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A B S T R A C T

In this paper we study graphene synthesized on undoped (001), (110), and (111) Ge substrates, and show how
the surface orientation and reconstruction affect its morphological and structural properties. The article presents
the first attempt to explain the impact of germanium surface reconstruction on the shape and the density of
graphene nuclei as well as on the material's stress and doping levels. Our findings suggest that graphene obtained
on Ge(001) is the most uniform, with low doping (1.5× 1012 cm−2) and low strain level (−0.1%). Graphene on
Ge(110) appears to be highly compressed (−0.5%) while graphene on Ge(111) exhibits doping reaching
5×1013 cm−2. These results help to better understand the dynamics of graphene growth on germanium and
indicate Ge(001), in terms of its structural properties, as the most promising orientation for the future CMOS
applications.

1. Introduction

Since its isolation in 2004 [1], graphene has captured the attention
of the scientific community worldwide. Its remarkable properties, such
as carrier mobility reaching up to 350,000 cm2 V−1 s−1 and high op-
tical transparency (97.7%), make it a viable candidate for the electro-
nics industry [2,3]. However, to effectively realize the application po-
tential of this 2D material, high quality and large-scale graphene
synthesis is required. To date, several techniques to produce graphene
have been developed, such as mechanical exfoliation, chemical inter-
calation, and recently described pulsed-laser scribing [1,4,5]. But the
most common method to synthesize high-quality single-layer graphene
is chemical vapor deposition (CVD) [6]. It can be used to grow gra-
phene on a variety of surfaces, including SiC, Cu, Ni, hBN, Pt or Ir
[6–11], which, however, have their own set of advantages and draw-
backs. It was revealed that the substrate type strongly affects the
structural, morphological, and electronic properties of graphene. The
material's parameters are altered not only by the surface's chemical
composition, but also by its polytype, polar face, crystallographic or-
ientation, and miscut [12,13]. The charge carrier density in graphene
fabricated on 4H-SiC, for example, differs distinctly from graphene on
6H-SiC [14]. In GR/Cu systems Cu(111) plane promotes graphene with

a lower number of layers compared to other orientations [15]. Ad-
ditionally, it was shown that crystal orientation has larger impact on
the defect density compared to the facet roughness [16]. But the biggest
challenge in growing graphene on metal surfaces is the fact that it in-
volves a necessary transfer step, which imposes various constraints
related to graphene impurities and defects. In addition, the automation
difficulties practically make it impossible to integrate this graphene
technology with Si CMOS (complementary metal-oxide-semiconductor)
production. Hence, the research focus was shifted toward the search for
better alternatives.

In 2013 copper was attended to be replaced with CMOS-compatible
germanium [17], thus, allowing graphene to be grown directly as part
of the electronic circuit. The in-situ growth also helps to overcome is-
sues related to the impurities formed during the graphene transfer [18].
The substrate-graphene dependencies, however, remain a challenge
[19]. The initial investigation revealed the impact of Ge orientation on
graphene properties and its growth mechanism. Graphene can be syn-
thesized on three main orientations of germanium monocrystals: Ge
(001), Ge(110), and Ge(111), as well as on their epitaxial equivalents,
i.e. Ge(001)/Si(001), Ge(110)/Si(110), and Ge(111)/Si(111), both
commercially available. Graphene can be grown on all indicated sur-
faces by methods such as CVD [17,19–24], MBE [25], PVD [26], and
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electron beam evaporation [27], which also affects the quality of gra-
phene layers. Furthermore, there are clear differences in the topo-
graphy features and electronic properties of graphene depending on
crystal orientation of germanium substrate. One of the first works on
this subject [19], based on Raman spectroscopy, STM, and XPS, shows a
variance in doping and strains in graphene grown on differently or-
iented Ge substrates. In addition to the inherent variations of graphene
properties related to the initial germanium orientation, after in situ
annealing at 700 °C, Kiraly et al. observed further strain modification
driven by the Ge surface reconstruction [19]. It is also noted that gra-
phene on Ge(001), despite being the most technologically relevant,
exhibits the highest stress level. This finding is reported in papers of
Tesch and Pham [20,27], highlighting that GR/Ge interfaces in Ge(110)
and Ge(111) are flatter than in Ge(001), with reduced topography
roughness. It must be noted, however, that Kiraly obtained graphene
synthesized on bulk Ge(001), Ge(110), and Ge(111) with variable
doping and resistivity. This may cause the substrate-dopant segregation
at the GR/Ge interface, and, in consequence, negatively impact the
study conclusions. STM and LEED measurements, on which further
studies were focused, are valuable, however, they are limited to a re-
stricted area. The optimization of the graphene technology requires a
more statistically-oriented characterization of surfaces, enabling better
assessment of the overall graphene quality. There is also a need to
further study graphene grown on Ge substrates with identical doping,
and to research how graphene grows on different germanium orienta-
tions.

