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Reliable metal—graphene contact formation
process flows in a CMOS-compatible environment
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The possibility of exploiting the enormous potential of graphene for microelectronics and photonics must

go through the optimization of the graphene—metal contact. Achieving low contact resistance is essential
for the consideration of graphene as a candidate material for electronic and photonic devices. This work has
been carried out in an 8” wafer pilot-line for the integration of graphene into a CMOS environment. The

main focus is to study the impact of the patterning of graphene and passivation on metal—-graphene
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contact resistance. The latter is measured by means of transmission line measurement (TLM) with several

contact designs. The presented approaches enable reproducible formation of contact resistivity as low
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Starting from 2004, the plausibility of isolating a solitary layer of
graphite with a thickness of one-atom, so-called graphene, has
been experimentally exhibited by mechanical exfoliation of
graphite.! This disclosure is viewed as an achievement in the
nanotechnology era, bringing the idea of single atomic
components nearer to the real world. Since the identification of
the properties of graphene, a relevant number of potential
applications have been discussed. Scientists and technologists
have immediately taken advantage of graphene’s unprece-
dented properties for several applications such as gas sensors,*
photodetectors,®* solar cells,® heterojunctions,* field-effect
transistors,®’ flexible electronics,® and antennas.® However, the
introduction of a new material has to face several challenges
and often requires the development and implementation of new
processes to maintain and use the physical properties of the
new material in an efficient way. Important progress was made
in the field of graphene synthesis; however, considering the
constraints of the manufacturability, the properties of graphene
and graphene-based devices drastically downgrade in real
devices. Furthermore, large-scale and low-cost manufacture is
required and for this purpose chemical vapor deposition (CVD)
is often used. The most commonly used substrates for graphene
growth are transition metals such as Ni'® and Cu.'* Anyway,
metallic contamination caused by this manufacturing method
can significantly alter the electronic and electrochemical prop-
erties of graphene and it forbids the front-end-of-line compat-
ibility in silicon integrated circuit (IC) manufacturing.'? The
introduction of germanium as a substrate, besides the
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as 660 Q pm with a sheet resistance of 1.8 kQ/[J by proper graphene patterning, passivation of the
channel and a post-processing treatment such as annealing.

elimination of the risk of metallic contamination, implies
several additional advantages: (i) low solubility of carbon in Ge
enabling the growth of complete monolayer graphene,* (ii)
availability of a large 200 mm single-crystal Ge surface, obtained
through epitaxial growth of Ge on Si,* (iii) the small difference
in thermal expansion coefficients between Ge and graphene,
which suppresses intrinsic wrinkle formation.” Exploiting
CVD-grown graphene for electronic applications requires
a transfer process from the catalyst substrate used for synthesis
to a dielectric substrate.’® Besides, the encapsulation of gra-
phene for further processing while maintaining its properties
poses a challenge that was already faced in a previous paper.”
However, the performance of graphene-based devices is limited
primarily by the large and highly varying contact resistance, Rg,
that occurs when graphene is brought into contact with
a metal."”®?® The carrier injection from metal to graphene is
strongly limited by the small density of states (DOS) near the
Dirac point. Several approaches have been reported in the last
few years to reduce the contact resistance. The following strat-
egies are worth mentioning: the exploration of different device
architectures, like metal-on-bottom architecture (MOBA)** and
double contact (sandwiched) geometry* to take advantage of
a cleaner contact area and a wider contact area, respectively; the
application of post-processing treatments like annealing® to
activate and promote the otherwise non-contributing dangling
bonds; and the introduction of edge contacts*™’ to exploit the
contribution of p, and p, orbitals besides the p, contacted in
a top-contact approach.

This work aims to investigate several approaches to find
a reliable contact formation process and to study the effects of
passivation and patterning of graphene on the contact resis-
tance. We intend to achieve this goal exploiting the tools and
processes applied in IC manufacturing in a 200 mm wafer Si
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technology environment. We present insights into the processes
of cleaning, patterning, encapsulating and contacting graphene
in a 200 mm wafer pilot line routinely used for the fabrication of
ICs in 0.13/0.25 pm SiGe BiCMOS (bipolar-complementary
metal-oxide-semiconductor) technologies.

