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ABSTRACT

Interfacial adhesion between metallic thin films and polymers is a critical performance metric for a number of microelectronics and packag-
ing applications. Delamination of metal-polymer interfaces is a frequent failure mode for many multilayer structures, like those used for
electronics packaging. Such a failure is even more likely when electronic packages are operated under extreme conditions like high-power,
high-temperature, and/or high-humidity operation. Roughening or direct chemical modification of the few layers of atoms that make up the
interface is often used to promote adhesion at these interfaces. Here, the authors investigate a new process, vapor phase infiltration, that
infiltrates inorganic constituents into the bulk of the polymer, creating an interpenetrating network within the subsurface of the polymer
that further enhances interfacial adhesion. For the authors’ model system of copper films on a benzocyclobutene polymer, they are able to
increase the interfacial adhesion strength by as much as 3×, resulting in cohesive rather than adhesive failure. The authors attribute this
increased interfacial adhesion to physicochemical interlocking of the organic and inorganic phases within the subsurface of the polymer,
generating a “root system” that impedes interfacial delamination.

Published under license by AVS. https://doi.org/10.1116/1.5141475

I. INTRODUCTION

Metal-polymer adhesion is particularly important for micro-
electronics packaging where the demand for higher bandwidth
systems requires higher interconnect density. Typical packaging
architectures are comprised of multiple metal-polymer interfaces.
These interfaces are prone to several failure modes, including inter-
facial delamination, cohesive cracking, and warpage.1,2 Interfacial
reliability is becoming a major concern in advanced polymer sub-
strates used in redistribution layers (RDLs) for two reasons: (1)
polymer dielectrics are shifting toward more inert chemistries,
driven by the need for higher signal speed, which is enabled by
low-dielectric constant polymers with nonpolar bond groups and
(2) the need to operate packages at higher powers and higher

temperatures, driven by mega trends in power and automotive
electronics.3 Traditional epoxy-based RDLs contain highly polar
functional groups, which adhere well to metal thin films but are
challenged by higher dielectric permittivity and substantially higher
RC signal delays. Advanced low-dielectric constant polymeric
resins that are stable at higher temperatures are sought for next-
generation polymer dielectrics. Examples of such emerging dielec-
trics are benzocyclobutene (BCB), polyimide, and fluoropolymer-
based resins.4 The chemical nature of these polymers is such that
they do not bond to a sputtered adhesion layer or cannot be metal-
ized easily using electroless copper. Furthermore, the weak inter-
faces can become a site for moisture condensation, increasing the
potential for delamination. Under aggressive temperature and
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humidity stress tests, interfacial delamination is a critical concern
because of the poor adhesion strength of the polymer to the metal.
These temperature requirements become more apparent for pack-
aging of wide bandgap power electronics devices, like those based
on gallium nitride (GaN) or silicon carbide (SiC).5

Several approaches exist for enhancing metal-polymer adhe-
sion. The polymer surface can be oxidized via plasma or chemical
treatments to promote bonding to a reactive metal (e.g., chro-
mium).6 The polymer surface can be roughened to create mechani-
cal anchoring sites that increase adhesion.7,8 Coupling agents can
also be added to the polymer to create reactive sites to which the
metal layer can bond.9 Here, we explore the use of a process known
as vapor phase infiltration (VPI)10–13 or sequential infiltration syn-
thesis (SIS)14–23 to infuse inorganics into the subsurface of the
polymer and increase adhesion. VPI is a gas phase processing tech-
nique that exposes polymers to metalorganic vapors that sorb,
diffuse, and become entrapped within the bulk (subsurface) of the
polymer.13 In some ways, this process is a combination of all three
adhesion promotion methods cited above; the infiltrated inorganic
serves to increase chemical bonding across the interface, it creates
mechanical interlocking within the polymer bulk, and it is essen-
tially a postprocess additive to the polymer chemistry.

