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Abstract—We present the reliability results obtained on
a two-metal level copper RDL patterned on a photosensi-
tive polymer with a target pitch below 4 pm. Our polymer
has been submitted to high temperature storage at 150 °C
and to temperature humidity stress at 85 °C/85 %RH
for 1000 hours. A thermal cycling stress between -50 °C
and 125 °C for 1000 cycles was also performed on these
samples.

Collected electrical data indicate an increase in the
copper wires resistivity and via resistance after 1000 hours
at 150 °C. Failure analyses performed on the stressed
samples reveal the formation of a copper oxide layer on top
of the metal lines and at the bottom of the vias resulting
from the presence of water at the interface metal/polymer.
The presence of moisture inside the polymer is further con-
firmed by Fourier-transform infrared spectroscopy (FTIR)
measurements. These results emphasize the need of a
capping layer on top of the metal lines and reiterate the
need of a continuous Ti barrier for a reliable process.

Index Terms—Fine pitch RDL, photosensitive polymer,
reliability, high temperature storage, thermal cycling, 3D
packaging

I. INTRODUCTION

Interconnects redistribution layers (RDL) are a key
enabler for IC heterogeneous integration using advanced
packaging technologies. The increasing complexity of
integrated systems requires more and more connec-
tions to be made between adjacent chips. To achieve
this in a minimal number of metal layers, the critical
dimensions of the RDL lines must be reduced. [1]-
[3]. One promising method uses dual damascene wire
patterning of a high resolution photosensitive polymer
used as dielectric. In this process, vias and RDL wires
are embedded in a barrier inside polymer trenches.
Due to the chemical-mechanical polishing (CMP) step
of the damascene process, the RDL stack remains flat
thus enabling more metal layers to be processed at
resolution limit. The requirements on this polymer are
high: compatibility with lithography processing, thermal

stability, low moisture uptake and mechanical strength
to meet reliability standards. Among them, the moisture
uptake is the most critical. H,O can indeed diffuse easily
through the organic matrix of the polymer resulting in
the presence of water and hydrated ions at the inter-
face polymer/oxide/metal. In presence of atmospheric
oxygen, corrosion of the metal is observed, ultimately
leading to polymer delamination [4]-[10].

II. EXPERIMENTAL
A. Technology

This study was performed on patterned samples man-
ufactured on 300 mm silicon wafers. On top of a 200 nm
silicon nitride layer, the first layer of polymer is coated,
exposed and developed to create the trenches for the
first metal layer (M1). Afterwards, a 100 nm Ti layer
followed by a 100 nm Cu seed layer are deposited
by Physical Vapor Deposition (PVD) processes. The
Ti layer is used as an adhesion layer as well as a
copper diffusion barrier. A copper electroplating step is
subsequently used to grow copper on top of the seed
layer to fill the line. After a CMP step to remove the
excess copper from the trenches, the second layer of
polymer is deposited and the vias are patterned. The
third layer of polymer is then added and patterned with
the trenches of the second metal layer (M2). The Ti
barrier and the Cu seed layers are deposited and copper
electroplating is used to fill the via and the M2 trenches
at the same time (dual damascene approach). After a
CMP step, a final polymer layer is coated and the bond
pad areas are exposed. The polymer is removed in these
areas, and a protective layer is deposited on top of the
copper to prevent corrosion while allowing electrical
measurements. Characteristic physical dimensions of this
process are presented in Fig.1.

The photosensitive dielectric used in this study is a
thermoset phenol-based polymer cured at 200 °C. Its
permittivity is 3.7 at 100 kHz and its breakdown field is



Fig. 1: FIB cross-section of the full RDL stack.
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Fig. 2: IV characteristics performed on a fork-fork
structure at M2 level on two different dice. The distance
between the electrodes is around 1 um as shown on
Fig. 1. The measured breakdown voltage is around
180 volts.

around 1.8 MV/cm as shown on Fig.2. The target pitch
of this process is below 4 um.

B. Experiments

Using a polymer as a dielectric in an RDL process
induces serious reliability challenges such as moisture
uptake, polymer aging or mechanical issues. To trigger
these mechanisms, our process was submitted to three
different reliability stresses. High temperature storage

(HTS) at 150 °C was performed for 1000 hours to
stimulate the diffusion of copper between the metal
lines as well as the aging of the polymer. The impact
of humidity trapping was studied using 1000 hours of
temperature humidity stress (TH) at 85 °C/85 %RH.
Finally, potential mechanical issues in the process were
investigated with a thermal cycling stress (TC) consisting
of 1000 cycles between -50 °C and +125 °C.