1 Experimental

In this section, the experimental details of the modules used for
the fabrication of TLM structures are described. The TLM
devices (Fig. 1a), used for the extraction of contact resistance,
sheet resistance and transfer length (L), have a channel width
(W) of 6 um, a contact length (D) of 4 um and contact separa-
tions (Lc) ranging between 1 and 6 pm. The patterns used for
the realization of the contacts are shown in Fig. 1b, where also
the contact areas and perimeters for each structure are
provided. Two dissimilar patterns are used.

1.1 Graphene module

The growth of monolayer graphene by chemical vapor deposi-
tion on Ge (0 0 1)/Si (0 0 1) substrates was performed by using an
Aixtron Black Magic BM300T. Two micron thick Ge was grown
with low pressure epitaxy in an Epsilon 3000 equipment from
ASM.”® Due to the very fast diffusion of Si into Ge, the thickness
of 2 um is chosen in order to avoid the formation of SiC clusters
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during graphene growth at high temperature.” Graphene
synthesis was carried out at a deposition temperature of 885 °C
using CH, as a source of carbon and an Ar/H, mixture as
a carrier gas. A pressure of 700 mbar was kept during the
deposition and the deposition time was 60 minutes.”* Ge
substrates fully covered by graphene were used as the donor
wafer for a PMMA-assisted electrochemical delamination
transfer® to 200 mm SiO,/Si target wafers. The transfer is
carried out in a NaOH electrolyte solution where PMMA/gra-
phene/Ge/Si acts as the cathode and a graphite plate as the
anode. Following the transfer, a thermal treatment (annealing
at 135 °C in N, and NH; atmosphere) for water elimination was
implemented and chemical processing in acetone was per-
formed for PMMA removal."”

1.2 Passivation module

For the passivation, a silicon nitride/silicon oxide stack was
used. The low RF power plasma-enhanced chemical vapor
deposition (PECVD) used for the nitride deposition was per-
formed in an Applied Materials Silane DxZ chamber, in which
a gas mixture of SiH,/NH; at 400 °C was introduced. The stoi-
chiometry of the nitride formed is approximately Si;oNoH;. For
the sake of simplicity, we will refer to it as SiN from now on.
PECVD has the advantage of gas phase reactions, which makes
it independent from contact catalysis at the surface of

TLHVIAG

W (um) 6
D (um) 4
F (nm) 360, 600

Ly, (um) 1.0,1.5,2.0,2.5,3.0,4.0,6.0
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i T6 24 —
Channel TV6 19.8 36.0
%7/ Contact TBev 13.5 41

Fig. 1

In (a) the layout consisting of the layers Channel and Metal 1 can be seen. Two magnifications are shown, one showing the whole device

with the Metal 1 pads and the other focusing on the channel. This represents the device TLM6 (T6) as it is processed in the process flow Direct
Conventional (DC) i.e. without the layer Contact, used to introduce the patterns. In (b) the layer Contact, used in the process flow Direct Holey
(DH) and Passivated Holey (PH), is shown for the devices reported in this work. On the left side of (b) the names of the devices are shown and their
abbreviations that will be used below are highlighted in red, e.g. the TLM structure with vertical bars will appear in the text as TB6V. On the bottom
side of (b) the legend of the layers and the contact dimensions as well as the contact area (Ac) and perimeter (P¢) provided by each structure are
listed.
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graphene. Low RF power is needed to avoid damage to the sp®
network of graphene® and Raman spectra, taken before and
after deposition, showed no influence of SiN deposition on
graphene as extensively discussed by Lisker et al.'” The high
reproducibility, the across-wafer and wafer-to-wafer uniformity
of thickness, and the low impact of its deposition as revealed by
Raman spectra made this process the standard graphene
passivation process at IHP.

