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Abstract

Hybrid organic-inorganic and inorganic multilayer films were deposited using a combination of CVD and ALD processes
to develop an ultra-thin barrier to prevent copper oxidation in a polymer-based RDL technology. ALD layers are known
to be effective permeation barriers due to their uniformity and pinhole-free morphology. However, the low deposition
temperature, required by the presence of polymers in the final product, increases their susceptibility to degradation by
water. In this study, polymer-embedded copper lines protected by ultra-thin vapor deposited cappings, processed at
temperatures below or equal to 100 °C, were exposed to oxidation and corrosion stress tests for more than 1000 hours.
Above an inorganic layer critical thickness of 5 nm, copper oxidation is fully blocked. In addition, it is demonstrated that
some of these ultra-thin layers can withstand a corrosion stress test paving the road for their integration in polymer-based

RDL technologies.
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1. Introduction 20

Customer needs for faster electronic products with en-
hanced features and smaller form factors have pushed the
industry toward advanced packaging technologies relying
heavily on heterogeneous integration. To meet the require-
ments for the ever increasing number of connections be-
tween adjacent chips, redistribution layers (RDL) are a
key enabler. To minimize the routing complexity and re-
duce the number of metal layers, the critical dimensions
of the RDL lines must be decreased [IH3]. Among the
different options, the most promising involves a dual dam-
ascene approach where copper lines are embedded in a
high-resolution photo-sensitive polymer [3, 4]. Neverthe-
less, this approach induces serious reliability challenges,
amidst them, the polymer inability to block atmospheric
oxygen being the most critical as it results in copper ox-
idation at elevated temperature [5H9]. Indeed, copper is
known for its ease to oxidize even at relatively low tem-
peratures, i.e. below 200 °C [I0HI2]. While a self-limiting
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oxidation process is generally assumed [5l, 13H15], evidence
suggests that an initial oxide layer does not protect from
further oxidation [I6l [I7]. As the increasing demand for
more complex systems constantly reduces the critical di-
mensions [4], high rates of oxidation in the copper lines
become a major reliability concern [I8§].

While capping solutions have been extensively stud-
ied in standard CMOS technologies (e.g. SiN for corro-
sion protection [I19-21], SiCN, SiCO and MnSiO3 as cop-
per diffusion barrier [22H27], CuSi and cobalt cappings
to increase reliability performance [28431]...), their high
process temperature prevents them from being used in
a polymer-based RDL process. As a result, protective
barrier coatings, based on low temperature atomic layer-
deposited (ALD) thin films have found an application in
the field of organic electronic devices [32H36]. ALD is
based on sequential and self-limiting surface chemical reac-
tions, resulting in extremely conformal, highly dense and
pinhole-free films [37) [38]. The low defect concentrations
found in these films create excellent gas permeation barri-
ers and their suitability against moisture diffusion has been
demonstrated [39-41]. Although deposition temperatures
below 120 °C are now commonly achieved [32, [35], 42H45],
the resulting films generally present degraded barrier per-
formances due to an increased defect density [39, [43] as
well as an enhanced susceptibility to corrosion [40} [46], [47]
leading to larger critical thicknesses. Since a decrease of
the deposition temperature results in extended processing
times, achieving thinner reliable capping layers is of pri-
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mary importance.

In this study, thin nanolaminates have been processed
on top of copper RDL lines and their performance as po-
tential capping layers have been assessed after oxidation
and corrosion stress tests.

2. Experimental

These investigations were performed on polymer based
RDL samples manufactured using a damascene approach
on 300 mm silicon wafers. The dielectric used in this
study is a negative tone thermoset phenol-based photosen-
sitive polymer manufactured by JSR Corporation. Nor-
mal TMAH developer is used for the development. Sub-
sequently, the material is cured at 200 °C, which is below
the glass transition temperature (Ty).