II. EXPERIMENTAL METHODS

A. Materials and synthesis

Dry-film rolls of a benzocyclobutene-based polymer [dielectric
constant (Dk) of 2.65 and a loss (Df) of <0.0008] were used as the
exemplary RDL polymer dielectric. These polymer films were
either 9 or 19 μm thick. While the exact polymer chemistry is pro-
prietary, it is based upon Dow Chemical’s CYCLOTENE 4000
series resin, which is a benzocyclobutene polymer with siloxane
segments. It has a glass transition temperature of 300 °C and is a
positive-tone photodefinable polymer.

These polymer films were laminated to a low coefficient of
thermal expansion (3 ppm/°C) borosilicate glass (Corning). Prior to
lamination, the glass panels were diced into 3 in. squares and
rinsed with solvents [acetone, isopropyl alcohol, and distilled (DI)
water]. An adhesion promoter (AP3000, Dow Chemicals) was spin-
coated onto these glass substrates at 3000 rpm for 30 s, followed by
drying at 150 °C for 90 s. A Meiki MVLP300 vacuum laminator
was used to laminate the dry-film polymer to the glass substrates.
The lamination procedure required pulling vacuum for 90 s and
then hot-pressing at 0.6 MPa for 30 s at 93 °C. The polymer was
then hard-cured at 250 °C for 60 min in a nitrogen atmosphere
(99.9999% purity).

After curing, the polymer was vapor phase infiltrated in a
custom-built, hot-walled reactor that exposed the polymer to a
static atmosphere of metalorganic precursors. In this study, we spe-
cifically focused on modification with trimethyl aluminum (TMA)
at a pressure of ∼1 Torr. The polymer dielectric was held in
flowing ∼1 Torr N2 for 300 s prior to the process start. A single
VPI sequence consisted of dosing TMA for 1 s/variable hold time
in the TMA atmosphere/1 s DI water dose/90 s purge. Dosing
sequencing was accomplished with custom designed LABVIEW

control software.24 Polymers were VPI treated at temperatures

ranging from 100 to 175 °C. Further information about the process-
ing sequence is given in the supplementary material.38

Plasma treatments of the polymer dielectric were conducted
using a Plasma Therm RIE (Plasma Therm, Inc., 720). The pres-
sure was maintained below 50mTorr, an RF power of 250W was
used, and the argon gas flow was 100 cm3/min. The plasma time
was varied between 5 and 20 min.

Metal films consisted of a thin (50 nm) sputter deposited
chromium adhesion layer, a 200 nm sputter deposited copper layer,
and a ∼25 μm thick electroplated copper film. The initial layers
were deposited via DC sputtering (Denton Discovery RF/DC
Sputterer, 40 sccm Ar, 100W, 50 nm for Cr, and 200 nm for Cu).
Copper was electroplated under galvanostatic conditions using
Atotech’s Cupracid TP BKTM electrolyte solution, consisting of
electropure copper sulfate solution, sulfuric acid, sodium chloride,
cupracid TP leveler, cupracid brightener, and cupracid starter. The
copper film uniformity was maintained by keeping the ratio of
organic to inorganic additives constant. Based on our experience, a
plating rate (I/A) of 1–1.5 A/dm2 is recommended to maintain
copper uniformity.

B. Chemical and structural analysis

Scanning electron microscopy (SEM, Hitachi SU8230) and
energy dispersive x-ray spectroscopy were used to probe morpho-
logical and chemical changes in the polymer material before and
after VPI. To obtain good cross-sectional images, films were cryo-
fractured by first dipping in liquid nitrogen and then fracturing via
crack initiation with a diamond scribe. To minimize film damage
and charging, SEM images were taken at an accelerating voltage of
1 kV. Water contact angle measurements (Rame-Hart model 250
Goniometer) were taken before and after infiltration to study
changes in surface chemistry and wettability.

The depth profile of infiltrated polymer was measured with
the time-of-flight secondary ion mass spectrometer (ToF-SIMS,
IONTOF, 5 Series). SIMS spectra were collected using oxygen sput-
tering (150 × 150 μm2) and bismuth analyzer beams (50 × 50 μm2).
Positive polarity was used to detect the Al+ signal from infiltrated
TMA. The depth of the crater was measured using a KLA-Tencor
P-15 profiler.