1.3 Contact module

We introduce 3 different contact modules fabricated using
a metal-on-top-architecture (MOTA). All the process flows are
summarized in Fig. 2. The differences in their design are
introduced to highlight the impact of patterns etched in gra-
phene and of the passivation layer applied on graphene. The
different process flows will be indicated using a nomenclature
composed of 2 letters, describing: (i) the type of contact refer-
ring to whether the contact is formed either in a direct (D for
Direct) way or exploiting a passivation (P for Passivated) and (ii)
defining the presence (H for Holey) or absence (C for Conven-
tional) of patterns etched into the graphene. The following steps
are common to all the process flows: the graphene synthesis by
CVD on a Ge substrate (donor wafer); the SiO, deposition on a Si
substrate (target wafer) by PECVD from tetraethyl orthosilicate
(TEOS) precursors; the transfer of the graphene from the donor
to the target wafer performed as explained in Section 1.1; the
structuring of the graphene channel by means of an i-line (A =
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365 nm) photolithography step and an Ar/O, reactive ion
etching (RIE) step. The contact is pursued with evaporated
nickel and all the samples were treated with post-processing
annealing at 250 °C in a nitrogen atmosphere for 600 s.

1.3.1 Direct Conventional. This is the only flow that
involves only two masks. The two layers involved are those
shown in Fig. 1a: Channel and Metal 1. The lack of the layer
contact leads to the fabrication of only one type of device i.e. T6.
After the structuring step, the photolithography step for contact
formation is performed. The contact is formed by resistive
thermal evaporation of ~30 nm of Ni and the subsequent lift-off
process in acetone with ultrasonic agitation.

1.3.2 Direct Holey. This process flow differs from the
previous one only by the introduction of patterns in graphene.
During the structuring photolithography step, a double expo-
sure with two different masks, Channel and Contact, is per-
formed. The mentioned patterns are squares (TV6) and bars
(TB6V) and the latter are placed parallel to the channel length as
shown in Fig. 1b. The minimum feature sizes (F) used here are
360 and 600 nm.

1.3.3 Passivated Holey. Following the graphene structuring
step, a 100 nm thick SiN layer is deposited under the conditions
previously mentioned and it is afterwards covered by 100 nm
SiO,. The undoped silicate glass (USG) is deposited by sub-
atmospheric chemical vapor deposition (SACVD) and it is
immediately etched out in the contact region through reactive
ion etching. A selective recipe consisting of Ar, C,Fg, CF, and CO
ensures that underlying SiN is not cleared away. After a deep UV
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Fig. 2 Scheme of the 3 process flows exploiting a metal-on-top architecture, starting from the transfer up to the contact formation. The initial
steps common to all the process flows and the final annealing step are not shown here.
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(DUV, 1 = 248 nm) photolithography step, patterns in the gra-
phene (Fig. 3a) are dry-etched through the nitride layer
exploiting a fluorinated hydrocarbon-based recipe for RIE
involving CHF; and CF,. The remaining silicon nitride is finally
removed exploiting a wet-etch in hot phosphoric acid for 300 s
at 160 °C (Fig. 3b). In this step the oxide layer, still present
elsewhere than in the contact window, acts as a hard mask to
prevent the removal of the passivation layer protecting the
channels. This is the most critical step: the etching must last
long enough to remove completely the passivation from the
contact region in order to take full advantage of the contact
area; on the other hand, a too long etching would lead to
excessive underetching. The latter obviously occurs due to the
isotropical nature of wet-etching and it is clearly visible in the
scanning electron microscope image shown in Fig. 3b. The
etching rate of SiN was studied on a dummy wafer resulting in
~40 nm min~" and an underetching of ~200 nm is estimated.
Prior to H;PO,-based etching a 30 second HF bath was applied
for native oxide removal. The metallization is finally pursued
through an acetone lift-off process where the contact metal is Ni
deposited by resistive thermal evaporation.

