuals 
shown). Colored regions represent the deconvoluted components.  

Overall, the P 2p and O 1s XPS results support successful ODPA functionalization on 
both Al and Cu surfaces through interfacial M-O-P bonding [23,34,36]. The dominant 
lower-binding-energy P 2p components indicate chemically bound phosphonate species, 
while the higher-binding-energy P 2p components and P=O/P-OH-related O 1s contribu-
tions suggest the presence of residual, incompletely condensed phosphonic acid groups 
[22,32,33,38]. Therefore, the ODPA interface is unlikely to be exclusively tridentate and is 
more reasonably described as a mixed mono-/bidentate metal–phosphonate coordination. 
Because O 1s signals from metal oxides/hydroxides, M-O-P, P=O, P-OH, and adventitious 
oxygen species can strongly overlap, exact component assignment should be interpreted 
cautiously and in combination with the P 2p results [36,40]. Altogether, these spectra pro-
vide surface-chemical evidence for chemically anchored ODPA-derived passivation lay-
ers on both Al and Cu. 
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3.5. Corrosion Screening Results for Wire-Bonded Devices 

The corrosion-screening results in Figure 10 quantitatively distinguish the perfor-
mance of the control and passivation-coated devices. Among the untreated controls, the 
Cu-Al devices exhibited nearly complete failure, with a wire-bond lift-off rate of 99.0%, 
confirming the high susceptibility of the conventional Cu-Al structure to chloride-induced 
Al-pad corrosion and subsequent bond lift-off [11]. The PCC-Al control devices showed 
improved resistance but still exhibited a substantial lift-off rate of 23.3%, indicating that 
the Pd coating mitigates, but does not eliminate, chloride-driven corrosion under the pre-
sent high-halide screening condition [4,14]. Representative in situ, time-resolved optical 
micrographs of untreated PCC-Al control devices are provided in Figure S3. The high-
lighted bonds show the sequential failure process observed during chloride immersion: 
localized bubble formation near the bond perimeter, followed by progressive Al-pad cor-
rosion and accumulation of dark corrosion products, and, ultimately, ball-bond lift-off. 
The bubble formation is consistent with cathodic hydrogen evolution on accessible Cu- or 
PCC-rich regions occurring concurrently with localized anodic dissolution of adjacent Al-
containing regions [11]. In contrast, the SEM images in Figure 1 were acquired ex situ and 
show the corresponding corrosion-related morphological changes at the bond region after 
exposure. The ODPA-based passivation treatment nearly eliminated wire-bond lift-off for 
both device types, reducing the failure rate to 0.73% for Cu-Al devices and 0.42% for PCC-
Al devices under the same 100 ppm Cl− exposure. The time-resolved corrosion observa-
tions and quantitative lift-off data therefore demonstrate that the dual-metal passivation 
treatment effectively protects corrosion-susceptible regions at and near the bond perime-
ter. This suppression of Al-pad degradation and bond lift-off shows that the surface-level 
protection provided by the ODPA-derived coating translates into a substantial improve-
ment in device-level reliability under aggressive chloride screening. 

 

Figure 10. Wire-bond lift-off of untreated and ODPA-passivated PCC-Al and Cu-Al devices after 2 
h immersion in 100 ppm Cl⁻ solution. The vertical blue line separates the control and passivated 
devices. ODPA treatment reduced lift-off from 23.3% to 0.42% for PCC-Al and from 99.0% to 0.73% 
for Cu-Al devices. n = 3 devices per condition; error bars represent standard deviation.  
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3.6. Mechanism of Passivation 

The protection of both sides of the Cu-Al galvanic couple provides a plausible expla-
nation for the corrosion-mitigation behavior observed during immersion screening. In un-
treated Cu-Al and PCC-Al devices, the chloride-containing electrolyte can reach the ex-
posed bond perimeter, destabilize the Al oxide/hydroxide layer, and promote anodic Al 
dissolution. At the same time, the adjacent Cu or PCC surface can support cathodic reac-
tions, including hydrogen evolution under locally acidic conditions [4,11,41]. This cou-
pled electrochemical process accelerates Al-pad consumption and eventually leads to ball-
bond lift-off [11,41]. 