Fourier transform infrared (FTIR) spectroscopy was collected
on a Thermo Scientific Nicolet IS50 spectrometer in the attenuated
total reflectance mode. The polymer was dried for 4 h in an N2

oven at 120 °C to prevent surface moisture from interfering with
the spectrum. A background spectrum was collected for every run,
and a total of 50 scans were averaged per sample.

X-ray photoelectron spectroscopy (XPS) was performed with a
Thermo K-Alpha XPS spectrometer. High-resolution scans and
depth profiles were collected using a 400 μm spot size of mono-
chromated Al Kα x-rays with a 400 μm diameter spot size and a
1 mm raster size. Background pressure was maintained below
10−7 Torr. The base pressure was 2 × 10−8 Torr, and the pressure
within the chamber remained below 3 × 10−7 Torr throughout the
experiments. The analyzer pass energy was set to 50 eV with a reso-
lution of 0.05 eV and a dwell time of 100 ms. During these high-
resolution XPS measurements, the sample was flooded with slow
electrons and Ar+ ions using the flood gun to compensate for
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surface charging. Charge referencing was performed using the C 1s
peak corresponding to C–C bond (284.8 eV).25

In situ XPS measurements were made tracking the chemistry
as a function of chromium deposition. In accordance with the
methodology reported by Wenzel et al.,26 an L-shaped sample
holder was used to allow for the sputter deposition of the Cr over-
layers from a target. The holder is designed so that the Ar sputter
gun within the XPS chamber can be used to deposit the target
material. The holder features an 85° angle between the upright
portion and the horizontal surface. The target material (Cr) was
attached to the upright end of the holder using conductive carbon
tape, and the sample was affixed to the horizontal surface of the
sample holder 0.5 mm away from the target material (Cr). A chro-
mium target was prepared by evaporating a ∼300 nm thick film of
Cr using an e-beam evaporator (Denton Explorer) onto a 4 in.
silicon wafer using a Cr source material (99.99% purity). The
silicon wafer was then diced into 1 × 1 mm2 targets. These Cr
targets were then in situ sputter deposited onto the polymer sur-
faces using Ar+ ions at an acceleration voltage of 3.0 keV and an
ion current of 9.0 μA. The ion beam was rastered over a rectangular
area of 4 × 2mm2. The angle between the horizontal sample and
the sputter gun was 32°, and the sputter gun was directed at a posi-
tion ∼2 mm above the surface of the polymer. This resulted in
sputtering of the target material in a cone-shaped plume, with the
plume oriented to partially deposit onto the polymer.
High-resolution XPS spectra were obtained from the region which
corresponded to thickest Cr on the polymer. XPS spectra were col-
lected after 0.5, 1, 1.5, 2, 2.5, 3, 6, and 9 min of Cr deposition.

A Shirley background was used for fitting XPS peaks in these
experiments, and the peak shapes used were 70% Gaussian/30%
Lorentzian for all Mo 3d, S 2p, Li 1s, and Ge 3d peaks, while a
Donjiac–Sunjic line shape was used for the asymmetric Ag 3d
peak. For each high-resolution spectrum, the best fit for each
dataset was obtained as that with the minimum chi-square value.

C. Adhesion test

Interfacial adhesion between the metal film and polymer was
quantified using a 90° peel test (Testing Machines Inc. peel tester).
Peel-tests were performed on 1-cm wide metal strips at a peel-rate
of 30.5 cm/min. The substrate was carefully taped onto an FR-4
board which acted as a holder, which was then taped onto the peel
test instrument to ensure that substrate warpage did not influence
the measured peel strength. The test setup is shown in Fig. S3 in
the supplementary material.38 The peel strength is dependent on
three main factors: interfacial adhesion, bending angle of the
delaminated film (for this case, copper), and elongation of the
delaminated film. Controlling the thickness and uniformity of the
plated copper ensures normalization of the second two factors such
that comparisons can be made with respect to interfacial adhesion
strength.

