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Abstract—Copper (Cu) is the metal of choice for the redistribu-
tion layer (RDL) to facilitate fast I/O communication in an inte-
grated circuit (IC). Cu can electrochemically migrate (ECM)
between the array of electrodes under bias, electrolyte, and mois-
ture. IC packages fail miserably when exposed to various ion
impurities and moisture. Copper at the anode dissolves to form
Cu11 and Cu12 ions. As the anodic dissolution continues, the con-
centration of copper ion increases. These anions deposit on the
cathode leading to Cu dendrite formation. To achieve the near-
zero parts per billion defectivity goal, elimination of ECM defects
in packaged devices is critical. This work discusses the develop-
ment of a novel Cu-selective passivation and a method to acceler-
ate reliability testing. A hydrophobic passivation with minimum
stress to the IC package is proposed in this work. The new passiv-
ation coating is thermally stable, strongly adheres to Cu, is corro-
sion resistant, low cost, and shows good potential to prevent ECM
defects. The coated packaged devices were tested by an accelerated
PEG drop test (PDT) to explore its ECM prevention capabilities.

Keywords—Wafer-level package, ECM, reliability, passivation,
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INTRODUCTION

Advances in the fabrication process of integrated circuit
(IC) aim for faster and less expensive electronics [1].

Automotive engines working under extreme temperature and
humidity are the major consumers of these electronics [2].
Electronic industry demands a low-cost and high-performance
packaging technology [3]. Recently, IC packaging processes
have been developed on wafer level [4]. Wafer-level package
(WLP) comprises of mainly redistribution layers (RDL), under
bump metallization (UBM), primary and secondary passivation
layers, and underfill material (epoxy molding compounds).
RDLs are made up of metals due to their electronic, mechanical,
and magnetic properties [5]. However, corrosion/migration-
related reliability issue can affect the mechanical and electrical
properties of RDLmetals used in WLP [6].
Copper has better thermal and electrical properties. It is the

choice metal for RDL on the Si die. Typically, a polyimide passiv-
ating film is conformally coated on the Cu RDL due to its good
insulation and mechanical properties. A polyimide film isolates

the Cu from exposure to the atmospheric contaminant [7]. The
coefficient of the thermal expansion (CTE) for these compo-
nents are Si die (!2.6 ppm/"C), Cu (16.5 ppm/"C), and poly-
imide (35.9 ppm/"C) [8]. When exposed to high temperature and
humidity, the wafer can potentially undergo delamination and
cracks due to the CTE mismatch. Also due to the resistive joule
heating of the microelectronics, the temperature inside the IC
package can rise up to 250"C [9]. Such delaminated wafers
when exposed to the humidity lead to further reliability conse-
quences. It is well documented that water lowers the glass transi-
tion temperature (Tg) of the polymer as it is acts as a plasticizer
[10]. Above Tg, the free volume of the dielectric is increased,
and its bond strength and the stiffness are decreased [11]. The
increased free volume and the reduced bond strength with water
absorption leads to a localized microchannel containing high
level of moisture within the build-up dielectric [12]. This, in
combination with the applied electric field, provides a means for
an electrochemical migration (ECM).

ECM is defined as the transport of metal ions from the anode
and deposit at the cathode through an electrolyte medium. The
electrochemical processes involved here are electrolytic decom-
position and metal migration [13, 14].

As illustrated in Fig. 1 the anodic copper dissolves to form
Cun1 ions and releasing n electrons.

Cu ! Cun1 1 ne2

As the anode dissolves, the generated copper ions migrate
toward the cathode and is reduced and deposited as the seed
layer of Cu that cumulates into dendrite growth with time.

Cun1 1 ne2 ! Cu

Ionic contaminants act as a supporting electrolyte in an elec-
trochemical process and have an important impact on ECM.
Contaminants like perchlorates, sulfates, chlorates, nitrates,
and chlorides are found more significantly in the microelec-
tronic package [15]. Ionic contaminants increase the conduc-
tivity of the electrolyte, thereby increasing the rate of the ECM
failure. In the presence of humidity and such aggressive ions,
Cu RDL–patterned interconnects are susceptible to ECM under
biased conditions. This type of failure possibility is relatively
new for chip-level interconnections, since the previously used
aluminum, gold, and tin was less susceptible than Cu RDL to
ECM defects [3, 16, 17]. A device operating properly for hun-
dreds of hours under ideal conditions might undergo failure
immediately after exposure to corrosive environmental conditions.
The expenses incurred due to the failed electronic component is
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far larger than compared with the cost of the failed components
itself.