Four read-outs were performed (after 72, 168, 500 and
1000 hours of stress or cycles) to monitor the impact of
these stresses on some key device parameters. The moni-
toring procedure was performed at room temperature and
consisted of an optical inspection, followed by wafer-
level electrical measurements. The data collected include
capacitance values and leakage current of the fork-fork
capacitors, as well as resistance values for various metal
lines and via structures. Finally, the FTIR spectrum of
the polymer was used to trace the moisture uptake in the
stack.

III. RESULTS AND DISCUSSION
A. Optical inspection

At each read-out, an inspection of the wafers was
performed using an optical microscope. The samples
submitted to TH and TC stresses did not reveal any
abnormalities. On the contrary, a strong coloration of
the metal lines is observed after 1000 hours of HTS
stress at 150 °C as shown in Fig. 3. In the literature,
metal line coloration is reported after 48 hours [9] and
after 200 hours [7] of HAST stress (130 °C & 85 %RH)
when a polyimide polymer is used to encapsulate the
metal lines. The coloration is subsequently associated
with copper corrosion [7]. Oppositely, copper lines sur-
rounded by polyimide do not corrode when exposed to
TH stress (85 °C & 85 %RH) for 1000 hours [4].

Furthermore, a darkening of the polymer after HTS
is observed on Fig. 3b. This change in coloration most
likely results from the oxidation of the polymer at high
temperature.

B. Electrical results

The integrity of the polymer was assessed using capac-
itance and leakage measurements, while the stability of
the interconnects was appraised through metal resistivity
variation and contact resistance monitoring.

Fig. 4 shows the relative increase with time of the ca-
pacitance value for the fork-fork structures. An increase
of the capacitance value is observed for the unstressed
reference samples exposed only to the natural humidity
of the laboratory environment. This effect is presumably
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Fig. 3: a) Optical inspection of the fork-fork structures
before stress. M1 level is on the left of the pad array.
M2 level is on the right. b) The same structures after
1000 hours HTS at 150 °C. Traces of corrosion have
been observed on the metal line after the HTS stress.

due to moisture uptake inside the polymer resulting
in a change of permittivity. M2 level is less impacted
(~2.5 %) compared to the M1 level (~7.5 %). This
difference most likely reflects the dynamic nature of the
polymer-air interface, where humidity is easily adsorbed
and subsequently diffused in the polymer but also easily
desorbed when the relative humidity of the environment
is changing. Deeper inside the polymer, at M1 level, the
absorbed water is more stable allowing a steady increase
of the water content.

In all likelihood, the absorption of water inside the
polymer explains the augmentation of capacitance value
observed after TH and TC stresses where a humid
environment is involved. Indeed during the TC stress,
condensation from the residual humidity was observed
on the sample. Nevertheless, water absorption cannot
occur during HTS where the environment is drying the
polymer. In this case, the increase is assumably related
to a change in the chemical structural properties of the
polymer, resulting in an increase of the permittivity.

The polymer insulation properties have been inves-
tigated using current-voltage characteristics performed
between 95 and 125 volts on a M2 fork-fork structure
with a spacing of 2 um between the forks. In this range
of voltages, the conduction mechanism is triggered and
the leakage current is above the SMUs noise level. As
presented in Fig. 5, the leakage current did not increase
after the different stresses and stays below 1 pA-um.
Similar results have already been reported for various
polymers with thicknesses ranging between 2 and 6 pm
(8], [11], [12].

Via robustness against stress is another important
indicator of the overall process quality. Fig. 6 shows
the cumulative distributions of the resistance values for
various via sizes. The impact of the TH and TC stresses
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Fig. 4: Relative evolution of fork-fork structure capaci-
tance values with stress time, measured at M1 and M2
levels for the different stresses.
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Fig. 5: Leakage current as a function of the applied

voltage for a fork-fork structure at M2 level with a

spacing of 2 um. No increase of the leakage current after

the stresses is observed.

is limited and the yield remains above 90 % after these
stresses. The TC stress resulted in a small decrease of the
via resistance value for the 5 um vias, probably due to
a copper curing process. On the contrary, an increase of
the resistance value by a factor 100 to 1000 is observed
after HTS. Smaller vias are more impacted than larger
ones, likely resulting from a corrosion process at the
interface via-metal 1.