III. RESULTS AND DISCUSSION

A. Chemical and structural analysis

Figure 1(a) depicts the process flow for vapor phase infiltra-
tion. In this study, we examine how VPI process temperature and

time influence the adhesion of metal films to the polymer. The
polymer chosen for this study is a photosensitive dry-film BCB,
which is capable of supporting high-speed, high-density intercon-
nects because of its inert low-dielectric loss properties. Divinyl
siloxane bis-benzocyclobutene (DVS-BCB) is the prepolymer,
which is dissolved in mesitylene and coupled with additives and
crosslinkers to make it photosensitive and give it other desirable
chemical properties. The siloxane linking groups give BCB excellent
dielectric properties and low water absorptions due to their low
polarizability. However, it is accompanied with drawbacks such as
poor adhesion due to the nonpolar structure. In this work, we seek
to use the infiltration process to improve metal film adhesion. In
our approach, we use a single dose of precursor to tailor the inter-
facial properties without affecting the bulk. Figure 1(b) plots the
FTIR spectrum collected from the BCB polymer before and after
VPI treatment. The absorption bands shown in the spectrum corre-
spond to the stretching vibrations typically seen for DVS-BCB.27

These spectra are similar before and after VPI treatment. The only
significant change is the appearance of a broad absorption between

FIG. 1. (a) Schematic of process flow for vapor phase infiltration. (b) FTIR
spectra of the BCB polymer before and after TMAVPI treatment (150 °C, 6 h of
TMA exposure).
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3200 and 3700 cm−1. This absorption is related to water or hydrox-
yls and is explored in the later sections. XPS C 1s scans included in
the supplementary material (Fig. S1)38 further suggest minimal
chemical changes to the BCB polymer upon VPI treatment.
Depending on the precursor and polymer selection and process
parameters, such as dose time, dose temperature, number of cycles,
etc., the precursor permeates through the polymer in different
ways. For our selection of a small precursor molecule, unreactive
polymer with a large free volume we see no reaction between the
precursor and the polymer, rather the precursor sorbs through the
polymer reacts with the coreactant and gets entrapped within the
bulk of the polymer.

To characterize the inorganic infiltration, we probed the
VPI-treated polymers with SIMS and XPS depth profile scans.
Figure 2 summarizes the structural and chemical characterization
of the polymer dielectric after AlOx infiltration. This polymer
underwent one VPI dose of TMA at 150 °C for 6 h followed by a
single water pulse. SIMS depth profile seen in Fig. 2(a) suggests
that the aluminum oxide penetrates up to about 1.5–2 μm into the
polymer’s subsurface. The scan suggests that there is a higher con-
centration of Al at the top subsurface of the VPI-treated BCB.
Water contact angle measurements were made to investigate the
surface wetting characteristics. As shown in Fig. 2(b), the

VPI-treated BCB polymers exhibit a significantly lower water
contact angle, further confirming a chemical modification of the
material. Figures 2(c) and 2(d) present depth profiles of high-
resolution Al 2p and O 1s XPS scans collected from the AlOx

VPI-treated BCB polymer. These plots show a series of XPS spectra
collected from different depths using an argon plasma etch gun,
which milled away consecutive layers of the material. Evident from
this scan is the appearance of Al at the surface of the VPI-treated
polymer; prior to VPI treatment, no Al was detectable as seen in
Fig. S2 in the supplementary material.38 We also observed a signifi-
cant increase in the O 1s signal near the surface of VPI-treated
BCB compared to the bulk concentration, suggesting additional
oxide content in the near surface of the treated polymer.

