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a  b  s  t  r  a  c  t

In  general,  packaging  materials  which  encapsulate  light  emitting  diodes  (LEDs)  and  microelectronic
devices  offer  barrier  protection  against  several  environmental  hazards  such  as  water  and  ionic  contami-
nants. However,  these  encapsulants  may  provide  pathways  for water  and ionic  contaminants  to reach  the
metal/polymer  interfaces  and  provoke  local  corrosion  of  electronics,  which  is  a  major  reliability  concern
for polymer  encapsulated  LEDs  and  microelectronics.  As  the  water  and  corrosive  constituents  play  a cru-
cial  role  in  their  reliability,  water  uptake  kinetics,  interfacial  ion  transport  and  delamination  behaviour  of
silicone  coated  copper  model  system,  mimicking  a  typical  microelectronics  packaging  system,  is  explored
in the present  work.  Electrochemical  impedance  spectroscopy  (EIS)  integrated  with  attenuated  total
reflection  Fourier  transform  infrared  (ATR-FTIR)  spectroscopy  studies  revealed  that  water  diffusion  inside
the silicone  network  is  Fickian  in  nature  and the  evolution  of the  observed  time  constants  are  related
to  the  diffusion  and  interfacial  reactions.  A  decrease  of impedance  magnitude  with  time  was  observed
in  EIS  measurements  concurrently  with  water  absorption  bands  shifting  towards  lower wavenumber  in
ATR-FTIR  measurements,  implying  the  growth  of  strong  hydrogen  bonding  between  water  molecules  and
the silicone  network.  The  estimated  diffusion  constant  of water  using  the  capacitance  method  was  in  the
order  of  7  ×  10-12 m2 s−1 and  the  water  absorption  volume  fraction  was  in  the  range  of  0% to 0.30%.  Scan-
ning Kelvin  probe  studies  elucidated  the  ion  transport  process  occurring  at the  silicone/copper  interface
in  a humid  atmosphere.  The interfacial  ion transport  process  is  controlled  by  the  interfacial  electrochem-

ical  reactions  at the  cathodic  delamination  front  and the  estimated  average  delamination  rate  is  0.43  mm
h-1/2.  This  work  demonstrates  that exploring  ion  and  water  transport  in  the  silicone  coating  and  along
the  silicone/copper  interface  is  of  pivotal  importance  as  part  of a detailed  reliability  assessment  of the
polymer  encapsulated  LEDs  and  microelectronics.

© 2020  Published  by  Elsevier  Ltd on  behalf  of  The  editorial  office  of Journal  of  Materials  Science  &
Technology.
. Introduction

Several environmental service conditions may  cause early fail-
re of microelectronics and light emitting diode (LED) devices.

mongst these conditions, corrosion is a key degradation mode as

t accounts for approx. 20% of the total failure cases of electronic
omponents [1,2]. Besides, while the demand for miniaturization

∗ Corresponding authors.
E-mail addresses: blkrish88@gmail.com (B. Munirathinam),

.M.C.Mol@tudelft.nl (J.M.C. Mol).

ttps://doi.org/10.1016/j.jmst.2019.07.044
005-0302/© 2020 Published by Elsevier Ltd on behalf of The editorial office of Journal of
opens the potential to enhance the performance of these devices,
their reliability remains a primary concern as moisture and cor-
rosive contaminants (e.g. oxidants and halogens compounds like
chloride, sulphate, bromide) can migrate or diffuse through encap-
sulant altering the electronic characteristics or decreasing the time
to device failure by forming local electrochemical cells.

Generally, these microelectronics and LEDs are encapsulated
by polymers which offer barrier protection often regarded as an

efficient corrosion protection to them against several environmen-
tal hazards. However, these encapsulating polymers are typically
slightly hydrophilic in nature and inherently absorb moisture from
the humid atmosphere. The corrosive contaminants that emanate
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uring fabrication and during the component’s service life can
ombine with water molecules, enhancing mobility of these ions.
pon diffusion through the polymer, the contaminants will reach

he packaging/metallic circuitry interface and initiate an interfa-
ial corrosion process. Reports devoted to the basic understanding
f the transport phenomena involved are limited [3–7]. Two main
ransport pathways are identified in the microelectronics and LED
ackaging systems. In the first type of transport pathways, the ionic
pecies abetted by moisture diffuse through the polymer reach-
ng the interface (regarded as bulk transport), providing necessary
onditions for local corrosion. The second mode of transport occurs
uring lead forming when some delamination may  occur between
he lead frame and polymer at the location where the leads enter
he packaging body. This separation facilitates corrosive ions (e.g.
hlorides) to migrate along the bond wires (regarded as interfacial
ransport) made of Al, Au or Cu, towards the chip, i.e. the exposed

etallic bond pads causing corrosion and wire bond lift-off [5].
As the water uptake in polymers is a root cause for the

nitiation of the corrosion process, researchers worldwide investi-
ated water transport behaviour using electrochemical impedance
pectroscopy (EIS), gravimetry, infrared spectroscopy, differential
canning calorimetry, dynamic vapour absorption, finite element
nalysis and molecular dynamics study [7–12]. Studies have shown
hat the water and ions penetrate through micropores and free
olume of the polymer coatings and surface inhomogeneities or
nherent defects may  influence their ionic conduction [13,14]. The
uantity of water uptake using gravimetric measurements is widely
xplored, and it is a reliable and a reference method for free stand-
ng polymer films [15,16]. Conversely, in some cases it was found
o be inadequate due to leaching of organic fragments from the
oatings [17,18]. Moreover, its incapability to sense the electro-
hemical reactions occurring at the metal/film interface has limited
ts applications.

