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Large-area high-quality graphene on Ge(001)/Si(001) substrates

I. Pasternak®, P. Dabrowski’, P. Ciepielewski’, V. Kolkovsky®, Z. Klusek®, J. M. Baranowski’,
W. Strupinski®

Various experimental data revealing large-area high-quality graphene films grown by the CVD method on Ge(001)/Si(001)
substrates are presented. SEM images have shown that the structure of nano-facets is formed on the entire surface of
Ge(001), which is covered by a graphene layer over the whole macroscopic sample surface of 1 cm®. The hill-and-valley
structures are positioned 90° to each other and run along the <100> direction. The hill height in relation to the valley
measured by STM is about 10 nm. Raman measurements have shown that a uniform graphene monolayer covers the
nano-facet structures on the Ge(001) surface. Raman spectroscopy has also proved that the grown graphene monolayer is
characterized by small strain variations and minimal charge fluctuations. Atomically resolved STM images on the hills of
the nanostructures on the Ge(001) surface have confirmed the presence of a graphene monolayer. In addition, the
STS/CITS maps show that high-quality graphene has been obtained on such terraces. The subsequent coalescence of
graphene domains has led to a relatively well-oriented large-area layer. This is confirmed by LEED measurements, which
have indicated that two orientations are preferable in the grown large-area graphene monolayer. The presence of large-
area coverage by graphene has been also confirmed by low temperature Hall measurements of a macroscopic sample,
showing n-type concentration of 9.3 x 10" cm™? and mobility of 2500 cm?/Vs. These important characteristic features of

graphene

Introduction

During the last ten years graphene as a single layer of carbon with
exceptional properties has attracted attention of many scientists
and industrialists all over the world. Many papers devoted to
graphene characteristics and applications [1-4], graphene synthesis,
processing and functionalization have been published [1, 5-7]. So
far, graphene for various applications [8-10] has been fabricated by
different techniques on diverse substrates and surfaces [1, 7, 11-
15]. Up to now researchers have been wondering how to combine
graphene’s features with its usefulness and appropriate production
scale in an optimal manner. Moreover, new promising trends are
constantly being observed in graphene research, among which
graphene growth on a germanium substrate has generated great
interest [16-18]. Such approach to growing graphene on
semiconductor surface has been presented as an alternative to
graphene growth on the most commonly used copper substrates.
While graphene grown on copper substrates has flaws in the form
of wrinkles and a boundary between graphene’s disoriented flakes
[19, 20], graphene obtained on germanium substrates is free from
such defects. It is because of the fact that growth of graphene
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indicate a high homogeneity of the

layer grown on the large area Ge(001)/Si(001) substrates.

domains and graphene nanoribbons on germanium substrates is
self-defining, i.e. these structures reproduce crystal orientation of
the substrate and hence when coalescence of the domains occurs
they are perfectly matched [17, 21]. Additionally, when focusing on
the application of graphene transferred from Cu to stringent high-
purity material technology one should be aware of copper
contamination associated with the presence of such graphene films,
which is typical of transferred layers [22]. Thanks to that approach,
one can think about implementing graphene with its extraordinary
properties into various fields. Complementary metal oxide
semiconductor technology (CMOS) can serve here as a good
example of a discipline seriously interested in graphene. One of the
developed concepts includes graphene growth on germanium
layers deposited directly on Si wafers, used commonly in integrated
circuit (IC) manufacturing. This solution guarantees a simple way to
apply germanium already compatible with CMOS technology and
what is more, one can think about growing graphene directly on the
created device structure with predefined active germanium areas.
The structure of graphene on Ge(110)/Si(110) wafers has been
already described [17]; however, CMOS technology is based on Si
wafers with a crystallographic orientation (001), which are
commonly and widely used in IC fabrication.

Although graphene growth on germanium wafers has been already
presented, there is still a fundamental need to obtain graphene
with outstanding physical and electronical properties over a large
area. Recently, Kiraly et al. [18] have described both electronic and
mechanical features of graphene grown on germanium substrates
with three different crystallographic orientations, namely (110),
(111) and (001), claiming that graphene is considerably strained in
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the case of (111) and (110) oriented Ge substrates and extremely
strained in the case of (001) oriented Ge substrates. The authors
have also observed lower strain values after having annealed the
graphene/Ge substrate in vacuum.