To enhance the ECM resistance, various surface finish
options have been reported. Immersion silver (ImAg), electro-
less nickel immersion gold (ENIG), and electroless Ni have
been reported [18, 19]. Topper et al. focused on conformal
coating such as polyurethane, acrylic, epoxies, and silicones
and its properties were tested from the packaging point of view
[20]. Special semiconductor-grade polymers have been devel-
oped as passivation layers. Polyimides and benzocyclobutane
(BCB) are standard passivation layers for memory chips and
devices [7, 21]. The process of coating these polymers typi-
cally involves a rather high curing temperature and includes
multiple steps [21]. Therefore, there is a need to develop an
alternative passivation coating, for preventing ECM failures,
which is Cu-selective with low moisture retention and lower
stress and can be deposited at relatively lower temperature.

To evaluate lifetime reliability, IC packages routinely under-
went thermal stress test following JESD22-A110 standards
(130"C, 85% RH for 96/256 h) with or without bias [22]. How-
ever, this test is time consuming to evaluate the performance of
passivation coating for ECM failure as it corresponds to short
circuit failure time. An accelerated and simpler screening test-
ing method will be helpful for initial quick screening of the
passivation coatings efficiency. Some reports have suggested
that the water drop test (WDT) as a candidate of acceleration
test [23-25]. However, when the spacing between the electro-
des is only a few microns, the rate of ECM is too fast to be
studied by WDT. Carbone and Corl developed an accelerated
test to study ECM in polyethylene glycol (PEG-400) media
that is much less conductive than water [15, 26]. PEG drop test
(PDT) was performed by doping the PEG-400 with ionic con-
taminants to simulate ECM defect–forming condition. This
method of screening, when paired with a microscope, helps to
find the pinholes in the coating and reveals any localized sur-
face defects [27, 28].

In this report, we provide new results of developing a novel
passivation coating for Cu RDL and utilize PDT screening test
and other characterization tools to evaluate its ECM protection
ability. The initial work was centered on detailed PDT failure
analyses of the high-density Cu RDL devices with spacing of
8, 10, 14, and 18mm immersed in PEG with added contami-
nants like SO4

2 and ClO4
2. Real-time PDT was conducted to

analyze the migration behavior between the arrays of Cu elec-
trodes within an applied potential window, and scanning elec-
tron microscopy/electron dispersive x-ray spectroscopy (SEM/
EDS) analysis was used for elucidating the dendrite morphol-
ogy and composition. Then, the Cu RDL devices were coated

with a new Cu-selective passivation layer and subjected to the
same PDT test for comparison. We utilized electrochemical
tools (potentiodynamic polarization and linear swipe voltamme-
try [LSV]) combined with contact angle measurements, Fourier
transform infrared spectroscopy (FTIR), and SEM/EDS to eval-
uate the passivation nature of the Cu-selective coating.

MATERIALS AND EXPERIMENTAL METHOD

Cu RDL test devices were fabricated on an Si substrate con-
taining four different spacings: 8, 10, 14, and 18mm as illus-
trated in Fig. 2. These Cu RDLs can be connected to the external
circuit by the Al wires, which were ball bonded onto the Cu
UBM. The RDL test chips were mounted on a ceramic dip pack-
age for the ease of handling and testing. PEG-400 doped with
either 1,000 ppm SO4

22 or 100 ppm ClO4
2 was prepared from

ACS-grade chemicals of Na2SO4 and KClO4 [29]. These solu-
tions were stored in an airtight container due to the hygroscopic
nature of PEG-400 [30].

The Cu array electrodes were coated by a versatile, thermally
stable, and economically effective inhibitor by a single-step
chemical vapor deposition (CVD) at temperatures as low as
100-200"C [31]. The composition and selectivity of the coating
is studied by SEM. To test the coating’s ability to prevent ECM,
LSV electrochemical characterization was performed on sput-
tered Cu on Si wafer (with and without coating) utilizing CHI
760D potentiostat. The sputtered Cu wafers and platinum elec-
trodes were used as working and counter electrodes, respec-
tively. Saturated Ag/AgCl electrode was used as the reference
electrode. LSV was performed from20.1V to 2V (vs. Ag/AgCl)
at a scan rate of 10mV/s using the abovementioned three-
electrode system in 3.5% NaCl. This solution is used because
that was one of the most reported solutions used for studying
severe Cu corrosion. Potentiodynamic polarization was performed
on the same samples at 1mV/s.