In this work, we present the analysis of the graphene growth me-
chanism as well as the morphological, structural, and electronic prop-
erties of the layers grown on (001), (110), and (111) oriented germa-
nium substrates. In order to study the growth kinetics, we characterized
graphene at the initial growth step prior to graphene domains merger,
which enabled us to establish coverage area, nucleation density, and
domain size. Raman characterization of the continuous graphene layer
unveils strain and doping levels depending on the germanium or-
ientation. The further sections discuss the influence of surface re-
construction on these parameters. Our results are an important step
toward understanding the germanium substrate influence on graphene,

and pave the way for the future integration of graphene in the CMOS
technology.

2. Experimental section

2.1. Sample preparation

Graphene was grown by the CVD method on undoped Ge(001), Ge
(110), and Ge(111) wafers supplied by Semiconductor Wafer Inc.
Growth runs were performed in commercially available Aixtron G5 WW
CVD system equipped with the planetary reactor, which enabled us to
achieve high uniformity of graphene films over the whole area of the
15× 15mm substrates. As described in our previous works [21,22], we
sustained the growth at the temperature of 905 °C in an Ar/CH4 mixture
at 800mbar. As a cleaning procedure, directly before the growth we
annealed the substrates at 905 °C in hydrogen flow sustained at 500
SCCM for 15min. The growths were performed in two ways. Firstly, we
achieved a continuous layer by extending the time to 3 h. Secondly, in
order to determine graphene nuclei density, the graphene growth was
stopped before the graphene domains started to merge (1 h). All three
orientations were used in each growth run.

2.2. Graphene characterization

The surface morphology of the as-grown samples was investigated
by a high-resolution SEM Hitachi SU8230 Cold-FEG equipped with a
semi-in-lens type objective lens. The observations were performed si-
multaneously in a low voltage range at 0.5 kV to obtain topographic
information and in deceleration mode to improve resolution. Further
microscopy studies consisted of AFM measurements, conducted in a
non-contact mode in Bruker FastScan AFM microscope. The low-energy
electron diffraction (LEED) measurements were performed at room
temperature (RT) under the base pressure of 2× 10−10 mbar in
Multiprobe P system made by Omicron GmbH (currently known as
Scienta-Omicron). Raman spectroscopy investigations were realized by
a Renishaw inVia system with a 532 nm Nd:YAG laser as an excitation
source to obtain single-point and spatially distributed Raman spectra.

Fig. 1. SEM images of the morphology of continuous graphene layer and the underlying substrate on: (a) Ge(001); (b) Ge(110); (c) Ge(111). Scale bars are 1 μm.
LEED measurements recorded at 75 eV for: (d) Ge(001); (e) Ge(110); (f) Ge(111).
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Graphene coverage area, nucleation density, and domain size were
estimated by an ImageJ software.

3. Results and discussion

The process which resulted in the formation of a continuous gra-
phene layer allowed us to investigate the Ge surface morphology
modified after the growth, and to check the quality of graphene in
terms of the presence of wrinkles and voids. The micrographs of gra-
phene on three orientations are presented in Fig. 1a–c. For Ge(001)
characteristic [107] facets occurred (Fig. 1a), reported previously [28].
On Ge(110) graphene wrinkles are present, yet they do not extend to
any particular direction (Fig. 1b). The underlying substrate did not
undergo evident surface changes, contrary to Ge(111) where a high
density of terraces and steps is visible (Fig. 1c). Furthermore, graphene
layer grown on Ge(111) does not exhibit wrinkling.

Additionally to SEM images, LEED patterns were acquired for Ge
(001), Ge(110), and Ge(111) (Fig. 1d–f). The results indicate the pre-
sence of crystalline graphene domains on all germanium orientations.
Graphene grown on Ge(001) has two planar graphene domain or-
ientations marked with black and white hexagons. However, due to the
presence of germanium nanofacets, we also observed different domain
orientations. These orientations are visible as three pairs of hexagons
and the explanation of their origin was presented in detail earlier
[21,29].

In case of Ge(110) and Ge(111) there are two main domain direc-
tions of graphene relative to the germanium substrate. The absence of
different directions relative to the LEED spectrometer indicates that the
substrate is smooth and lacks nanofacets. Nonetheless, the LEED pattern
obtained for graphene/Ge(111) is significantly blurred due to the gra-
phene-germanium interaction. These results are consistent with our
previous work in which we showed that the interaction between gra-
phene and germanium increases for flat germanium substrates [29].
Hence, we expect the weakest interaction between graphene and Ge
(001).