In this paper we describe in detail the properties of high-quality
graphene grown on Ge(001)/Si(001) wafers. We evaluate the
features of graphene films grown over a large area employing
complementary techniques. The overriding intention was to present
the properties of monolayer graphene on the original substrates,
without transferring. Although we synthetize graphene over an area
of a few square centimetres, we show graphene features on the
maximum reasonable area which can be offered by the used
techniques. As an example of the range of researches carried out,
we demonstrate the Hall results measured over an area of a
2 x 7 mm Hall bar. In addition, the morphology analyses with the
use of scanning electron microscopy (SEM) show a perfectly
uniform thickness for a graphene layer across a large area
(hundreds of square micrometres). Scanning tunneling
microscopy/spectroscopy (STM/STS) study shows a uniform
graphene layer with a weak interaction with the substrate grown on
reconstructed Ge(001)/Si(001) substrates. X-ray photoelectron
spectroscopy results indicated a pure, non-functionalized carbon
layer on the surface and a non-oxidized high-quality germanium
substrate. What is more, Raman spectroscopy proves the presence
of weakly stressed graphene layers on Ge(001)/Si(001) substrates,
which is in contradiction to Kiraly’s results. Our Raman results were
collected on as-grown graphene samples without using additional
ex-situ treatment. Moreover, the result of our experiment is high-
quality graphene on solid Ge films instead of melted substrates
[16]. Through adopting this research methodology we attempted to
obtain graphene layers ready to be transferred onto other
substrates.

Experimental

Graphene was grown by a CVD method on Ge(001)/Si(001) wafers.
The used Ge layers were 3 um thick films deposited by CVD. During
the process of graphene deposition the pressure of 850 mbar was
sustained and the temperature was kept constant at 900°C.
Methane gas was used as a carbon precursor in the mixture of Ar in
the ratio of 1:200. The step growth was preceded by the substrate’s
annealing at pure hydrogen atmosphere for in-situ reduction of
native oxides [23]. A more detailed description of the growth
process is given in our work which has been already accepted for
publication [24]. The characterization of the properties of graphene
grown directly on Ge(001)/Si(001) substrates was performed at
room temperature by Raman spectroscopy using a Renishaw in Via
Raman Microscope system with a 532 nm Nd:YAG laser as an
excitation source with the laser spot diameter on the sample
surface of approximately 0.5 um. We carried out SEM imaging
investigations employing a Hitachi SU8200 Cold Field Emission
system. Low energy electron diffraction (LEED) and scanning
tunneling microscopy/spectroscopy (STM/STS) including current
imaging tunnelling spectroscopy (CITS) were conducted under base
pressure of 2 x 10" mbar with a Multiprobe P system made by
Omicron GmbH (currently Omicron-Scienta). STM/STS
measurements were done by the VT-AFM/STM at 110 K and room
temperature using a Pt/Ir tip. X-ray, photoelectron spectroscopy
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(XPS) measurements were performed by the AXIS Supra produced
by Kratos under base pressure of 4 x 10 mbar using an alumina
anode. STM/STS data were visualized by WSXM [25] and the SPIP
package.

Results and discussion

The germanium surface itself has been widely investigated in spite
of its lower potential for finding technological applications. It was
found that Ge(001), Ge(101) and Ge(111) surfaces are planar and
belong to the category of major stable surfaces [26]. Despite this,
morphological phase transition such as faceting can be observed
under certain conditions [27]. Faceting occurs when an initially
planar surface is converted to a hill and valley structure. It usually
takes place on adsorbate covered single crystal surfaces of many
materials [28] and forms a combination of differently oriented steps
of nanometer scale dimensions. The step faceting of the Ge(001)
surface was observed during heteroepitaxial growth of a strained
thin Ge layer on Si(001) [29, 30]. In the context of graphene growth,
it was recently revealed that the Ge(001) surface spontaneously
breaks up in a hill-and-valley structure in the presence of methane
during the graphene growth [21, 31]. Moreover, McElhinny et al.
[31] showed that the faceting pattern occurs only in the area where
graphene has nucleated and exhibits a four-fold symmetry.

SEM images of graphene grown on Ge(001)/Si(001) were taken
from two independent detectors and are shown in Fig. 1. The
presented images are representative images taken over a few
different diagonal places on the samples. These images revealed
different information about the observed sample surface. Fig. 1a
and Fig. 1 b give insights into the composite contrast. One can
notice excellent thickness uniformity for the graphene layers.
Across the indicated, relatively large area (about 25 x 20 umz) only a
few minor spots of add-layers of graphene can be recognized. The
image is remarkably plain, which indicates a high thickness
homogeneity of graphene on the surface of Ge(001). It is also worth
emphasizing that there are no wrinkles on the graphene surfaces.