BCB-based polymer dielectrics are highly cross-linked polymers
composed mostly of hydrocarbon and aromatic rings in a three-
dimensional network as shown in Fig. 1. This hydrocarbon chemistry
is generally unreactive toward metalorganic molecules like TMA.13

For example, TMA is known to be unreactive toward polystyrene,
although it will sorb and diffuse into the polymer and become
entrapped if reacted with a coreactant (e.g., H2O) while still within
the polymer.28–30 The rigidity of this network also likely generates
significant free volume for the diffusion of sorbed metalorganic pre-
cursors. Indeed, the inorganic infiltration is rather deep into the BCB

FIG. 2. Chemical and structural char-
acterization of VPI-treated BCB. (a)
Plot of normalized SIMS data for Al+
as a function of depth for an AlOx infil-
trated BCB polymer; inset: cross-
sectional SEM image indicating the
infiltrated depth vs the bulk of the
polymer. (b) Contact angle of untreated
and VPI-treated BCB. (c) Depth profile
of high-resolution Al 2p and O 1s XPS
scan of infiltrated polymer. Time indi-
cates length of time film was sputtered
before XPS scan was taken. The infiltra-
tion is done with TMA for 6 h at 150 °C.

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 38(3) May/Jun 2020; doi: 10.1116/1.5141475 38, 033210-4

Published under license by AVS.

https://avs.scitation.org/journal/jva


considering the time and temperatures used. Previous work for poly-
amide-6 (PA-6) and polybutylene terephthalate (PBT) has shown an
infiltration depth of <1 μm for 10 cycles of single doses.31–33

B. Adhesion strength

Figure 3 summarizes the experimentally measured 90° peel
testing adhesion strength for Cu/Cr films on BCB polymers that

underwent VPI at varying process temperatures and infiltration
times. Error bars represent the standard deviation from an average
of —four to five peels for each condition, and the green band repre-
sents the average measured peel strength for the Cu/Cr film on
untreated BCB (150–250 g/cm). Note that all of the VPI process
temperatures are well below the polymer’s glass transition tempera-
ture (250 °C). At lower process temperatures, interfaces trend
toward greater adhesion strengths with longer infiltration exposure

FIG. 3. Averages of peel test measure-
ments for adhesion strength between
copper and BCB polymer for
VPI-treated samples during different
hold times using a single cycle VPI
treatment. VPI temperature is (a) 120,
(b) 150, and (c) 175 °C. Bands repre-
sent the average baseline peel strength
measured between copper films and
untreated BCB polymers (control). (d)
High-resolution XPS spectra of Al 2p,
comparing VPI infiltration at different
temperatures for the same duration.

FIG. 4. Average of peel test measure-
ments for adhesion strength between
copper and BCB polymer using (a)
multiple VPI cycles with 1 min holds
and (b) argon plasma treatments of
BCB films for varying times. Bands
represent the average baseline peel
strength measured between copper
films and untreated BCB (control). All
VPI treatments were carried out at
150 °C.
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times. The highest adhesion strength was achieved at 150 °C with a
6 h hold. This adhesion strength is more than twice the interfacial
adhesion of the untreated BCB polymer. At the highest process
temperature investigated (175 °C), adhesion strength remains low
for all hold times with adhesion strength that are similar to the
untreated polymer.

The reduced effectiveness of the VPI treatment at higher
process temperatures may seem surprising. If the VPI treatment
was simply reacting the metalorganic precursors with the polymer
to form more covalent bonds at the interface, then it would be
expected that at higher process temperatures the reaction rate kinet-
ics would increase and adhesion strength would improve. The
decline in adhesion strength with increasing process temperature
suggests that a different mechanism is controlling interfacial

adhesion. Previously, Leng and Losego have shown that inorganic
loading fraction decreases with VPI process temperature due to
sorption thermodynamics.34 At higher process temperatures, sorp-
tion of metalorganic vapors into the polymer is less favorable
because the condensation step is an exothermic process. In
Fig. 3(d), we confirm using a high-resolution Al 2p XPS scan that
AlOx loading drops precipitously at the VPI processing temperature
of 175 °C. This lack of chemical modification at higher VPI tem-
peratures leads to a less effective adhesion “layer.” If higher temper-
atures were desired to accelerate diffusion kinetics and reduce the
6 h infiltration time, it may be possible to offset this loss in loading
by using higher precursor partial pressures.