Fig.[[]summarizes the process flow. Asshown in Fig.[Th,
the RDL stack starts on top of an initial insulating layer
with the coating of a 2.8 pm thick polymer layer, and the
subsequent exposure and development steps to open the
trenches for the RDL metal layer (Fig. [p). A multistep
curing process with a maximum temperature of 200 °C is
then applied to cure the polymer. Afterwards, a 30 nm Ti
thin film followed by a 150 nm Cu seed layer are deposited
using a Physical Vapor Deposition (PVD) process. The Ti
layer acts as a copper adhesion and diffusion barrier layer.
Filling of the line is performed by growing electrochemi-
cally deposited (ECD) copper on top of the seed layer while
a chemical-mechanical polishing (CMP) process is used to
flatten the stack and remove the excess copper resulting
in 2.5 pm thick lines (Fig. [Ik). At this point, the wafers
are diced into samples of around 2.0 by 2.5 cm to enable
the testing of several capping solutions.

Capping layers have been processed directly on top of
the RDL layer in a SPTS MVD300 chamber (Fig. [T{).
All laminates were deposited at the same temperature
(< 100 °C). The Molecular Vapor Deposition (MVD®)
method used in this study was previously described in [4§].
To enhance the adhesion properties of the capping layer
on the hybrid polymer—copper interface, two samples re-
ceived an argon—hydrogen plasma pretreatment prior cap-
ping deposition. The plasma pretreatment was applied for
10 minutes using a remote downstream microwave plasma
(unbiased samples). The plasma power was set at 3 kW,
while the chamber was maintained at a pressure around 0.5
to 1 Torr under a 10,000 sccm gas flow. The various hybrid
organic-inorganic and inorganic multilayer films tested in
this study are summarized in Table[I] These laminates are
composed with the same inorganic base of varying thick-
ness. They are additionally differentiated by their organic
to inorganic composition ratio. To mimic the final prod-
uct, the coating and curing of an additional polymer layer
on top of the capping layer was performed. Additional
process details are available in [4].

Prior to the capping deposition, the polymer surface
was characterized by atomic force microscopy (AFM). Us-
ing a Bruker Dimension Edge, AFM micrographs were
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Figure 1: Schematic description of the dual damascene process flow
used in this study.

Table 1: Summary of the different capping layer thicknesses used
in the study. The deposition temperature is identical for all the
laminates (< 100 °C).

Inorganic Laminate
# Laminate Plasma thickness thickness
(am)  (nm)
1 A - 5 33
2 A Ar/H, 5 33
3 B - 5 12
4 C Ar/Hs 10 10
5 D - 7.5 8
6 E - 5 8
7 F - 2.5 6

recorded in tapping mode by an Olympus micro cantilever
OMCL-AC160TS-R3, with a reflective Al coating, a spring
constant set at 26 N/m, and a resonant frequency around
300 kHz. Gwyddion version 2.56 [49] was used to process
the AFM images and extract roughness profiles. As shown
in Fig. the surface roughness was measured in an area
around 10 pm by 10 pm presenting a succession of copper
lines embedded in polymer. As shown in Fig. 2b] at the
end of the CMP process, the surfaces of the polymer and
metal lines are relatively smooth with a total roughness
root mean square below 2 nm.

Capping layer thicknesses were assessed through el-
lipsometry using a Woollam M-2000DI ellipsometer using
wavelengths ranging from 193 to 1690 nm at incident an-
gles of 50°, 60° and 70°. The copper substrate, copper oxide
layer, and the capping layer were modeled with B-spline,
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Figure 2: Roughness of polymer and copper surface measured by
AFM. The characterization was performed after the RDL layer CMP.
a) Characterization was performed in a 10 pym by 10 pm area pre-
senting multiple copper lines embedded in polymer. b) Resulting
roughness profile.