In the case of Fig. 1 c and Fig. 1d, where the topographic contrast is
shown, one can observe a characteristic nano-facet pattern on the
Ge(001) surface. We have noticed that the nano-facets are formed
entirely underneath the graphene layer, which stays in agreement
with [31]. Places without graphene, indicated by the lack of Raman
signal corresponding to graphene, are also without the nano-facet
hill-and-valley pattern. However, in the presented experiments,
SEM and Raman spectroscopy allow us to determine the
percentage of graphene coverage on the surface of a large
macroscopic sample. A typical size of our investigated samples was
1 cmx 1cm and graphene coverage of the sample in this work was
about 100%. The large graphene coverage established by
observation of the nano-facet pattern allows us to cut a
macroscopic Hall bar and to measure the electrical properties of the
grown graphene layer. For magnetotransport measurements of
graphene, the graphene/Ge(001)/Si(001) sample in the form of
2 x 7. mm rectangle was equipped with 6 electrical contacts in a Hall
bar configuration. Ohmic contacts were formed by indium
soldering. The measurements were carried out in the magnetic
fields of up to 9T, applied perpendicular to the plane of graphene
at the temperature of 4.2K to freeze out carriers within the
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germanium layer. The concentration of electrons in graphene
obtained from the measurement of Hall resistance is
n=9.3x10%cm? with a mobility of 2500 cm?/Vs.

A more detailed picture of the nano-facets is shown in STM images
presented in Fig. 2. The hill and valley structures are positioned 90°
to each other, run along the <100> direction and resemble surface
faceting that has been observed recently [21]. The hill height in
relation to the valley measured by STM is about 10 nm. In order to
investigate the morphological features in more detail, graphene
grown on Ge(001) samples was carefully studied by STM. Large-
scale STM images of graphene covering the Ge(001) surface, which
are shown in Fig. 2a and 2 b, revealed the sample surface with a
very high quality. Atomically resolved images of graphene on
Ge(001) showed the pristine hexagonal lattice (inset in Fig. 2 b),
which indicated the presence of monolayer graphene on terraces of
the hill tops of the Ge(001) surface.

Further analysis of graphene quality was performed using the
STM/CITS/STS techniques which provide information about the first
derivative of the tunneling current in relation to voltage (dl/dV).
The dI/dV ratio is proportional to the electron local density of states
(LDOS) on the sample surface and such measurements enabled the
study of the nanoscale electronic properties of the samples [32].
The STM/CITS/STS results for graphene/Ge(001)/Si(001) are shown
in Fig. 3. Nano-scale inhomogeneity in the electronic conductivity of
the measured samples is visible on the LDOS map (Fig. 3 b) and
correlated with topography presented in Fig. 3 a. The dl/dV spectra
shown in Fig. 3 ¢ demonstrate a highly linear characteristic typical
for freestanding graphene [33]. This means that graphene layers
formed on the hills of Ge(001) nano-facets are not disturbed by
interaction with the Ge substrate. In the case of dl/dV
measurements conducted between the hills of nano-facets, in the
region of valleys, a more quadratic behavior is observed (Fig. 3 d).
This may be connected either with a well-known fact that
interaction with the substrate can change a linear dispersion
relation in graphene [34, 18] or with the presence of a graphene
bilayer. However, our Raman spectra (see Fig.5a) and atomic
resolution STM results suggest that the whole Ge(001) surface is
covered by a graphene monolayer. Thus, the existence of the
quadratic LDOS behavior in the valley regions seems to be more
likely connected with changes in the graphene-substrate interaction
than with the presence of a multilayer graphene system. Even
though our CITS spectroscopy measurements show a deviation
from the linear electron density of states in the valley regions, they
demonstrate much better electrical properties for
graphene/Ge(001) than has been recently achieved for
graphene/Ge(110) and graphene/Ge(111) systems [18]. It is worth
noticing that in [18] the linear dependence of LDOS starts to appear
at energies higher than the one observed in our experiment. The
graphene linear dispersion relation, being disturbed around the
Fermi level, indicates that the electrical conductivity cannot be
considered in terms of a freestanding model of graphene.
Low-energy electron diffraction (LEED) is used to determine the
orientation of the graphene lattice in relation to the underlying
Ge(001)/Si(001) substrate. The LEED pattern shown in Fig. 4a
consists mainly of four spots marked with red circles which indicate
Ge(001) surface orientation. Furthermore, both intensity and high
quality of these spots prove that we are dealing with a clean and
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perfect germanium layer. It is worth emphasizing that in the case of
low-quality substrates, either a blurred pattern or even its lack can
be observed. Apart from the Ge(001) pattern, we additionally see
superimposed graphene spots along the circles shown in Fig. 4 a as
dotted lines. These circles are not centered, i.e. the (00) spots are
shifted from one to another. It means that we are dealing with a
graphene layer having a number of different orientations in relation
to the z-axis coordinate of the LEED spectrometer. Similar results
have been recently obtained and discussed by Kiraly et al. [18].
However, a detailed analysis of our LEED data shows some
substantial differences. In the previously published paper [18] the
LEED pattern consisted of a vast number of blurred spots which
constituted easily-distinguishable rings. It means that possible
domain orientations along the underlying Ge(001) substrate must
be relatively numerous. In our case the spots which constitute each
ring can be obtained when we consider two hexagonal cells rotated
by 30° Therefore, we can conclude that there are only two possible
graphene domain orientations along the Ge(001) substrate. The
LEED results presented in this work prove that the use of the
synthesis method and the choice of the Ge(001)/Si(001) substrate
allow growth of a high-quality graphene layer consisting of two
domain subsystems.