The EIS is a valuable continuous monitoring technique as it
ot only determines the barrier film dielectric properties but also
robes the reaction occurring at the metal/coating interface upon
xposure to a corrosive environment. Early reports on the analysis
f EIS data for polymer coated system for innumerable applications
roved that its sensitivity to diffusion process has made it a versatile
ool for degradation studies [19–22]. Besides, attempts were made
o evaluate the water uptake of the protective coatings employed
n microelectronic packaging devices. For instance, Belluci [23] elu-
idated the environmental degradation of a polyimide/aluminium
ackaging system at different chloride concentrations and deduced
hat the mode of water uptake is notably affected by the salt
oncentration, thereby governing the lifetime of the packaging
ystem. According to Madani et al. [24], the water uptake in an
poxy/gold system introduces a change in the dielectric proper-
ies characterized by appreciable changes in the high frequency
ange of impedance spectra after 100 h of exposure. This varia-
ion was ascribed to the penetration of water and ions facilitating
onducting pathways to degrade the epoxy/gold interface. Further-
ore, the study focussed principally on the moisture and ionic

ontaminant uptake using EIS and did not provide further details
n the changes in interfacial chemistry as a function of time. A
eal-time evaluation of moisture induced damage in commercial
ff-the-shelf devices in plastic-encapsulated microcircuit at the
hip level conducted by Pollock et al. [25] by EIS measurements
evealed that the corrosion of the devices initiates and acceler-
tes as the protective properties of the encapsulant degrades with
ime. The authors suggested that failure begins by weakening of
he interfacial bonds between encapsulant and substrate; however,
olecular bonding information is not reported to substantiate their
nalysis. Recently, increasing efforts have been made to simultane-
usly investigate the transport of water or any corrosive species at
olymer/metal interfaces and the electrochemical reactions using
ience & Technology 64 (2021) 203–213

combined in-situ attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) integrated with EIS analysis. Most
of these efforts have been devoted to understand the water uptake
kinetics, bonding information, mechanism of wetadhesion pro-
cess occurring at the interface that are encountered in various
applications [26–30]. At the same time, no comprehensive system-
atic studies concerning the interfacial kinetics using the method
combined ATR-FTIR and EIS for the interfaces typically used in
microelectronics and light emitting diode (LED) packaging systems
have been reported, yet.

Another serious issue in the packaging industry is the delami-
nation at polymer/metal interfaces. Several reports addressed the
interfacial delamination behaviour encountered in epoxy moulding
compound (EMC)/lead frame and EMC/paddle interfaces [31,32].
Silicones are one such encapsulant material in high power LED
devices which have received great consideration over epoxy resin
in recent decades owing to their outstanding properties like good
thermal stability, higher luminous efficiency, better transparency,
good barrier properties and higher refractive index [33,34]. On the
other hand, it has been proved by Shuto et al. [35] that the mois-
ture resistance of silicone is inferior than that of epoxy resin. On
account of the low intermolecular interactions in the silicone net-
work, their free volume is higher than hydrocarbons facilitating
higher permeability to oxygen and water. To surmount this issue,
functional groups like methyl are replaced by part of the phenyl
group along the siloxane chains and at the siloxane [36]. The addi-
tion of a significant percentage of phenyl groups along the siloxane
chain and in the structure of siloxane resins (containing silicon sub-
stituent T (RSiO3/2) and Q (SiO4/2) units) is sufficient to reduce the
crystallization, thereby promoting the silicone to remain flexible
even at lower temperature. These phenyl group not only offers bet-
ter resistance to moisture but also improves the refractive index.
Besides, their durability also relies on the interfacial strength of
the leadframe LED packages. For example, Wang et al. [37] per-
formed shearing tests to assess the interfacial strength of typical
interfaces found in LED packaging involving silicone encapsulant
with copper, ceramic and silicon substrates. Although the results
showed that interfacial strength of silicone on copper is higher,
authors claim that the strengths of these three interfaces are rela-
tively low, as a consequence, the delamination of these interfaces
may  become a primary concern for LED packaging. The interfa-
cial adhesion strength between the silicone encapsulant and the
side wall of the LED lead-frame cup using customized pin-push
test was evaluated by Zhong et al. [38] and the normal and shear
stress distribution along the concerned interfaces was  obtained.
Furthermore, Suzuki et al. [39] proved that the silicone material
acts as diebond adhesive to reduce the thermal mismatch between
the silicon die and the copper lead-frame. They also pointed out
that ionic contaminants from the die bond adhesive deteriorates
its moisture resistance. Based on the aforementioned findings, to
understand the interfacial delamination as well as the water trans-
port kinetics is of primary importance in microelectronics and
LED packaging system. Generally, in encapsulant microelectronics
devices, the interfacial delamination is driven by the transport of
corrosive constituents combined with the moisture. The ion mobil-
ity along the buried metal/polymer interfaces can be monitored
using Scanning Kelvin probe (SKP) by measuring its Volta poten-
tial under humid atmosphere. The transport of anions or cations
beneath the polymer coating and the oxide surface properties
govern their delamination rate. Several previous reports revealed
that the delamination process can either be governed by cathodic
delamination or anodic undermining depending on the system and

