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Abstract - Due to the unique electronic structures,
graphene and other 2D Materials are considered as
materials which can enable and extend the functionalities
and performance in a large variety of applications, among
them in microelectronics. At this point, the investigation and
preparation of graphene devices in conditions resembling as
close as possible the Si technology environment is of highest
importance.
Towards these goals, this paper focuses on the full
spectra of graphene research aspects in 200mm pilot line.
We investigated different process module developments
such as CMOS compatible growth of high quality graphene
on germanium and its growth mechanisms, transfer related
challenges on target substrates, patterning, passivation and
various concepts of contacting of graphene on a full 200 mm
wafers. Finally, we fabricated proof-of-concept test
structures e.g. TLM, Hall bars and capacitor structures to
prove the feasibility of graphene processing in the pilot line
of IHP.
Keywords - Graphene, Growth, Transfer, Passivation,
CMOS, Integration

I.

INTRODUCTION

Graphene based devices are considered to have a
potential to extend the functionalities of Si CMOS
technology [1,2]. However, the successful integration of
graphene into the novel microelectronic devices is
strongly dependent on several key challenges: 1) the
availability of wafer scale high quality graphene on
CMOS
compatible
materials
(dielectrics
or
semiconductors) 2) the depositions of the reliable
passivation layer on top of the graphene and 3) the
complete processing of the wafers with graphene in the
standard Si CMOS pilot line. Therefore, it should be
stressed that the experiments in this work were carried
out in a standard BiCMOS pilot-line, making this study
unique, as its results might directly pave the way to
further graphene integration and graphene-based device
prototyping in mainstream Si technologies.
The availability of wafer scale high quality graphene
on CMOS compatible materials (dielectrics or
semiconductors) is of highest importance. During the last
years, Germanium (Ge) has shown the potential as an
alternative substrate for graphene growth [3-5], due to its
catalytic activity, extremely low solubility of carbon and
availability of large area Ge on Si [6]. Recently, it has
been reported by Kiraly et. al., that the electronic as well
as mechanical properties of the graphene are influenced
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by the orientation of the germanium crystal [7]. Ge(110)
orientation was found to be preferable, in particular,
graphene with a single orientation can be grown on
Ge(110), in contrast to Ge(001). On the other hand, due
to the possible incompatibility of Ge(110) with the
standard CMOS Si(001) flow, Ge(001) orientation is
more attractive for production purposes, Therefore, in this
study we have employed epitaxial, low threading
dislocation density and low surface roughness Ge(001)
layers, produced on Si (001) substrates by CVD [6].
Secondly, for the development of graphene-based
devices, graphene transfer process from the growth wafer
(donor) onto the isolating (target) wafer needs to be
performed. In this paper, graphene was transferred by the
electrochemical delamination process from 200 mm
Ge/Si donor wafers on 200 mm, Si technology standard
SiO2/Si and Si3N4/Si target wafers by changing their
hydrophilic behavior with an additional surface treatment
to achieve low-defect and up-scaled graphene transfer
process. In the graphene growth-transfer process, no
metals (e.g., Cu, Ni, etc.) were involved; therefore, metal
cross-contamination problems were avoided [8]
Encapsulation of the deposited graphene is essential
to protect its properties from the environment and the
destructive influences of subsequent processing [9].
Alternatively to the widely used atomic layer deposited
Al2O3 passivation, the key element of the encapsulation at
IHP fabrication scheme is a thin (10 nm–100 nm) SiN
layer formed by plasma-enhanced chemical vapor
deposition (PECVD). The development of the direct
growth of Si3N4 by Plasma-enhanced CVD on graphene
for the fabrication of reference modules in a 200 mm
pilot line was realized. The successful encapsulation of
graphene is also critical for the contacting of the
materials, therefore this work also aims to investigate
several approaches to find a reliable contact formation
process and to study the roles of passivation and
patterning of graphene on the contact resistance.
Finally, after developing the key individual steps, it is
of highest importance to fabricate proof-of-concept test
structures in standard Si CMOS line. Examples of the
developments and fabrication of graphene-based devices
including Transmission line method (TLM), Hall bar and
graphene-based capacitor structures are shown in this
work. We also point out the challenges and roadblocks
which need to be overcome to enable the integration of
graphene with Si devices [10].
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II.