To investigate the chemical nature of the graphene/Ge interface, X-
ray photoelectron spectroscopy (XPS) was used. The C 1s spectrum
fitted with a single asymmetric component (Doniach—Sunjic) is
shown in Fig. 4 b. The XPS spectrum confirms that carbon present in
the system is sp2 bonded. The Ge 2p peak fitted with a symmetric
Voight peak, Fig. 4c, displays pure chemical
characteristics of elemental Ge. The lack of the GeOx peak indicates
degree of surface oxidation. Our measurements
demonstrate that the Ge(001) surface sustain prolonged exposure

shown in
a minor

to ambient conditions and thermal treatment at 300°C. In addition,
all XPS spectra show also the absence of Ge-C bonds proving
graphene integrity.

Raman spectroscopy has been widely used as the tool to
characterize various graphene structures [35-39]. In our work we
have used confocal Raman spectroscopy, which allows one to use a
very small light spot, typically of the order of 0.5 um [40]. The
Raman spectrum presented in Fig. 5a contains two prominent G and
2D peaks and a relatively small, disorder-related D peak near
1350 cm™. The observed symmetric Lorentzian line shape of the 2D
peak is a feature confirming the presence of predominantly single
layer graphene. It is known that both Raman G and 2D peaks are
sensitive to charge fluctuations and to strain due to the difference
in the thermal expansion coefficients of graphene and the
underlying substrate. The G peak is mainly dependent on charges
present on graphene due to the static effects on the bond lengths
and non-adiabatic electron phonon coupling [41]. The 2D peak is
predominantly dependent on strain fluctuations and varies in our
sample from 2695 em™ to 2704 cm™. The Raman map of the
position of the 2D peak in the area of 10 x 10 um2 taken with a step
of 0.5 um is shown in Fig. 6 a. It is seen that a characteristic pattern
of the Ge(001) surface is not reflected in strain distribution shown
in Fig.6. This is due to a large light spot in confocal Raman
measurements (about 0.5 um) and the hill and valley structures
present on the Ge(001) surface. For these two reasons, the
microscopic properties of graphene on the nanometer scale cannot
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be revealed. Therefore, the distribution of strain across the sample
shown in Fig. 6 a seems to be random. The same conclusion can be
drawn from the Raman map of the position of the G line in the
same area of 10 x 10 umz shown in Fig. 6 b. The charge fluctuations
reflected in the position of the G peak within the range from
1588 cm™ to 1593 cm™ do not reflect nanometer-scale microscopy
of the Ge(001) surface as well.

The line width of the 2D (FWHM) peak usually is considered as a
measure of number of layers [33, 37, 42]. However, as it was
recently shown that FWHM of the 2D peak is also highly sensitive to
strain inhomogeneity in the length of nanometer scales [40, 43].
The average value of the FWHM of the 2D peak shown by histogram
in Fig 5b is about 37 em™. This FWHM is much higher than the
observed for graphene monolayer on hBN [40]. However, it may
correspond for epitaxial graphene monolayer due to microscopic
strain variations in length scales bellow the laser spot size. The
average spatial distribution of strain and charge doping in the
graphene layer can be determined and separated from each other.
The contribution from strain and charge doping can be de-
convoluted using vector decomposition within the position of the
2D peak E(2D) vs positions of the G peak E(G) space [44]. Plotting of
the position of the 2D peak versus the position of the G peak, taken
over 20x 10 um2 area shown in Fig.7 a, reveals a variation of
compressive strain and doping of graphene in the sample. The
spatial spread of the 2D peak position is from 2694 em™ to 2704 cm’
1, and in the G peak position it ranges from 1587 em™to 1593 cm™.
The scatter of data points lies at line with a slope of 2.2. This slope
coincides with the ratio of strain-induced shifts reported previously
[45]. The analysis of the E(2D) vs E(G) diagram may be done in the
same way as was done previously [18, 44]. An average strain
sensitivity factor of 69.1 cm'l/% can be used [45, 46]. Assuming the
strain to be biaxial nature the spread of data indicate variation of
compressive strain between -0.37%<g<-0.25%. The origin of the
circled point in Fig. 7a corresponds to suspended freestanding
monolayer graphene (position of the G band 1580 em? [47] and the
2D band 2679 cm™ [48]) which is known to be charge neutral. Such
strain variation are characteristic for several other our samples. It is
interesting that the measured by us Raman spectra show a
relatively small average strain variation, significantly smaller than
the observed previously on graphene grown on Ge(001) [18]. This is
most likely due to uniform faceting of the Ge(001) surface on a
relatively large area of the sample.