2 Results

The electrical characterization was performed using a micro-
probe station at room temperature and atmospheric pressure.
I-V characteristics were acquired by applying a voltage sweep
from 0 V to 1 V between all the adjacent contacts. For each
variant of each process flow, up to 10 devices were characterized
prior to and following the annealing process. Contact resistance
and sheet resistance were extracted by transmission line
measurement, Ze. plotting the resistances as a function of the
channel lengths and extracting the contact resistance and the
sheet resistance respectively from the intercept and the slope. In
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Fig. 4 TLM characteristics from which the contact resistance and
sheet resistance of two devices have been extracted. In blue the device
without patterns, T6, processed with the process flow DC and
measured before annealing (b.a.). In red the TB6V device processed
with PH and measured after the annealing (a.a.) that showed the lowest
contact resistance within this work.

Fig. 4 two TLM characteristics are shown. These belong to a T6
device processed with the DC flow (in blue) and to the TB6V
device processed with the PH flow, which showed the lowest
contact resistance within this work (in red). Hence, the blue
curve represents the contact resistance achievable with the
graphene we synthesize when the precautions presented in the
previous section are not exploited (pc = 7200 Q um) while the
red curve represents the best result of this work (pc = 462 Q
pm). In Table 1 the most remarkable results achieved after the
annealing process for each process flow are shown and will be

SLyizan w

rach ET-EICH NITRID

Fig. 3 Scanning electron microscope image of a TLM structure (a) after the introduction of patterns in graphene through the SiN passivation
layer and (b) after the wet-etch removal of SiN. Insets show the magnifications of the patterns in the contact region. The shown structure is 6 pm
wide. The patterns are vertical bars with a minimum feature size of 360 nm.
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Table1l Contactresistivity and sheet resistance are reported for all the
presented process flows. Measured devices have W = 6 um. Values
obtained after annealing at T = 250 °C for 600 s

Sample pc (Q pm) Rs (kQ/0) v (%)
DC 2300 1.8 100
DH 1100 2.3 28
PH 660 1.8 100

discussed in the next section. The lowest contact resistance
obtained in this work is provided by the Passivated Holey
process flow. The pattern consisting of vertical bars achieved on
average a contact resistance of 110 Q for a 6 pm wide device.

Raman spectroscopy mapping has been performed on
channel areas, i.e. on exposed graphene for DC and DH and on
passivated graphene for PH. Fig. 5 sums up the correlation
analysis of 2D-G mode positions for the three different process
flows. This type of analysis enables distinguishing between
doping- and strain-related Raman band shifts.*® The first rele-
vant result of such analysis concerns the doping level in gra-
phene and it is based on the comparison of 2D and G band
positions for samples differently processed. It can be seen that
the doping levels are identical and they are (1.17 & 0.07) x 10"
cm 2 and (1.18 £ 0.06) x 10" cm ™2 after DC and DH processes
respectively whereas the PH process reduced the doping to (0.62
+0.04) x 10" em 2. It is worth noting that the distribution of
PH doping values is narrower than that resulting from the other
processes reflecting the fact that the introduction of a passiv-
ation layer reduces the distribution range of doping levels. The
second observation based on Fig. 5 regards the strain in the
graphene layer. According to the correlation analysis, the
passivation leads to a slight decrease in the average compressive
strain in the graphene layer which, however, falls within the
error.

2720
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L2710+ =0.1%
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Fig. 5 Correlation analysis of 2D-G mode positions before and after
encapsulation.
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3 Discussion

At first glance, we can see in Table 1 that the introduction of
patterns halves the contact resistance but causes also a drastic
decrease in the process yield (y), from 100% of DC to 28% of
DH. The addition of a passivation layer further decreases the
contact resistance by a factor of almost 2 and leads to a process
yield of 100%. The decreased process yield of DH is to be
attributed to the diminished adhesion between graphene and
the substrate due to the introduction of the patterns. This is
detrimental during the cleaning processes following the struc-
turing and patterning lithography step. The solution of intro-
ducing the patterns through the passivation layer, undertaken
in the PH flow, allows us to avoid such inconvenience and to
increase the process yield. These results, along with the
importance of both patterns and passivation, highlight the
necessity of the latter.