We next examined another approach to increasing inorganic
loading, using multiple VPI exposure cycles, or what is sometimes

FIG. 5. (a) XPS data collected from
the fracture surfaces of a metal film
deposited on an untreated BCB
polymer. (b) XPS data collected from
the fracture surfaces of a metal film
deposited on a BCB polymer infiltrated
with AlOx. The infiltration was done
with TMA for 6 h at 150 °C. Diagrams
below the XPS data show our interpre-
tation of where fracture is occurring in
each of these systems.
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called SIS.15,35,36 Figure 4(a) summarizes the peel strength after
multiple infiltration doses. Here, we chose to use short infiltration
times to limit the depth of inorganic infiltration. One cycle con-
sisted of a 1 s TMA dose (<∼ 1 Torr)/60 s static pressure hold/1 s
H2O dose/90 s purge. All infiltration sequences were executed at
150 °C since this temperature provided the highest adhesion
strength in the prior experiment (Fig. 3). As shown in Fig. 4(a),
these interfaces also showed a general trend toward higher interfa-
cial strength with more VPI cycles. However, this improvement is
mostly within measurement error and never becomes as significant
as the longer hold times. We are also uncertain as to why in some
cases we appear to detect a decrease in adhesion strength at low
exposure times and cycle numbers. Al 2p high-resolution XPS
depth profiles of short, multiple exposure sequences are compared
with single long doses in Fig. S4 in the supplementary material38

and we see that the short exposures do not see deep infiltration
depth. Perhaps the short exposures lead to some sort of degrada-
tion via, e.g., humidity, that reduces strength modestly prior to the
improvement that is eventually achieved with deeper and higher
concentrations of inorganic loading. Regardless, these data suggest
that longer hold times leading to deeper infiltration depths are
likely important to improving adhesion. Even with multiple cycles,
adhesion is not improved if the infiltration time is low and the
depth is shallow.

To further investigate the impact of near surface chemical
modifications, we also considered plasma treatments. Based on lit-
erature reports,6 argon plasma provides better adhesion to BCB
than oxygen plasma; the latter tends to oxidize the polymer and
weaken bonding to the metal. The BCB polymers were exposed to
an Ar plasma RIE for 5, 10, 15, and 20 min. As shown in Fig. 4(b),
peel strengths remained relatively constant with plasma treatment
up to 15 min of exposure with most interfacial adhesion strengths
within the range of the control, untreated BCB polymer.

C. Adhesion mechanism

To better understand the nature of the interfacial fracture, we
probe the chemistry of both sides of the peel interface after the peel
test. A representative peel sample is shown in Fig. S5 in the supple-
mentary material38 along with the fractography surfaces of the
baseline control sample in Fig. 5(a). XPS analysis of the untreated
BCB fracture surface reveals primarily Cr/Cu on the peel side and
primarily C on the substrate side. As depicted below these spectra,
this result suggests that fracture occurs at the metal/polymer inter-
face. In contrast, XPS analysis of the optimized VPI-treated BCB
fracture surface (150 °C, 6 h of exposure) reveals significant carbon
on both the peel side and the substrate side as shown in Fig. 5(b).
This result is indicative of cohesive bulk fracture within the
polymer, suggesting the interface is now stronger than the polymer
itself. This shift in the failure interface indicates that the interfacial
bonding achieved after VPI treatment is the strongest possible for
the polymer. Furthermore, the Al 2p/Cr 3s peak on the peel side of
the VPI-treated BCB fracture surface suggests that the interfacial
failure occurs in the polymer bulk.

We also sought to understand whether the infiltration modi-
fied the interfacial reactions between the chromium seed layer and
the polymer surfaces. We probed the interface, using a custom

experimental testing rig shown in Fig. S6 in the supplementary
material,38 which allows us to collect XPS spectra while depositing
the first few nanometers of the Cr adhesion layer. Figure 6 com-
pares the high-resolution Cr 2p XPS spectra after (a) 1 and (b)
1.5 min of Cr deposition on untreated and VPI-treated (150 °C,
6 h) BCB polymer. Evident in these spectra is a greater prevalence
for chromium oxide in the films deposited on VPI-treated BCB
polymer. This presence of additional CrOx at the interface may be