Via reliability was furthermore assessed using inter-
woven daisy chains containing 450 vias connected in
serie. As shown in Fig. 7, interwoven daisy chains yield
is above 95 % before stress. After the stress, on the
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Fig. 6: Cumulative probability distributions of the via
resistance values after 1000 hours or cycles of stress for
three different via sizes (3 to 5 um). An increase of the
resistance value by a factor 100 is observed after the
HTS stress. The smaller vias are more impacted than
the larger ones.
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Fig. 7: Cumulative probability distributions of the via

interwoven daisy chain resistance values after 1000 hours

or cycles of stress for three different via sizes (3 to 5 um).

The chains are made of 450 vias in serie.

other hand, the yield is drastically reduced independently
of the via size. A clear dependency on the via size is
observed for HTS stress with smaller vias being more
impacted than larger vias. Again, this is pointing in the
direction of a corrosion issue at the interface via-metal 1.

Metal resistivity was measured on meander structures
with a metal width varying from 2 to 5 um. Fig. 8
presents the relative increase of resistivity after the
stresses. An increase of the resistivity below 5 % is
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Fig. 8: Relative increase of the metal resistivity after
1000 hours or cycles of stress measured at M1 and M2
level as a function of the line width.

Vo TRy

Fig. 9: Impact of the metal width on the corrosion
mechanisms active at M1 level. Larger metal lines (on
the right) benefit from an “umbrella effect”, reducing the
atmospheric oxygen presence near the metal surface and
thus slowing down the corrosion (in red).

measured after TC and TH stresses. However, after HTS,
a resistivity increase around 10 % and 15 % for M1 and
M2 respectively is detected. Whereas at M2 level the
increase is mostly independent of the metal width, wider
lines are less impacted at M1 level. This change in the
metal resistivity is likely associated with metal corrosion
as discussed in section III-A. As M1 and M2 meanders
of the same width are stacked, wide M1 meanders benefit
from an “umbrella effect”, slowing down the diffusion
of atmospheric oxygen toward the metal surface and
therefore reducing the corrosion rate (Fig. 9).

C. FTIR

To confirm and monitor the moisture uptake inside the
polymer exposed only to ambient atmosphere, Fourier
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Fig. 10: Relative variations in the FTIR absorbance at
wavenumber 3400 cm™! for a wafer exposed to ambient
atmosphere. Wavenumber 3400 cm™! reflects the water
concentration inside the polymer.

Transform Infrared (FTIR) spectroscopy was used. The
absorbance spectrum was acquired at each read-out time
between 400 and 4000 cm™ on a Thermo Scientific
Nicolet 6700 FT-IR Spectrometer on a reference wafer.
This sample consists of a 3 um thick blanket layer of
polymer on top of a silicon substrate, stored in the
laboratory at ambient atmosphere.

Moisture uptake is characterized at wavenumber
3400 cm! after normalization of the data. Results are
presented on Fig. 10. A steady increase of the absorbance
with time is observed thus confirming the moisture
uptake from the atmosphere. These measurements are
in good agreement with the electrical results presented
in section III-B where the increase of capacitance value
for the reference unstressed samples was attributed to
moisture uptake (Fig. 4). The increase in the response
signal (absorbance or capacitance value) is in the same
order of magnitude with both methods.

D. Failure analysis

To understand the failure mechanisms, Focused Ion
Beam (FIB) cross-sections have been performed on var-
ious stressed devices. Fig. 11 presents the cross-section
of a M1 line after 1000 hours of TH stress (Fig. 11a)
and after HTS at 150 °C (Fig. 11b). No abnormalities
are observed after the TH stress. On the contrary, after
HTS, a new layer appeared on top of the line and voids
are observed at the interface between this layer and
the metal. Energy-dispersive X-ray spectroscopy (EDX)
analyses were performed in this area. Results are shown

(b)

Fig. 11: FIB cross-section analysis of the metal lines
at M1 level. a) After the 1000 hours of temperature
humidity stress. b) After 1000 hours of high temperature
storage. A thick layer of copper oxide has appeared on
top of the line. Voids are noticed at the interface metal
oxide.

in Fig. 12. The EDX spectra of copper shows a weak
but evident signal at the top of line, whereas the oxygen
signal starts exactly at the interface metal-polymer. The
new layer on top of the metal line is therefore most likely
composed of oxygen and copper, revealing the presence
of a copper oxide layer, as suspected after the optical
inspection (Section III-A and Fig. 3). Similar results are
observed on the M2 lines.

Electrically, a resistivity increase around 10 and 15 %
was measured after HTS at M1 and M2 level as pre-
sented in Fig. 8. Assuming a line height of 2 ym and
1.5 pm (M1 and M2 level respectively), a missing layer
of copper around 200 to 225 nm is expected. Fig. 11b
reveals that the newly created oxide layer thickness is
around 330 nm, resulting in a ratio between the missing
copper and the new oxide layer thickness in the vicinity
of 1.5 to 1.7. These values are in good agreement with
the results from Lee and Yu where a ratio 1.79 was
reported for a polyimide on copper system [4].