Let us now compare the results, before and after the
annealing, of 6 pm wide TLM structures (T6) processed through
the Direct Conventional process flow with the results of 6 um
wide squared-patterned structures (TV6) processed with both
DH and PH. They correspond to the first 3 bar pairs on the left
side of Fig. 6. The results achieved prior to annealing reveal an
increase of contact resistance in the passivated samples (PH)
with respect to the DH ones as shown by the corresponding blue
bars. This higher contact resistance is accompanied by
a significantly higher impact, with respect to DC and DH, of the
annealing process on the contact resistance, as highlighted by
the ratio of blue bars to red bars. Through annealing of the PH
samples, the contact resistance decreased by a factor of ~6,

8T [ Before

annealing

- After
annealing

pc (kQ-pm)

o)
(3) Passivation

******* i

DC DH PH PH
T6 TV6 TV6 TB6V

Fig. 6 Contact resistivity values with the corresponding deviations
before (blue) and after (red) annealing for top contacted samples. For
each process flow, results corresponding to a given 6 pm wide test
structure are shown. For PH two different test structures are visible.
The contributions brought about by the introduction of patterns
(contribution 1), the activation of the dangling bonds provided by the
grain boundaries (2) and the passivation layer (3) are shown, respec-
tively, in blue, in red and in green. The reintroduction of the pattern
contribution in PH samples is based on the contact resistivities of DH
samples having the same patterns.
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whereas in DC and DH it decreases by a factor of ~3. It is worth
noting that all samples were prepared by using graphene from
the same growth process. Therefore, they have the same degree
of crystallinity, and hence a similar grain size and similar grain
boundary perimeter, i.e. a similar number of dangling bonds.
According to Leong et al. and the suggested dissolution-
precipitation mechanism, the magnitude of the improvement
of the contact resistance upon annealing is directly related to
the number of available dangling bonds. Hence, the 3 times
lower contact resistivity measured for both DC and DH after the
annealing process must be associated with the trigger of the
dissolution-precipitation mechanism involving only the
dangling bonds provided by the grain boundaries (contribution
2 in Fig. 6), these being the only dangling bonds involved in
both samples. Given this consideration, the difference in
contact resistivity between DC and DH prior to annealing can be
associated entirely with the introduction of patterns (contribu-
tion 1 in Fig. 6). This contribution is obviously recognizable also
comparing the DC and DH resistivities following the annealing
process, ie. the ratio of blue bars between DC and DH is equal
to the ratio of red bars between these two process flows. The
dangling bonds provided by the patterns, due to their easily
accessible size compared to the grain boundary ones, do not
need an activation energy.

Although experimental evidence is still to be produced, we
propose the following process-related hypothesis for the higher
resistance reported for PH with respect to DH prior to anneal-
ing. Assuming that in PH not only a fraction of grain boundary
dangling bonds are saturated, but also some of the dangling
bonds introduced by the patterns, the contribution of both the
contact area (Ac) and the contact perimeter (Pg) prior to
annealing will be only partial and, furthermore, the annealing
process will face the activation of a significantly higher number
of dangling bonds with respect to DC and DH cases. That is why
a saturation of a portion of pattern dangling bonds in addition
to a higher fraction of the grain boundary dangling bonds, due
to H atoms coming from the phosphoric acid used during
silicon nitride wet etching, may explain both the higher contact
resistivity and the higher impact of annealing on it.

In Fig. 6, on the PH bars, the expected pattern contribution
was reintroduced and, by considering said enhancement of p¢
by a factor of ~3 due to the annealing step, the contribution
provided by the passivation layer (contribution 3, in green),
resulting in an additional reduction of pc, was determined.