condition studied [30,40–45]. However, comprehensive analysis
on the delamination kinetics occurring at the polymer encapsu-
lated metallic electronic devices is still lacking, and it is imperative
to explore the delamination behaviour of microelectronic and LED
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ackages under corrosive environmental conditions. Furthermore,
here is no systematic report concerning the ion transport phenom-
na occurring along the interfaces of buried encapsulant materials
n microelectronic devices investigated using SKP measurements.
ence, it is of pivotal importance to explore the moisture diffu-

ion and the delamination kinetics as part of a detailed reliability
ssessment of the silicone encapsulated LEDs and microelectronics.

As the corrosive constituents play a crucial role in package reli-
bility, the influence of corrosive environment as a function of time
n the ion transport, delamination and water transport behaviour
f the silicone coated copper model system was explored in the
urrent work. An attempt was made to elucidate the water and
on transport mechanisms at different transport pathways encoun-
ered in encapsulated microelectronic devices.

. Experimental

.1. Sample preparation

Substrate material employed in this work is a commer-
ially available lead frame copper alloy (grade: C51900;
ominal composition: Sn - 4.80 at.%, P 0.85 at.%, Cu-rest)
heet supplied by Salomon’s Metals, Netherlands. Copper alloy
20 mm × 20 mm × 5 mm)  was ground with #1200 SiC grit emery
aper, and then it was cleaned with acetone followed by ethanol
or 15 min  in an ultrasonic bath to get rid of organic impurities on
he surface. A commercially available optical grade silicone resins
OE-6650, Part A &B 1:3 ratio; supplied by Dow Corning*) with a
igh refractive index of 1.54 were used. In contrast to low refractive

ndex silicones, which are made up of pure poly-dimethyl-siloxane
PDMS), this resin contains a higher amount of phenyl-siloxane,
hich increase the refractive index of the silicone (1.41 in pure

DMS vs. 1.55 in poly-methyl-phenyl siloxane polymer) [7,36].
ow, a thin layer of silicone resin (40 �m)  was manually casted on

he substrate using bar coater and cured at 150 ◦C for 2 h. Another
et of copper alloy (C581) sheet is used as deposition target and
eposited on a ZnSe internal reflection element (IRE) crystal (and
n glass substrate to characterize the surface of metallic film)
sing high vacuum evaporating system in order to mimic  similar
hemical composition of the metallic substrate on the crystal.
he film thickness obtained was 20 ± 5 nm.  Subsequently, the
ilicone coating was applied on by following the aforementioned
rocedure carried out for the coper alloy sheet.

.2. Surface characterization

X-ray diffraction (XRD) measurements (Bruker D8 Advance
iffractometer) were carried out using an incident Cu K� radiation
� =1.54 Å), tube voltage 45 kV at a step size of 0.030◦ with count-
ng time per step as 1.10 s. Surface morphology of the developed
oating was examined using scanning electron microscope (SEM
EI Quanta FEG 400). Energy-dispersive X-ray spectroscopy (EDX)
tted to SEM chamber was used to analyze the composition of the
amples.

.3. Combined ATR-FTIR and electrochemical measurements

ATR-FTIR in Kretschmann geometry configuration integrated
ith a potentiostat (Thermo Nicolet Nexus FTIR and Solartron FRA
278A potentiostat) is employed to measure both electrochemical
ehaviour and transport of infrared active species at the interface
etween deposited copper film and silicone coating using Zn Se

∗ Supplied by Dow Corning Corporation, now Dow Silicones for the experiments
eported in this paper. Currently, available from DuPont.
ience & Technology 64 (2021) 203–213 205

IRE crystal. The measurements were carried out with an incident
beam angle of 80◦  at a resolution of 4 cm-1 and 1000 scans per
spectrum. The background spectra were recorded initially on the
dry sample and the spectra were obtained in the spectral region of
4500 - 600 cm-1. All the spectra are collected in absorbance format,
-log (R/Ro), where R and Ro are the reflectance from sample and
background, respectively. A conventional three-electrode configu-
ration was  used for the tests. A saturated silver/silver chloride was
used as the reference electrode, graphite rod as counter electrode
and coated specimen as the working electrode. EIS measurements
were carried out by sweeping the frequency of the AC perturba-
tion signal from 0.1 to 10 mHz. The amplitude of the AC excitation
voltage was  10 mV.