EXPERIMENTAL

Graphene synthesis was performed on Ge/Si
substrates using Aixtron’s Black Magic BM300T CVD
tool in 200 mm wafer configuration. 2 micron thick Ge
(001) layers were grown by the CVD method prior to the
deposition of graphene in the pilot line of IHP. Graphene
synthesis was carried out at the deposition temperatures
of 885 °C using CH4 as a source of carbon and Ar/H2
mixture as a carrier gas. The pressure of 700 mbar was
kept during the deposition; the optimized deposition time
was 60 minutes. Carbon content was determined by XRay Photoelectron Spectroscopy (PHI Electronics, Al
Kα), whereas the quality of the graphene layers was
monitored by a Renishaw inVia Raman spectroscopy
tool, using 514 nm excitation wavelength of the laser.
The surfaces of the samples were investigated by
scanning electron microscopy (Merlin, ZEISS).
Roughness of the samples was investigated by Park
Systems NX20 Atomic Force Microscopy (AFM).
Finally, graphene was electrochemically delaminated
from the Ge surface and transferred onto 100 nm SiO2/Si
substrates. Electrical properties were extracted using a
Lakeshore 7600 Hall system.
In the present research, four different target surfaces
were selected for transfer experiments of graphene. Three
types of SiO2 (HDP- SiO2, TEOS - SiO2, and thermal SiO2) and one type of Si3N4 (PE- Si3N4) films were
employed as target surfaces. For SiO2 layers HDP stands
for high-density plasma deposition using silane (SiH4)
precursor at 650°C deposition temperature, TEOS is the
deposition of SiO2 by using the tetraethyl(ortho)silicate
(TEOS) precursor and plasma at 400°C, whereas thermal
SiO2 is produced at a temperature of 1000°C. The Si3N4
films were grown by plasma enhanced (PE) chemical
vapor deposition at 400°C by using silane and NH3/N2
gasses as precursors. The thickness of SiO2 films was
measured to be 100 nm, whereas Si3N4 films were 40 nm
thick. The wetting contact angle (WCA) measurements to
determine hydrophilicity of SiO2/Si, Si3N4/Si surfaces
were performed by the “Surftens Automatik” technique at
20°C temperature. Graphene was transferred on isolating
wafers by electrochemical delamination procedure,
employing polymethylmethacrylate as intermediate
support. NaOH electrolyte solution was employed where
the PMMA/graphene/Ge/Si was used as cathode and
graphite plate as anode. Post-transfer processing of the
transferred graphene (PMMA/graphene/SiO2(Si3N4)/Si)
was performed at 135 °C temperature for about 13h in an
inert atmosphere for water elimination from graphenetarget wafer interface. The PMMA was dissolved by
immersing PMMA/Gr/Target-Wafer into acetone, in
order to remove the resist from the transferred graphene
surface.
An Applied Materials Silane DxZ chamber on a
Centura mainframe was used for the depositions of
silicon nitride on graphene.The plasma process was tuned
to have a very low RF power. This low RF power is
necessary to avoid a damage of the graphene sheet during
the deposition of the dielectric silicon nitride.
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III.

RESULTS

A. Graphene synthesis
Graphene synthesis was performed at the deposition
temperature of 885 °C [11]. The quality of the layers was
investigated by Raman spectroscopy by performing a line
scan (~100 points) across the entire wafer as shown in Fig.
1a by the red dotted line. The measurements revealed that
very similar Raman spectra could be obtained over the
wafer, indicating that uniform graphene can be
homogeneously grown over large areas. For simplicity,
only several typical spectra of three selected areas,
indicated as 1, 2 and 3, are shown in Fig. 2b. From the
Raman spectra one can notice that graphene layers have
small D mode (ID/IG ratio ~ 0.1), which indicates a low
concentration of defects and therefore good quality of asgrown graphene. The 2D mode was found everywhere on
the wafer. It has a ratio of ~ 2.8 to the G mode over the
full 200 mm wafer, as shown in the histogram in the inset
of the Fig. 1b). A typical value of the full-width-at-halfmaximum (FWHM) of 39 cm-1 for the 2D mode was
extracted in this work, which is a similar range to the
values reported in the literature [3].