After the preliminary screening of the passivation coating on
the Cu wafer, PDT was conducted to understand the ECM fail-
ures on the coated and the uncoated device. To establish a
benchmark for the ECM testing of the Cu RDL, PDT was used.
Nonaqueous PEG matrix was doped with ions (ClO4

2, SO4
22)

to simulate an EMC environment (Epoxy molding compounds).
The real-time changes on Cu RDLs immersed into a contaminant-
spiked PEG-400 solution with applied bias were observed under
optical microscope paired with a camera. ECM is tested on the
Cu RDL patterns with a line to line spacing (L:S) in submicron
range. The successful biased PEG-400 immersion test outcome
on the test devices helped to guide the choices for the most
promising passivation layer for subsequent molding and the
more time-consuming biased highly accelerated stress test
(BHAST) testing.

Fig. 1. Mechanism of electrochemical migration of Cu in water medium under
bias.

Fig. 2. (a-d) 8-18-mm spaced Cu RDL electrodes.

18 Journal of Microelectronics and Electronic Packaging, Vol. 20, No 1, 1st Qtr 2023



A 30-mL droplet of the different solutions, i.e., (1,000 ppm
SO4

22 and 100 ppm ClO4
2) doped in PEG-400 were added

between the array of electrodes. All micro electrochemical
experiments were conducted using a potentiostat, CH Instru-
ment 760D. Leads for both auxiliary and reference electrodes
from the potentiostat were connected to the anodic Cu RDL
array, and the working electrode lead to the cathodic RDL
array. The preset voltage was applied across these interdigi-
tated RDL array electrodes by the potentiostat with a scanning
rate of 10mV/s. While the resulting I-V plot was collected, the
ECM defects formation was monitored concurrently by a Nikon
LV150N Metallurgical microscope, as illustrated in Fig. 3.
Thus, the PDT setup captured the leakage current due to the
ECM dendrite during the potentiodynamic polarization as a
function of time/potential until a permanent short circuit was
observed.
The FEI Nova 200 Nano Laboratory SEM was employed to

analyze the surface morphology of the tested devices and its
elemental composition via EDS. The chemical bonding of the
passivation layer was analyzed using a Thermo Scientific Nico-
let iS-50 FITR spectrometer equipped with a spectra-tech spec-
ular reflectance accessory (Vee Max II). The CVD-coated Cu
wafer was analyzed immediately after the deposition without
further treatment. The thermal stability of CVD passivation
coating was studied by thermal gravimetric analysis (TGA)
using Q-50 thermogravimetric analyzer.

RESULTS AND DISCUSSION

A. Accelerated Reliability Testing of Cu Redistribution Layers

Results of the ECM behavior of Cu RDL electrodes on WLP
test samples in accelerated testing solution, i.e., 1,000 ppm
SO4

22 and 100 ppm ClO4
2 are presented below. The chosen

concentrations are the maximum solubility limit of these ions
in PEG-400 [32]. To investigate the ECM resistance behaviors
of Cu electrodes, anodic polarization tests were conducted to
obtain I-V curves. This investigation shows the aggressive den-
drite formation with the decrease in the spacing between the
electrodes and provides useful insight of the critical failure
regions on the RDL. The resulting base current variation for
each Cu RDL device can be correlated to the short-circuit events
caused by ECM between the interdigitated array electrodes.
Fig. 4 shows two captured images of Cu RDL arrays from real-

time monitoring of ECM process in 100ppm ClO4
2/PEG-400

and 1,000 ppm SO4
22/PEG-400. Both RDLs have the interelec-

trode spacing of 10mm. An increase in the positive potential leads
to the oxidation of the Cu anode electrode. The Cu ions from the
anode begin to migrate to the Cu cathode. These migrating Cu
ions deposited on the Cu cathode forms Cu dendrite that naturally
grow toward the anode, where the concentration of Cu ions will
be the highest. When cathodic dendrites eventually reach the
anode in the RDL device, short-circuit current abruptly increased
due to the conductive pathway formed between interdigitated
RDL electrodes. This thin dendritic conductive pathway quickly
broke down under the applied potential and current density, and
gave rise to the “spike” shapes in the I-V plots (Fig. 5). Conse-
quently, Cu dendrites can be observed on both cathodic and
anodic electrodes in Fig. 4. The real-time imaging of short-circuit
events can potentially allow PDT screening to identify the poten-
tial ECM vulnerabilities originated from specific RDL design and
materials makeup.