Tauc-Lorentz, and Cauchy models respectively. The char-
acterizations were achieved on silicon or copper substrates
placed along with the RDL samples in the MVD chamber.
Three different reliability stresses have been used to
trigger and study the failure mechanisms of interest in cap-
ping layers. Copper oxidation was induced through high-"*’
temperature storage (HTS) performed at 150 °C for 1000 h
in a nitrogen-rich dry air environment using a Thermo Sci-
entific Heraeus UT6060 oven. The oxygen content in the
oven during the oxidation process was 2 %. A thermal cy-
cling (TC) stress consisting of 1000 cycles between -50 °C
and 125 °C enabled potential mechanical issues at the in-
terface between the capping layer and the copper lines or
the polymer to appear. TC cycles were conducted in a
Weisstechnik TempEvent T/270/70/20. Finally, the cap-
ping layer susceptibility to degradation by water was as-
sessed by performing a temperature-humidity stress (TH)
executed at 85 °C and 85 % RH in a climate chamber'®
WEISS SB22 for 1000 h followed by a HT'S stress at 150 °C
for 1000 h. This dual stage reliability stress enabled mois-
ture to travel to the interface of the polymer/capping layer
to trigger a potential chemical reaction between the cap-
ping layer base material and water, ultimately resulting in
the degradation of the barrier properties [40]. The HTS

Unprotected reference Unprotected after stress

|~ 330 nm

Kirkendall voids

Laminate A 33 nm
Ar/H, plasma

Laminate A 33 nm
No plasma

Figure 3: FIB cross-sections of a copper metal line encapsulated in
polymer. a) Reference unstressed sample. b) After 1000 hours spent
at 150 °C, a 330 nm thick oxide layer is present at the top of the metal
line and Kirkendall voids appeared at the interface copper—oxide. ¢)
and d) A copper oxide layer is not detected on top of the metal lines
after 1000 hours of stress at 150 °C when the line is protected by a
33 nm thick capping layer. Roughening of the polymer—metal surface
is observed after the plasma pretreatment.

step is then used to induce copper oxidation and reveal the
presence of pin holes in the capping layer as it is known
from previous reliability studies that TH alone will not in-
duce the growth of a significant copper oxide layer [I§].
At the end of the stresses, the presence of copper oxide on
top of the lines was verified by performing cross-sections of
the copper lines by focused ion beam (FIB) milling using
a FEI Helios Dual Beam system.

Tests and stress conditions were selected in accordance
with the AEC-Q100 standard [50].

3. Results and discussions

The impact of a high temperature storage stress, per-
formed at 150 °C for 1000 hours, on unprotected copper
lines is shown in Fig. [3a] and While the presence of
copper oxide is not observed on the metal lines before
the stress (Fig. , after storage at high temperature, a
330 nm thick layer of oxide is visible on top of the lines
and on the sidewalls (Fig. . In these locations, the
Ti barrier is either absent due to the CMP process or
noncontinuous due to the lack of conformality from the
PVD process. Kirkendall voids resulting from the differ-
ence in the diffusion rate of copper atoms in the oxide
layer (~ 102° cm? - st at 150 °C) [51] and in the copper
layer (~ 102 cm? - s at 150 °C) [52] are visible at the
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Figure 4: a), b), ¢) and d) After HTS, oxidation is not observed'®
on lines protected by a capping layer thicker than 8 nm. e) On the
contrary, a 6 nm thick capping layer is insufficient to protect copper
from oxidation.

interface copper—oxide. In comparison, the oxidation is
fully blocked on copper lines covered with a 33 nm thick
nanolaminate as presented in Fig. Bdand Fig.[3dl To min-
imize the deposition time and increase the throughput,
as well as to simplify the via opening process needed to
connect to the next metal layers, a drastic reduction of200
the capping thickness is needed. Nevertheless, as seen on
Fig.[3d] when a plasma pretreatement is applied before the
deposition, a roughening of the polymer and metal surface
is observed which could ultimately lead to non-continuous
capping layers when their thicknesses are decreased and
therefore limit the achievable critical thickness.