Figure 1. 1 (a) Graphene grown on 200 mm Ge/Si wafer and (b) Raman
spectra from the indicated measurement locations. The histogram of the
2D/G ratio over the entire wafer (~100 measured points) is depicted in
the inset of Fig.1 b).

Doping and strain were estimated by plotting the
probability distribution of the 2D mode vs. the measured
probability distribution of the G mode. The strain is
compressive and its magnitude is the same in as-grown
graphene and after its transfer to SiO2/Si. If biaxial strain
is assumed, it amounts to -0.15%. As-grown graphene is
slightly doped (2×1013 cm-2).

Figure 2. 2D-G probability distribution plot for as-grown graphene
sample. Doping is given in cm-2.
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A detailed surface morphology study was carried out by
SEM and AFM. Micrographs of a graphene sheet on
Ge(001) obtained in this work are shown in Fig. 3.
Graphene-induced Ge faceting is clearly recognizable as
a result of adsorbed hydrogen on the surface.

target surfaces as the WCA angle was reduced to 2°.We
attributed it to the surface purification after processing
with oxygen plasma. During the plasma process most of
organic bonds (i.e., C–H, C–C, C=C, C–O, C–N) of
surface contaminants are broken and oxidized leading to
formation of H2O, CO, CO2 which are pumped out from
the reaction chamber during the processing.

Figure 3. SEM (a) and AFM (b) images of the graphene on Ge (001).
Figure 5. Wetting contact angle values for as-grown and plasma-treated
SiO2 and Si3N4 surfaces.

B. Transfer of Graphene
For the development of test structures and devices,
graphene has to be transferred from the growth-donor
wafer Ge/Si to standard processing-target wafer as shown
in Fig. 4.

Figure 6. Representative pictures of wetting contact angles and optical
microscopy pictures of graphene flakes transferred on corresponding
surfaces before plasma treatment of (a-b) HDP-SiO2 with WCA= 31°,
(c-d), Thermal-SiO2 with WCA= 45° and after plasma treatment (e-f)
with WCA of 2°.

Figure 4. Schematic representation of the electrochemical delamination
process in order to transfer graphene from donor to target wafer for the
further processing in Si technology pilot line.

Firstly, the chemical affinity/surface reactivity of SiO2,
Si3N4 target surfaces was investigated by measuring the
wettability contact angle (WCA) with the sessile drop
method [12]. By this method, the interaction and
spreading of a small volume (1µL) water droplet on a
solid surface is investigated. Theoretically, surface is
hydrophilic if the contact angle between the solid surface
and water is below 90°. On the hydrophilic surfaces,
water tends to spread out on the material surface due to
higher adsorption as binding energies between water
molecules. The observed contact angles revealed the
hydrophilic behavior of SiO2 and Si3N4 surfaces
independently on the deposition conditions - contact
angles were below 90° (Fig. 5). Despite the hydrophilic
nature of SiO2 and Si3N4 layers, the transfer experiments
on the described target wafers resulted in mechanically
damaged graphene (Fig. 6 a-d). To increase the adhesion
of the graphene on the isolating surfaces, they were pretreated with oxygen plasma prior the transfer process of
graphene. It was indeed found (Fig. 5 and Fig. 6 e-f) that
the plasma treatment increased the hydrophilicity of the
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C. Passivation of graphene
Plasma-enhanced
chemical
vapor
deposition
(PECVD) process was used in this study as it has the
advantage of gas phase reactions which makes it
independent from contact catalysis at the surface of
graphene. The thicknesses of the nitride layers have been
varied in the range of 10-100 nm. Prior to the growth of
Si3N4 layers on graphene, the polymer residues (which
include PMMA and photoresist) had to be removed as it
can severely deteriorate the performance of graphene
devices in many aspects. In our approach, annealing was
performed at 400 °C in the PECVD chamber in which
encapsulating SiN layer is subsequently deposited. Upon
annealing, the residues of the resist were removed and
confirmed by complementary AFM and XPS
measurements (not shown here). These investigations
provide further evidence that upon annealing the surface
of graphene becomes smoother and that the latter process
is associated with the reduction of organic species related
to the presence of resist residues. Graphene was
characterized by SEM, AFM and by Raman spectroscopy
before and after the deposition of the dielectric layer. The
results show no influence of the silicon nitride deposition
on the graphene spectra (Fig. 7). Note that there is no
significant increase in the D-band intensity during
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formation of the SiN/ SiO2 encapsulation. However,
direct deposition of SiO2 onto graphene was found to
induce defects in the graphene sheet. This underscores the
effectiveness of the SiN encapsulation to protect the
graphene layer from aggressive process conditions (e.g.
exposure to plasma or to oxidizing environments at
elevated temperatures). Smooth and closed layers of SiN
have been also confirmed by AFM and SEM analysis.