FIG. 6. High-resolution XPS spectra of Cr 2p with progressive deposition of
metal on untreated and TMA infiltrated BCB polymers (150 °C, 6 h): (a) 1 min of
sputter time; (b) 1.5 min of sputter time; (c) FTIR spectra for untreated and TMA
infiltrated BCB polymers (150 °C, 6 h) held in a dry environment and then
exposed to a humidity chamber test (130 °C, 85% RH, 24 h).
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further contributing to the improved adhesion. We believe this
increased reactivity may be a confluence of multiple factors. First,
we detected more oxygen near the surface of VPI-treated BCB, so
the Cr may just be reacting with the AlOx present. Second, we
suspect that the AlOx BCB is more hygroscopic than the untreated
polymer. These sorbed water molecules may be desorbing during the
sputtering process resulting in more oxidation of the depositing Cr
film. To provide additional evidence of this potential water content,
we examined FTIR spectra of the treated and untreated BCB poly-
mers before and after exposure to a high-humidity environment
(130 °C, 85% relative humidity for 24 h). These FTIR spectra are
plotted in Fig. 6(c). The –OH spectral band in the 3200–3700 cm−1

region is more intense in the VPI-treated BCB films both before and
after humidity exposure. This observation further suggests that
sorbed water may be contributing to the Cr oxidation.

Based on the above observations, we propose that the
enhancement to interfacial adhesion observed here is likely a com-
bination of the infiltrated inorganic interlocking with the polymer
chains and forming a strong chemical bond to the subsequently
sputter deposited Cr/CrOx adhesion layer. While the AlOx appears
to be uniformly distributed throughout the polymer subsurface, we
cannot find any evidence for the direct chemical bonding between
the inorganic and the polymer. This is consistent with other obser-
vations with nonpolar polymers such as Teflon, which do not have
functional groups to react with the infiltrate but use physical
entrapment to lock in the inorganics.37 This lack of bonding sug-
gests that the mechanical interweaving of the inorganic and

polymer chains is sufficient to provide mechanical interlocking of
the two materials. As pictured in Fig. 7, we envision this subsurface
network of AlOx as an inorganic “rootlike” system that is difficult
to mechanically remove from the polymer. Near the surface, AlOx

units readily form chemical bonds to the deposited chromium
layer, which then metallically bonds with the copper film.
Consistent with this model is the time at temperature necessary to
“grow” a root system that is deep enough and interconnected
enough to be well interlocked with the polymer chains.

Finally, we did preliminary testing on the changes in dielectric
properties of the BCB polymer before and after infiltration. These
tests consisted of capacitance measurements in a parallel plate
geometry with the untreated and treated BCB as the dielectric
layer. Exact test procedures are included in the supplementary
material.38 The measured capacitance value for the untreated BCB
polymer is found to be 23.06 + 0.46 pF at 100 kHz. The AlOx infil-
trated polymer has a capacitance of 23.08 + 0.23 pF at 100 kHz.
Thus, no significant change in dielectric properties is detected
within our measurement error. This agrees with our model of the
VPI treatment only modifying the subsurface and not significantly
altering the bulk polymer chemistry or properties.

IV. CONCLUSIONS

Vapor phase infiltration was used to achieve 3× improvement
in metal/polymer interfacial adhesion strength. Key process param-
eters such as time and temperature must be controlled to achieve
optimal adhesion. When optimized, the failure mechanism appears
to shift from metal/polymer interfacial delamination to cohesive
failure of the bulk polymer. Chemical characterization indicates
that the VPI process infuses inorganics into the polymer to a depth
of at least 2 μm. These reactions also generate increased oxygen and
sorbed water content near the polymer’s surface. These species
increase the VPI-treated polymer’s reactivity with sputter deposited
metal adhesion layers like chromium. Because VPI has a low
thermal budget and large-area scalability, this approach for chemi-
cally improving the adhesion to a nonpolar polymer is compatible
with most microelectronics packaging fabrication processes and we
expect it to find broad applicability to a range of dielectric build-up
films and mold compounds with adhesion challenges.
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