Following ODPA treatment, the hydroxylated Cu- and Al-containing surfaces are 
converted into metal–phosphonate interfaces through M-O-P bonding, while the out-
ward-oriented C-18 alkyl chains increase surface hydrophobicity and reduce electrolyte 
residence near the bond perimeter [22,23]. Optical images collected after extended ODPA 
treatment for 24 h show localized coloration or darkening near the ball-bond regions, 
which is consistent with ODPA-derived coating formation (Figure S4). The passivation 
layer is therefore expected to act through two complementary mechanisms: limiting water 
and halide access to anodic Al sites and reducing the availability of reactive cathodic sites 
on the Cu/PCC surface [11,17,23]. Together, these effects interrupt the galvanic corrosion 
pathway responsible for rapid Al dissolution and subsequent ball-bond lift-off. The 
marked reduction in lift-off after ODPA treatment is therefore attributed to a chemically 
anchored, hydrophobic molecular barrier rather than to a loosely deposited physical res-
idue, consistent with the wettability, RAIRS, AFM, XPS, and device-level corrosion results 
[21–23]. 

Although the chloride-immersion results show substantial suppression of corrosion-
induced lift-off at the device level, the present study does not directly quantify corrosion 
current, corrosion rate, or galvanic-current suppression. Conventional electrochemical 
measurements performed separately on planar Cu and Al coupons would not adequately 
represent the completed Cu/PCC-Al wire-bond structure because they would isolate the 
two metals and remove the localized bimetallic coupling, evolving anodic-to-cathodic 
area ratio, Cu-Al intermetallic-containing regions, bond-perimeter geometry, and con-
fined electrolyte-access conditions that govern device failure. The corrosion-susceptible 
region in the wire-bonded device is a heterogeneous and continuously evolving assembly 
containing exposed Cu/PCC wire or ball surfaces, Al bond-pad material, Cu-Al interme-
tallic-containing regions, native oxides/hydroxides, and an electrolyte-accessible bond pe-
rimeter. During chloride exposure, Al-containing regions undergo localized anodic disso-
lution, while adjacent Cu/PCC and accessible Cu-rich regions support coupled cathodic 
reactions. As Al-pad undercutting progresses, the exposed areas, local electrolyte chemis-
try, and galvanic-current distribution change substantially. Accordingly, corrosion rates 
derived from separate Cu and Al coupons would not directly quantify the corrosion be-
havior of the coupled wire-bond system. Wire-bond lift-off percentage was therefore used 
as the device-relevant corrosion endpoint because it directly captures the practical failure 
mode of interest: chloride-induced bimetallic corrosion leading to Al-pad undercutting 
and loss of mechanical bond integrity. 

The present chloride-immersion screening demonstrates that the hydroxylation-as-
sisted ODPA treatment can mitigate acute corrosion-driven undercutting and lift-off, but 
it does not establish the full-service lifetime of the passivation layer in an encapsulated 
device. Chloride contamination from epoxy molding compounds is relevant at low ppm 
levels, and previous Cu-Al wire-bond corrosion studies have used 5-20 ppm Cl− aqueous 
solutions at pH 5 to simulate EMC-related ionic contamination [8]. The 100 ppm Cl− solu-
tion used in this work was therefore selected as an intentionally accelerated aqueous chal-
lenge rather than as a direct reproduction of the chloride concentration or transport 
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environment within an encapsulated package. Direct immersion is also more aggressive 
than the packaged environment because ionic transport in liquid water is substantially 
faster than through the solid EMC matrix. 