Fig. 5a shows the I-V plots on Cu RDL electrodes with dif-
ferent interelectrode spacings submersed in 100 ppm KClO4 of
PEG-400 solutions. As the ECM reaction proceeded continu-
ously with increasing positive bias, caused more dendrite
bridging and short-circuit current spikes due to the nontermi-
nating source of copper ions. The I-V plots reveal that the onset
potential for the short-circuit event from the bridging Cu den-
drite increased with the increase in the spacing between the Cu
electrodes. Based on the in situ monitoring video, a very thin
dendrite network was formed between the 8-mm spaced elec-
trodes at 2.8V, which was sensed by the spike in the current as
illustrated in Fig. 5a. Onset of the first current spike is observed
at increased bias with increased spacings, that is, 10mm
(3.1V), 14mm (3.55V), and 18mm (4.3V). The number of
current spikes increase with the decrease in the spacing of the
electrode. This reveals that spacing is a critical factor in the
ECM failure. The dendrites formed were generally thinner and
covered the surface of the electrode.

In Fig. 5b, the effect of sulfate ion, another major potential
contaminant, on Cu RDL test samples was carried out. Since
the concentration of the sulfate ion was 10 times higher than
the perchlorate ion, more ions were available for the ionic
mobility of the ionized Cu ion in the solution. As shown in
Figs. 5a and 5b, the onset potential for the short-circuit current

Fig. 3. (a) Illustration of PEG drop test (PDT) screening metrology setup.
(b) Top view of the dendrite formation.

Fig. 4. Real-time monitoring of the ECM short-circuit events captured by
microscopic images (a) under !3-V bias in 100 ppm ClO4

2 1 PEG-400 and
(b) under !2-V bias in 1,000 ppm SO4

22 1 PEG-400.
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spikes in 1,000ppm sulfate ion is lower as compared with 100ppm
perchlorate. The dendrite formation initiated at 1.83V for the
8-mm spaced electrodes. Similarly, for the 10-mm spaced elec-
trodes, the dendrite formation initiated at 1.93V. With an
increase in spacing by 4mm, the initiation voltage shifted to
2.82V for the 14-mm spaced electrodes. Similar effect is seen
upon further increase in the spacing by another 4mm leading to
a short at 3.3V for 18-mm spacing of the electrodes. The results
generated from this PDT test support its potential application as
an accelerated screening test on the passivation coatings to pre-
vent ECM defects, then confirmed by the more rigorous BHAST.

When a higher positive potential (.10V) was applied to Cu
RDL electrodes arrays, massive electric shorts can form and
lead to a permanent failure of the device. Fig. 6a shows the
SEM image of a failed RDL device after PEG drop test in per-
chlorate solution. Dendrites are broadly evident in the image,
and it grows because of dissolution of the anode, which further
fringes toward the cathode. Dendrites formed between the
array electrodes can be identified as trunk, lace-type dendrites,
and sludge. A single dendrite bridging within the electrolyte is
a trunk-type dendrite. The lace-type dendrites grow on the
inside surface of the electrode. Sludge develops when the den-
drites between the two electrode serves as the pathway for high
current flow, thereby burning the individual dendrites. The
dendrite microstructure shown in the image reveals dendrite
branching out in multiple directions. The massive dendrite for-
mation can overcoat the entire cathode contact pad and contact
wire. It is observed by EDS mapping in Fig. 6b, that the den-
drites were made up of Cu oxidation forming CuOx. This con-
clusion leads us to another major aspect of this work, which
focuses on the prevention of these accelerated ECM reactions

on Cu RDL interconnects under high potential bias by applying
a new hydrophobic passivating layer.