The two Holey process flows provided the lowest resistances,
shown in Table 2, for two different structures: DH showed lower

Table 2 Contact resistivities before (pcpa) and after (pcaa) the
annealing treatment of two devices: 6 um wide TLM structures with
squares (TV6) and with vertical bars (TB6V) processed with both DH
and PH process flows

Pcb.a. (kQ “m) Pca.a. (kQ “m)

TV6 TB6V TVe6 TB6V
DH 3.60 3.59 1.09 2.28
PH 5.55 5.62 0.95 0.66
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contact resistance in devices with squares (TV6) while PH
showed lower contact resistance in devices with vertical bars
(TB6V). It is worth noting that TB6V provides a contact area Ac =
13.5 um? and a contact perimeter P = 41.0 um whereas the area
and perimeter provided by TV6 are Ac = 19.8 um? and P¢ = 36.0
um. This means that, although they provide a similar amount of
contact perimeter, in the case of vertical bars ~44% of the
graphene has been removed while in the case of squares only
~18% of the graphene has been removed. Before the annealing
these two structures show comparable values of contact resis-
tance both when processed with the DH process flow and with
PH, supporting the hypothesis that before the annealing the
dominant contribution is brought about by the pattern and
hence by Pc. After the annealing, in the DH samples the square-
patterned devices show half the contact resistance shown by the
bar-patterned ones showing that, for a given Pc, a wider contact
area, once activated, brings about lower contact resistance as
expected. In the PH samples this does not occur. The two
structures show an opposite trend, with respect to the DH flow,
following the annealing treatment. Moreover, TV6 results for
the two flows are comparable. Let us assume that a portion of
dangling bonds remain saturated even after the annealing
process in PH samples due to non-ideal annealing conditions
for such a process flow involving the mentioned wet etching.

Let also assume that, given fixed annealing time and
temperature, the probability for this residual saturation, and
hence the saturation percentage, is proportional to Ac and Pc. In
this case, the previously mentioned hypothesis could also
explain why in PH, given comparable contact perimeters, the
lowest resistance is not achieved by the device with the widest
Ac (TV6) since this shows a higher percentage of process-
induced residual saturation due to the wider contact area. This
means that even though the introduced passivation is clearly
beneficial in terms of both yield and contact resistance, the
latter especially for TB6V as shown in Fig. 6, either the wet
etching step involved in such a module or the annealing
conditions or both are critical and do not allow an efficient
exploitation of the whole contact area.

4 Conclusions

In this work, three process flows for the realization of contact
between graphene and metal have been designed, developed
and characterized in order to optimize the formation of such
contact in terms of contact resistance, sheet resistance and yield
of the process. The contact module of graphene device fabri-
cation in a 200 mm wafer Si technology environment is intro-
duced with key process steps which may pave the way to large-
scale manufacturing of hybrid graphene-Si components.

The top contact with evaporated nickel has been investigated
exploiting a conventional approach (DC), a patterned approach
(DH) and a patterned approach with passivation (PH). The latter
one provided the best result achieved within this work with
a contact resistance of 110 Q, corresponding to pc = 660 Q pm,
with a process yield of 100%. Such results were achieved by
introducing three key factors: (i) the patterns etched in the
graphene decrease Rc to 50% of the initial value; (ii) the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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passivation layer contributes to achieving a resistance that is
slightly more than half that of the not-passivated samples (in
the TB6V case) and the implementation of the patterning of
graphene through the passivation layer increased the device
yield from 28% of DH to 100% of PHj (iii) the annealing process
contributes to decreasing the contact resistance to one third
that of non-annealed samples. The introduction of these three
features led to a contact resistivity that is only 9% of the contact
resistivity measured for a Direct Conventional contact where no
post-processing treatments were performed. Further develop-
ment is needed to further decrease the contact resistance. For
instance, each of these 3 factors introduced here needs opti-
mization: (i) optimized geometrical parameters could be
designed; (ii) further studies on the annealing process in order
to find even better conditions could be done; (iii) a wet etch
process for SiN removal that exploits lower concentrations of H
could be investigated to confirm the proposed mechanism and,
in case, to intervene in passivation module optimization.

Nevertheless, the practical relevance of such a contact
module is emphasized by the facts that (i) the proposed mate-
rials and processes provide high yield and low-resistance
contacts and (ii) are compatible with those used in the large-
scale fabrication of Si-based ICs.
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