The observed surface chemistry is consistent with phosphonate anchoring to hydrox-
ylated Cu- and Al-oxide surfaces, and phosphonic-acid monolayers are generally reported 
to exhibit strong oxide binding and appreciable thermal stability. However, actual device 
operation may involve combined thermal, humidity, electrical bias, molding compound, 
and mechanical stresses that could alter coating coverage or integrity over extended peri-
ods. Future work should therefore evaluate coating retention and device-level protection 
after biased and unbiased HAST, high-temperature storage, thermal cycling, and pro-
longed humidity exposure, supported by post-aging surface characterization and stand-
ardized bond-integrity measurements. Future manufacturing-qualification studies 
should determine whether the treatment affects the mechanical integrity of finished wire-
bonds by performing wire-pull and ball-shear tests before and after treatment, as well as 
after relevant reliability stresses, to evaluate long-term durability. These studies will help 
define both the operational durability and manufacturing compatibility of the ODPA-as-
sisted dual-metal passivation strategy. 

4. Conclusions 
This study demonstrates that hydroxylation-assisted ODPA treatment substantially 

improves the chloride-corrosion reliability of Cu-Al and PCC-Al wire-bond interconnects. 
By modifying exposed Cu/PCC- and Al-containing surfaces after bonding, the treatment 
forms a hydrophobic interfacial layer near the ball-bond perimeter. Contact-angle meas-
urements confirmed increased hydrophobicity, while RAIRS and XPS provided evidence 
of ODPA-derived surface modification and metal–oxygen–phosphorus bonding. AFM 
further showed a heterogeneous, likely multilayered surface layer. Under 100 ppm Cl− 
immersion, untreated Cu-Al and PCC-Al devices exhibited lift-off rates of 99.0% and 
23.3%, respectively. After ODPA treatment, these values decreased to 0.73% and 0.42%, 
demonstrating suppression of chloride-induced Al-pad undercutting and ball-bond lift-
off. Together, the surface characterization and device-level results are consistent with a 
chemically anchored, hydrophobic barrier that limits electrolyte access to vulnerable Cu-
Al regions. However, water and halide transport and galvanic-current suppression were 
not directly quantified. The process, therefore, offers a scalable, process-compatible route 
for improving wire-bond reliability in halide-contaminated environments. Future work 
should address packaged-device validation, long-term coating stability, bond-integrity 
retention, metallurgy compatibility, and electrochemical behavior through biased and un-
biased HAST, high-temperature storage, thermal cycling, prolonged humidity exposure, 
polarization, electrochemical impedance spectroscopy, and galvanic-current measure-
ments. 

Supplementary Materials: The following supporting information can be downloaded at 
https://www.mdpi.com/article/10.3390/coatings16070862/s1, Table S1. Effect of ODPA immersion 
time on the chloride-corrosion performance of PCC-Al devices after hydroxylation treatment. Wire-
bond lift-off percentage was measured after exposure to the same chloride-immersion screening 
condition. The results were used to select 1 h as the practical treatment duration because it provided 
strong corrosion suppression, while longer treatments did not offer a meaningful advantage relative 
to the increased processing time. Figure S1. XPS survey spectrum of the ODPA-passivated Cu sur-
face, showing C 1s, O 1s, P 2p, Cu 2p, Cu LMM Auger, and C KLL features, confirming the presence 
of ODPA-derived phosphorus-containing species on Cu; Figure S2. XPS survey spectrum of the 
ODPA-passivated Al surface, showing O 1s, C 1s, P 2p, Al 2s, Al 2p, and O KLL features, confirming 
ODPA-derived phosphonate functionalization on Al; Figure S3. Progressive bond-pad corrosion in 
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control PCC-Al devices, with optical micrographs showing localized corrosion initiation, dark cor-
rosion-product growth, and progressive degradation of the Al bond-pad interface under chloride 
exposure. Figure S4. Optical microscopy images of wire-bonded devices after ODPA passivation 
show visible darkening near the ball-bond regions, while the surrounding Al bond-pad areas exhibit 
no obvious structural change or coating-induced damage. 
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PCC-Al Palladium-coated copper–aluminum 
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ODPA Octadecylphosphonic acid 
IMC Intermetallic compounds 
RAIRS Reflection–absorption infrared spectroscopy 
AFM Atomic force microscopy 
SEM Scanning electron microscopy 
BED Backscattered electron detector 
XPS X-ray photoelectron spectroscopy 
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