B. Application of Passivation on the Cu Redistribution Layers

The main role of the passivation coating is to minimize or
completely negate the dissolution of Cu when encountering
ECM-favorable condition during the operation lifetime of a pack-
aged device. A rigid, dielectric/polymeric passivation coating
could add additional stress to cause unwanted wafer warpage
due to CTE mismatch. Recently, we have developed a novel
patent-pending method of depositing an organic passivation
coating on Cu surface [31]. As shown in Fig. 7, the passivation
coating is highly Cu-selective—only deposited on Cu RDL fea-
tures. No coating was observed on other metals, inorganic
dielectrics, and polymers used in the typical packaging devices.
Therefore, the new passivation coating selectively deposited
only on Cu RDL interconnects should, in principle, generate less
stress compared with the currently used blanket coating of
dielectric or polymeric coatings. As described in the various
characterization outcomes below, the new coating has a hydro-
phobic surface, thereby preventing moisture from reaching Cu
surface to initiate ECM reactions and the above-described chain
events leading to the ECM failure. Additional advantages of the
new passivation coating are low cost, compatible to current
packaging operation, and thermally stable up to 250"C.

C. Accelerated Reliability Testing of Cu Redistribution Layers
After Passivation

The passivated Cu RDLs are tested by the PEG drop test.
The passivated Cu RDL were anodically swept from 0V to 10V.

Fig. 5. (a) I-V plots of the ECM short-circuit events under (0-5.5 V) bias in 100 ppm ClO4
2 1 PEG-400. (b) I-V plots of the ECM short-circuit events under

(0-5.5 V) bias in 1,000 ppm SO4
22 1 PEG-400.
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As seen in the I-V plots of Fig. 8a, even with a much higher posi-
tive potential bias of 10V, there is complete absence of current
spikes in the passivated Cu RDL as compared with the nonpro-
tected bare Cu RDL (Fig. 5). Therefore, Cu-selective passivation
coating completely prevents any ECM-related short-circuit events,
when immersed in a PEG media doped with a maximum ion con-
centration of sulfate or perchlorate. As shown in Fig. 8a, a slow
increase of small background (,10 mA) was observed in the PDT
test. This background current value compared with the current

spikes of uncoated Cu RDL, was 200 times less. We attribute this
slow rise of background current to the capacitive charging of inter-
digitated RDL electrodes immersed in the PDT test solution. This
assertion is consistent with the observed higher background cur-
rents with a smaller RDL interelectrode spacing.

Based on the SEM image in Fig. 8b, the coated Cu RDL
remained intact with no observation of dendrite formation after
positive 10V bias of the PDT screening test. The coated film is
not tarnished even after the long exposure to the corrosive envi-
ronment under positive potential bias. This can be attributed to
the strong adhesion of the coating to Cu and its high hydrophobic
surface, (see Section E Fig. 12) to repel moisture. These results
indicate that the passivation coating can prevent electrochemical
migration. Fig. 9 shows the direct comparison of the bare Cu
device with the coated Cu device. The current scale on the bare
Cu device is in milli amps range whereas on the coated Cu device
it is in micro amps range. It can be confirmed by this comparative
analysis that the inhibitor-coated device is capable of preventing
the electrochemical migration failure of the device.

D. Electrochemical Characterization Studies of Passivation
on Blanket Cu Wafer

To further evaluate the passivation strength of Cu-selective
coating, blanket Cu wafer samples with/without coating were

Fig. 6. SEM image showing the (a) trunk-type dendrite formation, (b) EDS reveals that CuOx is the main constituent of the dendrite, (c) Cu electrodeposited on the
cathodic pad and dissolution on anodic pad, and (d) zoomed-in image of the cathodic pad showing dendrite formation.

Fig. 7. (a) Bare Cu device and (b) CVD-passivated Cu device.
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subjected to a highly corrosive environment of 3.5% NaCl
solutions. If the passivation can survive this extreme corrosion
environment it should be effective in normal use in IC-package
condition. Fig. 10 shows the polarization curves of coated and
bare copper wafer in 3.5% NaCl solutions. The most important
property of the passivation coating is its ability to prevent
the oxidation of the underlying Cu surface. Electrochemical
parameters like corrosion potential (Ecorr), corrosion current
(Icorr), and efficiency of inhibition (h%) were calculated from
the polarization curve. The corrosion rates of coated and the
blanket Cu were compared by the potentiodynamic polariza-
tion test.