2.4. SKP measurements

Mechanically polished copper alloy sheet (30 mm × 10 mm)  is
employed as a substrate for SKP (SKP5050, KP Technology) mea-
surements. A part of the specimen (30 mm × 10 mm)  is covered
with a teflon tape and then the whole area of specimen is coated
with silicone. After curing, part of the coating is carefully lifted off
from the teflon tape and then the tape is removed from the sur-
face. In this manner, a sharp artificial defect (boundary between
coated and uncoated area) is created and an electrolyte reservoir
is created by casting resin using a glue gun at the edges of the
uncoated region. Measurements were carried out at high relative
humidity (RH) of 93% with different exposure time. The reference
electrode used was a vibrating stainless steel probe with a diameter
of 50 �m at the tip. The probe was set to vibrate at a 62 Hz frequency
and the lateral resolution of the probe was  in the range of 50 �m.
The measured electrode potentials are in reference to the standard
hydrogen electrode (SHE) after calibration against Cu/CuSO4 [46].
Delamination front is marked as the boundary of the galvanic ele-
ment and the position is defined accordingly in the present work
using the procedure followed in earlier work [47].

3. Results and discussion

3.1. Crystallinity and functional group analysis

To understand the crystallographic features of the as-received
Cu alloy and the deposited metallic film on Zn Se IRE crystal surface,
XRD measurements were performed as these features will pro-
foundly influence their electrochemical behaviour. Fig. 1(a) shows
the recorded X-ray diffractograms of the samples and the observed
peaks correspond only to the diffracted planes of Cu (all matched
well with JCPDS No. 04-0836). The diffraction pattern of asreceived
Cu alloy reveals that the crystallographic planes of polycrystalline
copper are oriented in a random direction and no preferential
growth is observed. In contrast, a highly textured close packed
(111) plane crystallizes after deposition on the IRE crystal exhibit-
ing an orientation similar to a single crystal. Conceptually, atoms
are strongly bonded to each other in close packed planes thereby
offering high resistance to dissolution [48]. In addition, (111) tex-
tured copper exhibited substantial resistance to electromigration of
metal interconnects for high current density applications [49]. The
deposited film thickness was less than 50 nm, so the baseline of the
data was  not flat due to a strong effect from the glass substrate.

Concerning the resin preparation, phenyl siloxane polymer
resin was  prepared with mixing Si-vinyl-functional poly-methyl
phenyl siloxane polymers with the Pt catalyst (Part A) and Si-vinyl-

functional poly-methyl phenyl siloxane polymers along with the
Si-H crosslinker (Part B) at the ratio of (Part A:Part B) 1:3. The curing
is carried out by hydrosilylation reaction by introducing these vinyl
and SiH functionalities in the presence of the Pt catalyst. An FTIR
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ig. 1. (a) XRD pattern of substrate and deposited film, (b) FTIR spectrum of silicone
oating on copper substrate.

pectrum, recorded on the cured silicone resin coated on the cop-
er alloy substrate, is shown in Fig. 1(b). In the FTIR spectrum, the
haracteristic out-plane vibration absorption peak of C = C-Si(O)3
as located at 790 cm-1, which can be ascribed to the vinyl-T silox-

ne resin group. The peak observed at 840 cm−1 can be attributed
o the vinyl and phenyl-D siloxane resin group [50]. The charac-
eristic symmetric stretching absorption peaks of Si-O-Si bond of
inear polysiloxanes appears in the range of 1110 to 990 cm−1. It
as been reported that the shape of the broad band appears in
his region is presumably due to the formation of chemical bonds
etween the oxygen atoms of siloxane units and the metal surface
51]. The phenyl groups bonded to the silicon element (Ph-Si) arises
t 1183 cm-1 and 1434 cm−1, respectively. Analogously, two bands
enerated by the symmetric deformation vibration and stretching
ibration of methyl group attached to the silicon element (Me-Si)
ere detected at 1265 cm−1 and 2960 cm−1. The stretch vibration

bsorption bands of vinyl group (C = C–H) is located at 3073 cm−1

nd aromatic C C bonds arrives at 1662 cm−1. Furthermore, minor
ddition of silicon hydroxyl was confirmed from the subtle peak
ocated around 3646 cm−1, which is assigned to stretch vibration
bsorption of Si−OH [50]. Besides the effect of textured growth

f copper on impeding the electromigration/dissolution, it is also
nvisaged that the presence of different organic groups in the sili-
one encapsulant may  have a profound effect on the water and ion
ransport process.
ience & Technology 64 (2021) 203–213

3.2. Combined EIS and ATR-FTIR studies on Cu film/silicone
system

To examine the electrolyte transport kinetics and interfacial
chemical changes of the highly textured Cu film/silicone model
system concomitantly as a function of exposure time, ATR-FTIR
integrated with a potentiostat setup is employed. This integrated
configuration enables to probe the transport of water and ionic
species and interactions and perturbations of the water uptake
through a silicone coating to a Cu film/silicone interface mimicking
the water and ion transport pathways encountered in the micro-
electronic packages. Fig. 2(a, b) shows the EIS spectra of the textured
Cu film/silicone model system recorded in a 50 mM NaCl aque-
ous solution in Nyquist and Bode plot representations, respectively.
After 1 h of exposure, a single time constant can be observed from
the Nyquist plot (Fig. 2(a)) where a semi-circle arc is observed. Sim-
ilar behaviour is observed for the silicone coated substrate exposed
in chloride environment for the shorter period where diffusion of
water and ions seemed to occur inside the coating without any
Faradaic reactions [52].