It is important to note that the diffusion of copper is
only observed at the top of the metal lines, where the
line is not protected by the Ti barrier. For a reliable
RDL process, a capping layer at the top of the metal
line will therefore be needed. Indeed, while working on
a polyimide, Shoji et al. demonstrated the possibility to
mitigate the void creation by enhancing the mechanical
properties of the polymer-metal interface [8]. Neverthe-
less, copper diffusion in the polymer, resulting in the
creation of an oxide layer, could not be avoided [8],
[9]. To prevent this diffusion, Kudo et al. have proposed
an enhanced RDL stack where a bi-layer inorganic
dielectric is used as a diffusion barrier between the metal
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Fig. 12: EDX spectra of the main atomic species present
in the process. The presence of copper oxide at the top
of the metal line is revealed by the sharp oxygen signal
in this region, associated with a diffuse copper signal.

lines and a photosensitive polyimide. After 200 hours
of HAST stress (130 °C & 85 %RH), copper corrosion
is not observed [7]. Another solution includes the use
of a self aligned copper silicide barrier [13]. In both
cases, the authors noticed a positive improvement of the
electromigration performances [7], [13].

Cross-section analyses were also performed on the
kelvin via structures. Results are presented in Fig. 13.
Again, no abnormalities are observed in the via after the
TH stress (Fig. 13a). However, strong signs of corrosion
are detected in the lower part of the via after the HTS
stress at 150 °C (Fig. 13b and Fig. 13c). Furthermore, a
continuous copper oxide layer is present between the via
and M1. Finally, voids are noticed at the interface via-
polymer and on the top of the metal lines. The presence
of corrosion at the bottom of the via is the signature
of a sub-optimized Ti barrier deposition process in this
region, most likely resulting in a discontinuous Ti layer,
and allowing the exposure of copper to moisture.

Copper oxide growth is diffusion-driven process where
copper atoms have to diffuse through the oxide layer to

Fig. 13: FIB cross-section analysis of a 3 ym via. a)
After 1000 hours of temperature humidity stress. b) After
1000 hours of high temperature storage. A thick layer of
copper oxide has appeared on top of the metal lines and
at the foot of the via. Voids are noticed at the interface
metal oxide. ¢c) Magnified view of the interface via-metal
1. A continuous layer of oxide is present under the via.

get oxidized. As thick oxide layers are slowing down
the diffusion, a self-limiting growth process is observed
[4], [14]. Consequently, an approximately constant oxide
thickness is expected between the via and the metal 1 line
when the system is fully oxidized. As such, a constant
high contact resistance for the failing vias is foreseen
as shown in Fig. 6. Copper oxide formed by thermal
oxidation at 150 °C is characterized by a n-type conduc-
tivity with an electrical resistivity between 4 - 10 and
10" © - cm [15], [16]. Fig. 13c reveals a minimal oxide
thickness around 80 to 90 nm under the via. Considering
an electrically active region around 1 um?, this resisitiv-
ity range would lead to a contact resistance value in the
order of 10 to 100 ohms. These estimations are relatively
close to the resistance values measured after HTS shown
on Fig. 6. As the oxidation proceeds from the outside of
the via toward its center, larger vias may still not be fully
oxidized after 1000 hours at 150 °C. In the absence of
an oxide layer fully covering the via-metal 1 interface,
the contact resistance value increase remains limited
until the contact area becomes marginal [17], [18]. This



phenomenon explains the bimodal distributions of the
resistance values after HTS stress as shown on Fig. 6
(4 and 5 pum vias).

IV. CONCLUSION

A dual damascene RDL process with a photosensitive
polymer, two metal levels and a target pitch below 4 um
was submitted to reliability testing. The presence of
a polymer in the stack introduces serious challenges
highlighted by our studies. In association with high
temperatures, atmospheric oxygen diffusing though the
polymer matrix enables the corrosion of the metal lines
and vias, inducing an increase of their resistance, ulti-
mately resulting in via yield loss. In addition, moisture
uptake in the stack was demonstrated through FTIR
analyzes and capacitance measurements.

For a reliable RDL architecture with the tested pho-
tosensitive polymer, our analyzes emphasize the need of
developing a capping solution to protect the metal lines
against copper diffusion and corrosion. Ti barrier conti-
nuity at the via sidewall is also essential for reliability
and requires further process optimization.
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