Finally, the histogram of the intensity ratio of the 2D peak to the G
peak (1(2D)/I(G)) shown in Fig. 7 b with the average value close to
2.4 indicates predominantly a monolayer graphene layer structure.
This suggests that a relatively high value of FWHM of the 2D peak
may be mainly due to nanometer-scale strain variations in graphene
on the patterned Ge(001) surface.

Conclusions

All experimental results presented in this work indicate that
uniform wrinkle-free graphene layers have been grown on
macroscopic Ge(001)/Si(001) substrates. The observation of the
nano-facet pattern underneath the graphene layer and Hall
measurements proved that the uniform graphene layer has been
obtained on the large size samples measuring 1 cm x 1 cm. The
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uniformity of the predominantly graphene monolayer has been also
confirmed by SEM and Raman measurements.

The mechanism responsible for uniform growth lies in the well-
ordered nano-facet formation observed in the case of the Ge(001)
surface. Apparently, graphene nucleation reproduces the Ge(001)
nano-faceting. Most likely, growth originates on the terraces of the
hill structures which are well-oriented in the <100> direction.
Atomically resolved images of graphene on the terraces of the
Ge(001) surface have revealed the presence of a monolayer. In
addition, the STS/CITS maps show that high-quality graphene has
been obtained on such terraces. The subsequent coalescence of
graphene domains leads to a relatively well-oriented large-area
layer. However, due to the perpendicular orientation of the
terraces merging in the case of graphene domains, the entire layer
is not monocrystalline. This is confirmed by LEED measurements,
which indicate that in spite of the polycrystalline character of the
layer, two orientations within the graphene layer are preferable.
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Fig. 1 SEM images of a, b) material contrast and c, d) topography features of graphene grown on
Ge(001)/Si(001) wafers. Scale bars are 10 um for images (a) and (c) and 2 um for (b) and (d).
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Fig. 2 Scanning tunnelling microscopy images of graphene on Ge(001)/Si(001): a) large-area topography
(I= 100 pA, U=0.3 V), b) close look at high-quality graphene/Ge(001)/Si(001) substrate showed
reconstruction characteristic of the Ge(001) surface. The top inset reveals an atomically resolved graphene
lattice on Ge(001)/Si(001) (I= 300 pA, U=0.1 V). The bottom inset: Fourier transform (FT) showing a
hexagonal symmetry of graphene, c) cross section along the blue line in Fig. 2 b.
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Fig. 3 STM/CITS/STS results obtained for graphene on the Ge(001)/Si(001) substrate. a) STM topography,
b) LDOS map measured close to the Fermi level and correlated with topography shown in a). The c) and d)
STS curves showing the dI/dV dependences measured in #1 and #2 areas, respectively.
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Fig. 4 Low-energy electron diffraction (LEED) and X-ray photoelectron spectroscopy measurements for
graphene on the Ge(001)/Si(001) surface. a) LEED spots collected at 56 eV from high-quality Ge(001) are
marked with a red circle. LEED shows graphene domains marked with a blue circle. Those domains have two
preferred orientations in relation to the Ge(001) surface, marked by a green arrow and a black arrow
respectively. b) XPS C 1s XPS spectra taken from graphene Ge(001)/Si(001) indicate the presence of high-
quality graphene. c) Ge 2p XPS spectra taken from Ge.
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Fig 5. a) Raman spectrum of graphene on Ge(001), b) Histogram of the FWHM of the 2D peak.
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Fig. 6. Micro-Raman maps of a) position of 2D band and b) position of G band.
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Fig. 7 a) Plot of the position of the 2D band in relation to the position of the G band. The magenta-colored
solid line with a slope 2.2 represents the effect of strain on the graphene lattice. b) Histogram of the ratio of
intensity of the 2D to the G peaks.
17x6mm (300 x 300 DPI)