The ATR-FTIR spectra recorded simultaneously during EIS mea-
surements shown in Fig. 3 reveal the sign of stretching or bending
vibration bands of water molecules reaching the interface. Within
1 h of immersion, there is no water absorption band observed in
the spectra. A broad band appears after 1 h between 3800 to 2900
cm−1 with the maxima around 3400 cm−1, implying that water and
ions penetrate inside the polymer and this broad band is not only
attributed to the symmetric and asymmetric stretching vibration
mode (�O-H) of water molecules inside the silicone network but
also arises from -OH stretching vibration due to copper hydroxide
formation at the interface.

The Bode phase angle plot shown in Fig. 2(b) delineates the
evolution of relaxation features with their associated character-
istic frequencies. The time lag of around 1 h for water and ions to
reach the interface was discerned from the single relaxation feature
observed in the phase angle plot for 1 h of exposure exhibiting only
non-Faradaic reactions [53]. However, one can observe the addi-
tional relaxation feature distinctly after 3 h of immersion, revealing
Faradaic reactions occur at the interface.

The ATR-FTIR spectra simultaneously obtained reveal that the
water stretching bands shift to lower wavenumbers from 3451
to 3378 cm−1 with an exposure time shown as inset in Fig. 3(a).
This is attributed to different nature of hydrogen bonding inter-
actions within the substrate polymer. The water bands at higher
wavenumbers suggest that water molecules first diffuse through
free volumes or defects and molecularly disperses with less hydro-
gen bonding whereas the lower wavenumbers reveal stronger
hydrogen bonding between water molecules and the hydrophilic
groups of the silicone network [54,55]. This phenomenon is related
to the effective dielectric constant of water, ε (shown as schematic
in Fig. 3(a)). As the water absorption changes with time, the effec-
tive dielectric constant increases as the water molecules bound to
the polar groups strongly in the silicone network. Moreover, the H-
O-H bending vibration (ıO-H) of water molecules distinctly appears
after 34 h of immersion at lower wavenumber 1620 cm-1 (usually
appears at 1650 cm-1). The absorbance and the integrated peak area
estimated for ıO-H is shown in Fig. 3(b). The bending vibration was
hard to differentiate effectively in the initial period (< 34 h) as it
always overlaps with the polymer bands. However, the appearance
of bending vibration at lower wavenumbers ascertains the fact that
water molecules form strong hydrogen bonding with the silicone
network.
During the initial period of exposure, it is observed from the
Bode magnitude plot (Fig. 2(b)) that the magnitude of impedance
increases with time in the low frequency range (10 to 0.01 Hz).
In principle, impedance at intermediate frequency (10 to 1000 Hz)
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ig. 2. (a) Nyquist spectra of Cu film/silicone model system recorded in 50 mM NaCl
odel  system recorded in 50 mM NaCl medium at different exposure time (the solid

sed  to model the experimental data. (d) Extracted capacitance values of coating as

orrespond to coating properties while those at a low frequency
ontain information related to charge transfer reactions at the
oating–metal interface [53]. More specifically, between 3 h and
8 h of immersion, a large increase in the impedance modulus
ccurs in the low frequency domain whereas the impedance in the
ntermediate frequency pertinent to the coating diminution. This
ndicates the formation of corrosion products at the interface which
mpedes the passage of conducting species to the <111> textured
opper surface implying protective surface film formation, thereby
nhancing the interfacial charge transfer resistance with time. In

rinciple, the passive film formed on the <111> oriented grains
as a more protective Cu2O layer which alleviates the corrosion
inetics, significantly [56].
um at different exposure time. (b) Bode magnitude and phase plot of the developed
 the fit to the experimental data using the equivalent circuit). (c) Equivalent circuits
ction of immersion time.

In the initial stage (< 3 h), a single bump in the phase angle
plot between 1 to 100 Hz is observed indicating the presence of
a single time constant [52]. This single relaxation feature is mod-
elled using an equivalent circuit comprising an RC network shown
in Fig. 2(c) (< 3 h). The model includes solution resistance RS, QC
represents the constant phase element that accounts for non-ideal
behavior of the coating capacitance, RC is the resistance resulting
from the formation of ionic conducting paths through the coating.
With time, a small narrow bump representing the time constant
interfacial response evolves at the frequency range between 10 to
0.01 Hz. An equivalent circuit with two RC components shown in
Fig. 2(c) (> 3 h) is implemented to fit the experimental data, and
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Fig. 3. (a) ATR-FTIR spectra of the Cu film/silicone model recorded simultaneously during EIS measurement in 50 mM NaCl medium at different exposure time. Inset shown
i differe
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s  the peak shift observed at different time intervals and schematic presentation of 

ntensities of �O-H at different exposure time. (c) IR integrated area and absorbance

he Chi square values of less than 10−3 was obtained. This circuit
ncludes an additional constant phase element (Qi) which is parallel
o the charge transfer resistance (Ri). It is interesting to see from the
ode phase plots that the appearance of a second relaxation at the

ow frequency regime varies with the different exposure time. For
nstance, up to 34 h, the bump in the low frequency region starts
o increase from 1 Hz to 0.01 Hz whereas after 58 h the bump starts
o emerge from 10 Hz to 0.01 Hz. This implies that the oxide inter-
ace starts to rupture locally by the ingress of chloride ions due
o the volume expansion of corrosion products. This phenomenon
as occurring concurrently with the drop-in impedance at low fre-

uency domain observed from Bode magnitude plot after 58 h of
mmersion.