Figure 9. Optical images of a fabricated graphene-based TLM device on
200mm wafer platform and its electrical characteristics.

Figure 7. Raman spectra of the graphene layers as transferred and after
PECVD of SiN and SEM/AFM images of the grown silicon nitride.

D. Fabrications of test structures of graphene
In order to fabricate test structures with graphene,
further processing steps like graphene patterning through
photolithography, RIE and wet cleaning where realized
(not shown here). Two main contacting approaches for
the electrical behavior characterization of graphene-based
test structures and devices: top and bottom contacting
approaches have been employed in this study. For the top
contacting approach, a lift-off was mainly used (Fig. 8). It
was also found that the increase of contact perimeter/area
achieved during the patterning step leads to improved
electrical performance of the graphene - based devices
through the reduction of the contact resistance between
the graphene and contact metal.

The next realized test device with graphene was Hall Bar
structures, which allow us to evaluate directly the
transport properties of graphene (Fig. 10). The extracted
electrical values for optimized samples were Rs ~1000
±100 Ω/sq and µ ~800 ±20 cm2/V∙s.). These values are
expected to be improved by increasing the mobility of the
graphene as well as contact resistances after further
optimizations.

Figure 10. Optical image of fabricated graphene based Hall Bar device
on 200mm wafer platform and its electrical characteristics.

Figure 8. Illustration of the graphene processing towards test devices.

The example of the TLM structures after all processing
steps is shown in Fig. 9. The contacting of graphene was
realized after deposition of Ni contact metal. The contact
resistivity was determined by 2 wire measurements
between different contacts of TLM structures. The
extracted contact resistances at graphene/metal interface
were measured at 160 Ω.
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The last test device to be reported here is the developed
dual layer graphene-based capacitor. The schematic
representation, optical micrograph as well as
characteristic C-V curve of the capacitor is visualized in
Fig. 11. The SiN layer was used as dielectric material
between the two graphene layers with a thickness of 40
nm. The C-V measurements showed reproducible results
in respect to the obtained capacitance of ca. 2fF/µm2 for
all active capacitor areas: 500, 1600 and 5000 µm2. The
variation of the absolute capacitance values could be
tuned by using dielectric materials having higher or lower
dielectric constant and/or by variation thickness of
dielectrics between two graphene layers
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Figure 11. Optical image of fabricated graphene based capacitor device
on 200mm wafer platform and its electrical characteristics.

IV.

CONCLUSIONS

In this paper we focused on engineering aspects of
graphene device fabrication under constraints of
manufacturability. We demonstrated some of the key
stepping stones which can form a pathway to the
fabrication of graphene-based components using tools
and processes applied in the IC manufacturing in a
200/300mm wafer Si technology environment. As a case
study, we presented insights into processes of graphene
growth, transfer, encapsulation, and contacting graphene
in a 200mm wafer pilot line routinely used for the
fabrication of ICs in 0.13/0.25um SiGe BiCMOS (bipolar
complementary metal oxide semiconductor) technologies.
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