Fig. @] displays the FIB cross-sections obtained on sam-
ples protected with thinner capping layers and stored at
150 °C for 1000 hours. When the capping thickness is
above 8 nm (inorganic layer thickness above 5 nm), cop-2@
per oxidation is fully blocked (Fig. to Fig. . On

Laminate B 12 nm Laminate C 10 nm

Figure 5: Capping layer resistance to corrosion was assessed using a
dual stage stress (TH stress followed by HTS). a) and d) At the end of
the sequence, traces of oxidation were found on lines protected with
laminate B and E, evidencing their susceptibility to corrosion. b)
and ¢) Laminate C and D were not found to be sensitive to corrosion
by moisture.

the contrary, with a capping layer thickness reduced to
6 nm, an 80 nm thick oxide layer is detected on top of
the copper line resulting in a decrease of the oxide thick-
ness by a factor 4 compared to an unprotected sample
(Fig. . These observations confirm that a 6 nm thin
capping layer deposited with an inorganic layer thickness
of 2.5 nm does not completely seal the copper surface,
most likely due to the high defect density observed in thin
ALD layers deposited at low temperature [43] 53]. It fol-
lows that for these films and process conditions, the critical
thickness of the inorganic layer is around 5 nm, in good
agreement with values previously reported in the literature
for these deposition temperatures (7.5 nm with a deposi-
tion at 100 °C by Carcia et al. [43], or 5-10 nm at 80 °C
by Klumbies et al. [35]).

FIB cross-sections performed at the end of the corro-
sion stress are presented in Fig. These samples have
been subjected to a sequence of reliability stresses: first
they underwent a TH stress to trigger a potential chemical
reaction between the capping layer and moisture resulting
in a weakening of the barrier properties. Subsequently,
HTS is used to oxidize the copper line in areas where the
capping layer has been attacked. As shown in Fig.
and Fig. copper oxide islands are found on top of the
lines when they are protected by 12 nm of laminate B or
8 nm of laminate E (5 nm thick inorganic layer). On the
other hand, oxidation is not observed when the lines are
protected by 8 nm of laminate D (7.5 nm thick inorganic
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Figure 6: After 1000 cycles of TC stress, oxidation is not detected
on top of copper lines protected by capping layer thicker than 8 nm
regardless of the presence of a plasma pretreatement. a) No pretreat-
ment applied before capping deposition. b) Plasma pretreatment
performed.

layer, Fig. , confirming that the impact of corrosion by
water is mitigated with thicker inorganic films. Despite the
roughening of the polymer and copper surfaces due to the
plasma pretreatment, oxidation is not observed on copper
lines after the corrosion stress when the sample is protected
by a 10 nm thick laminate C (Fig. [5b). In all likelihood,
the integrity of the barrier is not affected by the topology
of the surface, owing to the excellent conformality of the7
ALD process [38]. Therefore, using a plasma pretreatment
to enhance the adhesion properties of the capping layer on
the hybrid polymer—copper interface, should not represent
a reliability risk.

Finally, Fig. [6] displays FIB cross-sections of the metal
lines performed after TC stress. Oxidation of the line is not
observed at the end of the stress regardless of the laminate
type, when its thickness is above 8 nm (Fig. @ Thig?°
suggests that the integrity of the barrier is not affected by
the thermal cycles as the presence of cracks or pin holes in
the capping layer would have resulted in copper oxidation.
In addition, using a plasma pretreatment does not induce
higher reliability risks as shown in Fig. [6b]

4. Conclusion 200

Ultra-thin inorganic/organic vapor deposited layers pro-
cessed at a temperature below or equal to 100 °C have been
employed in a polymer-based RDL technology to prevent
copper oxidation. The presence of a capping layer as thin
as 8 nm on top of the metal lines fully protects from oxida-
tion during high temperature storage stresses. Addition-
ally, some of these thin layers have demonstrated resis-
tance toward moisture-based corrosion while no reliability
issues have been observed during thermal cycling stresses,
paving the way to their integration in polymer-based RDL
technologies.
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