However, after 156 h, the impedance modulus at intermediate
requency (10 to 1000 Hz) in the Bode magnitude plot remains con-
tant, indicating the saturation level of water uptake which can be
urther ascertained from the extracted capacitance (CC) values from
C using Brugg’s formula [57] shown in Fig. 2(d). Moreover, the
ater saturation status can be deciphered from the water absorp-
ion bands of �O-H where the peak area and absorbance levels out,
nd the values remain constant after 156 h shown in Fig. 3(c).
nterestingly, at the same time, negative bands arise after 156 h
t around 3072 to 3048 cm−1. In principle, the growth of neg-
nt states of water inside the silicone coating. (b) IR integrated area and absorbance
sities of ıO-H at different exposure timetime.

ative peaks is ascribed to the polymer swelling, delamination or
corrosion process at the interface [9]. Due to the smaller depth of
penetration at higher wavenumbers [41], the negative peaks in this
region corresponds to the corrosion or delamination process occur-
ring at the interface rather than to swelling. The absence of negative
peaks at lower wavenumbers implies that there is no alteration of
the polymer backbone due to swelling. Consequently, the magni-
tude of impedance at low frequency drops after 156 h corroborating
the present findings indicates that corrosion or delamination is sig-
nificant at the interface. On the other hand, the effect of chloride
ions in destabilizing/degrading the interface could not be moni-
tored from FTIR as it is not IR active. Nevertheless, prior literature
confirms that the water uptake is followed by a slow ion uptake
and the initiation of a corrosion process at the interface depends
on the ionic rather than water arrival [22,23].

3.3. Water transport behaviour in the Cu film/silicone system

A capacitance method is considered to be a reliable method for

estimating the water uptake of coating as it has practical rela-
tionship with the water permeation of the coating [58]. Based
on changes in the coating capacitance, the water absorption and
transport characteristics could be evaluated for the developed Cu
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Fig. 4. (a) Time-dependent behaviour of the capacity of the Cu film/silicone model
system calculated by the data from the simulated EIS data with the equivalent cir-
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uits  shown as an inset in Fig. 2(a). (b) Timedependent behaviour of the water uptake
f  coatings estimated using Eq (3).

lm/silicone system. When the electrolyte diffuses into the coat-
ng, conduction paths of varying depths form in the coating surface
rea and the path of water diffusion develops with time (referred
o as bulk transport), exhibiting an increase in the capacitance val-
es over time. The linear increase obtained from the ln Cc∼ t1/2

urve in Fig. 4(a) indicates that water in the corrosive medium per-
eated through the micropores and the kinetics observed was  a

ypical Fickian sorption. The water diffusion behaviour in the coat-
ng which obeys Fick’s law can be calculated from the equation [59]
s follows:

InCc − InCi

InCsat − InCi
= 2D1/2

H�1/2
t1/2 (1)

By deriving the above equation, the following could be obtained:

dlnCc

dt1/2
= 2D1/2

H�1/2
(ln Csat − ln Ci) (2)

here Cc is the coating capacitance at time t, Ci is the dry coating
apacitance at time t =0 h, Csat is the coating capacitance at satura-
ion, and H is the coating thickness. By fitting the linear zone, the
ntercept of straight line at t =0 h was determined to be -11.020 F

−2
m (ln Ci). After 156 h, the coating capacitance showed a plateau
egion denoting that the water uptake reached saturation, which
as the coating capacitance at water saturation (Csat). The calcu-

ated diffusion coefficient of water is in the order of 7 × 10-12 m2 s-1,
ience & Technology 64 (2021) 203–213 209

which is consistent with the diffusivity range of coatings reported
in the literature for silicone-based coatings [10,52].

The water absorption volume fraction of the coating i.e. water
uptake, � is calculated using the wellknown Brasher and Kingsbury
equation assuming that distribution of water occurs randomly at
interstitial sites [60],

� = ln CC/Ci

ln (ε)
(3)

where ε (equal to 78.3 at 25 ◦C) is the dielectric constant of water
[60]. The time dependent water absorption volume fraction was in
the range of 0% to 0.30% as shown in Fig. 4(b). The values obtained
were lower than the range of water absorption volume fraction
of silicone-based coatings reported in the literature [52,61]. These
results indicated that the silicone coating shows good barrier prop-
erties against water penetration into the coatings. Nevertheless,
it has been reported that the water uptake kinetics can also be
influenced by the ions present in the electrolyte [22]. A detailed dis-
cussion on these features is beyond the scope of the current work
and will be addressed in the future work. Besides, it is notewor-
thy that the textured copper film/silicone system using integrated
ATR-FTIR and EIS showed that interaction of water with the silicone
network at ambient conditions is not only Fickian in nature but
also demonstrates the bulk transport pathways of microelectronic
packages influencing the water uptake kinetics.