In the absence of passivation coating the corrosion poten-
tial of Cu was Ecorr 5 20.23V, which was more negative

than the corrosion potential for the coated Cu substrate sam-
ple (Ecorr 5 0.35V). This shows that higher positive potential
is required to break down the passivation coating on the Cu
surface. The corrosion current density of bare Cu in 3.5%
NaCl solution (Icorr 5 9.4 mA/cm2) was about 4,100 times
higher than that observed for a passivated Cu surface (Icorr 5
2.3 nA/cm2). The corrosion rate was also found to drop from
60Å/min without protection to about 1Å/min after passivation
coating. Therefore, the observed potentiodynamic polarization
confirms that the passivation can prevent the Cu surface from
severe oxidative corrosion in a highly corrosive 3.5% NaCl
solution.

Fig. 10b presents an LSV of a blanket and coated Cu sub-
strate in 3.5% NaCl solution. The LSV was collected by scan-
ning from negative to positive potentials (anodic scan) with a
scan rate of 10mV/s. The anodic peaks were observed at
0.03V and 0.89V along with a satellite peak at 0.5V corre-
sponding to Cu (0) to Cu(I) and Cu(I) to Cu (II) oxidation,
respectively. The blanket Cu surface was corroded readily in
3.5% NaCl solution. In contrast, the passivated Cu surface
showed negligible oxidation current from multiple LSV scans
from open circuit potential to 1.2V. The observed oxidation
prevention of Cu is mainly attributed to the hydrophobic nature
of the film and the bonding strength of the chemisorbed passiv-
ation film on Cu surface.

E. Material Properties of Passivation Coating

The passivation coating is highly selective to Cu over any
other materials on the packaging device. The thermal stability
was studied by FTIR and TGA. Fig. 11 shows the FTIR spectra
of passivation coating with a highlighted sp2 hybridized C–H
bond stretching mode at 3,064 cm21. After annealing in 260"C
for 30min, the intensity of the characteristic bonding features

Fig. 8. PEG drop test on coated Cu RDL in (a) 100 ppm ClO4
2 and 1,000 ppm SO4

22 and (b) SEM image of 8-mm coated RDL device after PDT test.

Fig. 9. Comparison of the I-V plot between the inhibitor-coated RDL device
and the bare Cu RDL device.
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was found to be unchanged in terms of its peak distribution and
peak height showing the high thermal stability of the coated
layer and its potential compatibly with IC packaging proces-
sing flow.
Due to the development of reflow solder process, the solder-

ing in the surface mount technology involves exposing the
packaging devices to temperatures as high as 220–260"C. So,
the Cu wafer surface with coated passivation was artificially
exposed to a higher temperature of 260"C for a period of
30min to study the thermal stability. The passivation has a
high decomposition temperature, which was confirmed by
TGA. As shown in Fig. 11b, there is an initial loss of 20% orig-
inated from physiosorbed material from the Cu surface. After
210"C, the passivation coating is very stable until 350"C. No
chemical bonding signature changes observed after 260"C
annealing from Fig. 11a also support this assessment.
Fig. 12a shows the water wettability measurement of Cu-

selective passivation coating that exhibits a high hydrophobic-
ity with water contact angle of 132". Due to this hydrophobic
nature of the coating deposit, the moisture retention on the
film is very low that helps to prevent Cu oxidation in a highly

corrosive environment. The surface topography changes of
the Cu after coating can be seen by the SEM/EDS in Fig. 12b.
The focused ion beam-SEM imaging observed at 20Kx mag-
nification revealed that the CVD coating process creates a
blanket coating on the Cu surface. The thickness of the coat-
ing was found to be !400 nm. Since the coating is Cu selec-
tive, it can cover all exposed Cu surface of a Cu RDL device.
Thus, the passivation coating can enclose the Cu RDL intercon-
nects from all the dimensions to form a conformal hydrophobic
layer to provide an excellent barrier against potential ECM
defects.

F. Investigation of Polyimide Coating and Its Electrochemical
Migration Failure

Packaging industry relies on polyimide as a passivation layer
for the Cu RDL. Such passivated devices were investigated by
PDT to reveal the weak spots on the RDL prone to electro-
chemical migration failure. Polyimide coating on copper is pre-
pared by spin coating followed by thermal annealing. During
spin coating, it is possible that some of the regions on the Cu

Fig. 10. (a) Tafel plot analysis of Cu with/without passivation in 3.5% NaCl. The scan rate used is 1 mV/s. (b) Linear sweep voltammogram of Cu electrode
with/without passivation in 3.5% NaCl. The scan rate used is 10 mV/s. (Use straight arrow in Fig. 10b.)

Fig. 11. (a) Reflectance infrared spectra of the passivation film as deposited
(blue) and after 260"C annealing (red). (b) TGA analysis of the passivation coat-
ing powder obtained from Cu surface.

Fig. 12. (a) Water contact angle and (b) FIB-SEM cross-section image of the
passivated Cu RDL.
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RDL remain uncoated. These uncoated regions can be the weak
spots for dendrite formation, thereby leading to a short circuit
caused by electrochemical migration of Cu. Fig. 13 illustrated
the time-dependent evolution of dendrite formation tested in
100 ppm KClO4 at 10V. Microscope image was recorded before
PDT and also during the experiment. After 69min of PDT, Cu
ion deposited at the cathode, can be seen migrating toward the
anode. Gas is also evolved at the cathode. After 299min, it is
observed that the dendrites connected between the anode and
cathode. At this point, the device fails by short circuit. The spac-
ing between the two Cu UBM is 100mm and the electrochemi-
cal migration rate of the Cu ion in 100 ppm KClO4 solution is
0.33mm/min. Weak spot was observed only at the interface of
the Cu UBM and the Cu RDL. This device can be prevented
from ECM failure by CVD of passivation coating at the inter-
face. However, it is industrially noneconomical to coat the Cu
RDL first with polyimide and follow with another passivation
coating. A one-step solution can be used to replace the polyi-
mide coating with the passivation coating developed by CVD.

A microscope image–based comparison between bare Cu,
polyimide-coated Cu, and the CVD passivation coating on Cu
RDL was done to comment on the efficiency of each method to
prevent the ECM. Fig. 14 presents the microscope images
tested by PDT in 100 ppm KClO4 1 PEG-400 solution at 10V.
Bare Cu device was damaged by developing a short between
the two electrodes and due to the resistive joule heating, the Cu
electrodes melted or warped. In the polyimide-coated device,
the dendrite was connected through the interface of the Cu
UBM and RDL. This dendrite network is weak as compared
with the bare Cu; hence no severe short-circuit damage is
observed. However, this dendrite connection is still substantial
from the I/O signal loss point of view. Inhibitor-passivated Cu
RDL substrate showed in Fig. 14c exhibited excellent ECM
protection as discussed earlier. Negligible dendrite formation
was observed on these devices. As this passivation coating is
selective to Cu, there is less concern of the warpage of the
WLP due to CTE mismatch.

Fig. 13. PDT on polyimide-coated Cu RDL in 100 ppm KClO4 1 PEG-400 solution (a) T5 0 min, (b) T5 69 min, and (c) T5 299 min.

Fig. 14. PDT comparison for (a) bare Cu, (b) polyimide-coated Cu, and (c) passivation-coated Cu in 100 ppm KClO4 1 PEG-400 solution.
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CONCLUSION

Real-time accelerated PDT screening reveals a trend of onset
potentials for short-circuit events resulted from bridging den-
drite formed by ECM between the Cu RDL interconnects.
From this correlation, it can be concluded that surface passiv-
ation, electrode spacing, applied bias, and ionic contaminants
are all major factors for ECM failure. The bare Cu system will
corrode/damage immensely at higher bias and the passivated
Cu RDL will not damage severely after testing with accelerated
PDT. PDT helps to identify the critical factors contributing to
the ECM failure. Visibly uniform, ultrathin, and conform coat-
ing on the Cu RDL prevents the dendrite formation and severe
damage of the Cu RDL on the WLP device. Surface passiv-
ation coating makes the surface hydrophobic, thereby, further
preventing RDL from the risk of ECM failure. Major advan-
tages of the coating are that it is selective to copper surface.
The coating is robust and thermally stable up to 260"C. The
passivation coating process is low cost and compatible to the
current packaging operation.
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