3.4. Interfacial ion transport process and delamination kinetics

The ion transport process along the copper/silicone interface
was assessed by monitoring the Volta potential as a function of time
in humid atmosphere using SKP measurements. This technique
reflects the interfacial transport pathways of corrosive ions and the
delamination kinetics occurring beneath the polymer encapsula-
tion in microelectronics and LED packaging systems. The potential
profile was measured as point scan over the substrate (Cu alloy),
defect edge and intact region (region far away from the defect
edge) of the coating at normal (50% RH) and high humidity (93%
RH) conditions before adding electrolyte in the defect (figure not
shown). Difference in the magnitude of potential at three differ-
ent locations at both humidity conditions was  observed indicating
the redistribution of ionic charges with respect to reference probe,
accordingly [62]. Remarkably, in the high humid conditions, the
potential values shift to more negative values at different loca-
tions of the sample (from substrate, defect edge and intact region
of coating). After the sample is exposed to the humid air over 20 h,
the sample equilibrates with water and the work function differ-
ence transforms to less noble potentials (substrate from +800 mV
to +300 mV:  defect edge: +1000 mV to -1300 mV and intact region:
+2500 mV  to 150 mV). At high-humid conditions, copper tends to
passivate over a period of exposure and the observed potential
value of +300 mV is in concordance with the passivation potential
of a typical copper electrode [63]. On the other hand, the potential
drops significantly to more negative values at the defect and intact
region which can be ascribed to the change in the substrate-silicone
interfacial chemistry resulting in charge separation in the electri-
cal double layer formed between silicone and the oxidized metal
surface [42]. Supposedly, the Si-O- group in the resin interacts with
the oxidized copper surface, resulting in the localization of the pos-
itive charge in the silicone and negative charge on the copper oxide
surface [62]. This scenario induces the oriented dipoles to decrease
the electron work function and hence, more negative values are
observed at the defect and intact interface. Similar behavior was

reported in earlier works with epoxy/alkyd coatings on surface of
iron, aluminium, magnesium and zinc decrease the Volta poten-
tial by about 200 to 600 mV  [62]. In the current system, the Volta
potential shifts to even more negative potential by about 1000 mV.
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t has been reported that the significant charge transfer interactions
esult in decrease in work function profoundly, thereby facilitating
tronger interfacial bonds [64]. Hence, the very low negative poten-
ial observed is attributed to the strong dipole layer interactions
etween the silicone and the oxidized copper surface.

In order to assess the interfacial stability and delamination
inetics, the effect of exposure time on the spatial potential distri-
ution is monitored by performing a line scan at higher humidity
93%) conditions by adding an aliquot of 50 mM NaCl electrolyte
n the defect reservoir. Fig. 5(a) shows the SKP potential profiles
ecorded as a function of time. After addition of electrolyte with
nough ionic strength, the change of Volta potential was observed
ith exposure time. The scan starts (one hour after addition of

lectrolyte) from the defect to the intact region after attaining a
table potential at the defect region and the border between defect

nd the coating is at X = 0. The sample description is illustrated in
he schematic shown as inset in Fig. 5(a). The galvanic coupling
etween anodic and cathodic sites is obvious evident from the
harp transition even at early exposure time. This transition evolves

ig. 5. (a) SKP potential profiles recorded as a function of time in 50 mM defect electrol
onditions at the interface. (c) A distance of potential displacement for the cathodic front
ience & Technology 64 (2021) 203–213

with time and is characterized as the delamination front. The time
dependence of this potential shift allows us to track the delamina-
tion and ion transport kinetics. The potential profiles show that the
potential value close to the defect region decreases with increas-
ing the exposure time implying the activation of the metal [46].
Conversely, the strong inhibition of anodic reactions at the intact
interface shifts the potential to relatively noble values. Metal dis-
solution takes place in the defect by releasing electrons which are
consumed through oxygen reduction at the delamination front [46].
The hydroxyl ions release at the cathodic sites stimulate the trans-
port of cations (Na+) from the defect to the delaminating region,
generating alkaline sodium hydroxides at the interface. Conceptu-
ally, alkaline pH is to be detected at the delamination front and a
low pH is to be expected at the defect region and thereby, reflecting
the changes in Volta potential with time [47]. The formed alka-

line hydroxides change the pH of the interface which destroy the
bond between metal oxide and the polymer network. Hence, the
nature of formed corrosive species influences the Volta potential.
Moreover, mobility of the cations and their ionic concentration

yte in ambient air of 93% RH. (b) Schematic illustrating change in electrochemical
 spreading vs square root of time of exposure.
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lso influences the Volta potential, significantly [47]. Besides, the
dsorption of other corrosive species or the intermediate radicals
ormed or surface intermetallics may  modify the Volta potential
ccording to the recent literature on first principle calculations and
undamental studies performed through Kelvin probe measure-

ents on metal surfaces with adsorbed water and corrosive species
65,66].

Over time, the delamination front, which acts as local cathode,
roceeds forward with the corrosion products following it. Remark-
bly, after 75 h to 150 h, the potential starts to decrease towards
ore negative values observed at the region close to the original

efect edge. This discernible shift of potential values towards nega-
ive direction implies the existence of local anodes behind the local
athodes (at the defect edge). Moreover, at 150 h, the potential at
he defect edge is shifted up and then drops in negative direction

ore distinctly. Both local galvanic elements exist at the delam-
nated region as seen from the sharp transition in the potential

apping (shown in Fig. 5(b)). This phenomenon is presumably due
o the change in electrochemical conditions at the interface. After
5 h of exposure in humid conditions, the electrolyte thickness
educes at the defect area. This situation assuages the supply of
xygen and Na+ ions from the metal surface to the interface, how-
ver the delamination front proceeds forward at the local cathode

delaminated interface). At prolonged time of exposure, corrosion
roduct near the coating defect edge can be formed trailing a local
node which will be positioned between two cathodic areas: the

Fig. 6. SEM micrograph and EDX spectra of sa
ience & Technology 64 (2021) 203–213 211

corrosion product area near the coating defect edge trailing it and
the cathodic delaminated area preceding it, as shown in the Volta
potential scan after 150 h of exposure. The corrosion is then con-
fined to one location where the small anodic area shows a high
oxidation rate which is reflected by the sharp drop of the poten-
tial in the negative direction close to the defect edge embedded
between the higher Volta potential values at the coating defect
edge, at which the corrosion products are formed, and those at the
delaminated area. Hence, the formation of corrosion products plays
a strong role in changing the potential values. Similar behaviour
was observed in the literature due to the change of oxygen activity
[47].

However, the anodic area does not progress significantly even
with longer exposure time implying that only local corrosion takes
place at the defect boundary. As the progress rate of the anodic
front is insignificant with time, only the cathodic delamination
front position was plotted as a function of square root of time
(Fig. 5(c)) using the procedure followed in the literature reports
[67]. The estimated average delamination rate is 0.43 mm h−1/2.

Earlier reports [68,69] on the mixed mode of delamination
proved that depending on the electrochemical conditions of the
metal surface the mode of delamination can switch. McCafferty
[68] demonstrated that in the bulk electrolyte, the current distri-

bution is more uniform whereas in the thin electrolyte conditions,
a geometry effect must be considered and hence the current flow is
concentrated near the anode/cathode juncture. This circumstance

mple collected after SKP measurement.
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lters the shape and dimension of the delamination front for both
odes. Conceptually, very high anodic currents will be generated

t the boundary where the anodic dissolution of copper is predom-
nant to compensate the oxygen reduction reactions.

Important observations were made by El Warraky et al. [70] in
hloride containing solutions showing that the pitting corrosion
ccurs on the copper surface at a concentration higher than 10−2

,  which is similar to the concentration range used in the present
ork. It was confirmed that the chloride ions act in the formation of

uprous oxide and they were responsible for the localized attack.
oreover, Pan et al. [71] demonstrated that double-layered cor-

osion product was formed in chloride solutions comprising inner
uprous oxide and outer layer composed of more chloride. Accord-
ngly, it is observed from the EDX spectra as a point scan from SEM
tudies (Fig. 6) that the chloride ions concentrated underneath the
oating close to the defect edge, corroborating our present find-
ngs of existence of a local anode in front of a local cathode. On
he other hand, sodium was found in the areas at the delaminated
nterface (point scan 3) and no significant enrichment of sodium
t the defect boundary (point scan 2). As such, the switching of
elamination mode is attributed to the change in electrochemical
onditions with time and the interfacial transport of cations control
he cathodic delamination propagation kinetics.

. Conclusions

The water and ion transport process occurring along the two
ifferent conducting pathways (bulk and interfacial transport) of
eveloped copper/silicone model system was investigated using

ntegrated in-situATR-FTIR with EIS analysis and SKP technique. The
rincipal findings of this work is as follows,

1) Integrated in-situ ATR-FTIR and EIS studies on textured Cu
film/silicone model system concomitantly proved that water
uptake of the polymer increases with time and saturates over a
certain period. The different nature of hydrogen bonding inter-
actions and the water saturation status was deciphered from
the variation in water absorption bands with time. The dis-
tinct detection of an additional time constant in the impedance
spectra emerging over time is attributed to the changes in the
interfacial (electro)chemistry.

2) Using the coating capacitance values estimated at different
time intervals, the textured copper film/silicone system showed
that diffusion of water within the silicone network at ambi-
ent conditions is Fickian in nature. The estimated diffusion
coefficient of water in chloride environment was in the order
of 7 × 10−12 m2s-1 and the obtained water absorption volume
fraction was in the range of 0% to 0.3%, offering significant bar-
rier performance and corrosion protective properties.

3) SKP measurements revealed that the oriented dipoles formed
between the oxide surface and the silicone coating shifted the
Volta potential in the negative direction. The observed mixed
mode of delamination is attributed to the evolution of local
anodes at the interface yet the interfacial transport of cation
controls the cathodic delamination propagation kinetics.
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