To further investigate the graphene‑germanium interface, we con-
ducted AFM studies of the continuous layer (Fig. 2). The image of GR/
Ge(001) shows the formation of germanium nanofacets on the entire

surface (Fig. 2a), as well as confirms lack of oxidation of the underlying
Ge substrate [30]. The average height of nanofacets is in the range of a
few nanometers. However, graphene on Ge(001) is not visible as it does
not form wrinkles, and other defects are not present. In case of Ge(110),
graphene can be easily distinguished from the underlying substrate
(Fig. 2b). The graphene wrinkles are much more pronounced (approx.
5 nm) than the atomic steps of germanium substrate (approx. 0.6 nm),
which was observed in the previous studies [20]. The atomic steps, due
to their low height, are difficult to observe in the topography contrast
during SEM examination. The third substrate, Ge(111), exhibits intri-
guing surface reliefs, similar to the terraces and steps seen in the SEM
micrograph (Fig. 2c). The height of the surface features lies between the
height of Ge(001) nanofacets and atomic steps of Ge(110) and ranges
from 0.7 to 1 nm. More interestingly, the height of the features seems to
be changing continuously, in contrast to Ge(110), where a clear dif-
ference between individual atomic steps can be seen. On all three
samples a height profile has been made and the resulting height plots
are shown in Fig. 2d.

When germanium is fully covered with graphene, however, we are
not able to gather direct and easily accessible information on graphene
domain shapes, nucleation density, growth rate, and domain size.
Therefore, we shortened the graphene growth process. The summary of
nucleation density, graphene coverage area (as a measure of the growth
rate), and domain size is presented in Table 1. Most domains
(2.00×106mm−2), of the average size of 500×500 nm, are grown on
Ge(001) and also the coverage area is the highest, i.e. 29%. On the
contrary, the lowest nucleation density (1.36× 106mm−2) and the
lowest coverage area (18%) can be observed on Ge(110) and Ge(111),
respectively. The lower coverage area of graphene on Ge(110) and Ge
(111) results from the lower growth rate, which, in turn, enables better
process control. Also, if the nucleation density on both Ge(110) and Ge
(111) is decreased compared to Ge(001), there are fewer grain
boundaries, which due to pseudo-Hall-Petch effect could increase
elastic modulus of graphene and lead to lower strain levels [31]. In-
terestingly, the growth time of the shortened process was one-third of
the time required to achieve a continuous layer, so we expected the
coverage area to be at least 33%, but for all three orientations this value
is evidently smaller. We suggest that carbon atoms are attached to the

Fig. 2. AFM images of: (a) Ge(001); (b) Ge(110); (c) Ge(111); and (d) graph showing height profiles of the samples. The profiles are marked on the AFM images. Scale
bars are 500 nm.
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edges of nuclei, therefore as the domains grow larger and the boundary
length is increased, the growth rate accelerates. As shown in Fig. 3, the
substrate orientation impacts the growth process, and consequently the
shapes of domains and their arrangement. On Ge(001) there is no
preferred nuclei “spread” direction, which might be connected with
several graphene domain orientations, and graphene islands propagate
isotropically. In contrast, both on Ge(110) and Ge(111) the growth is
anisotropic and the shape of the graphene islands on Ge(110) is clearly
elongated (Fig. 3b). Furthermore, on Ge(110) all domains are aligned
along [−110], which agrees well with the results of Dai et al. [32].

An interesting phenomenon occurs on Ge(111) where atomic steps
of germanium can be seen (Fig. 4). The presence of the steps could be
explained by the unintentional miscut of the substrate. We can observe
how graphene moves along the atomic steps, with the nuclei's core,
however, remaining circular and proliferating on terraces, resembling
step-flow growth present in III-V compounds epitaxy [33]. Atomic
steps, and, in general, any pits and hillocks on the substrate surface, are
energetically favorable nucleation sites for the graphene growth [34].
After coalescence of the domains, the alignment of the atomic steps
changed, creating a more random network with one direction mani-
festing stronger (Fig. 4b).

Nevertheless, some observations could not be clearly understood or
interpreted. For example, nucleation density should be lower on Ge
(001) where the surface should have least defects and/or atomic steps.

As faceting is the result of the graphene growth, it cannot explain the
phenomenon of nucleation sites formation [28]. Another phenomenon,
which can impact the growth of graphene on Ge, is surface re-
construction. As the germanium orientations (001), (110), or (111)
undergo reversible surface reconstruction at elevated temperatures, the
initial arrangement of atoms obviously changes at the growth tem-
perature of 905 °C. This phenomenon was investigated superficially and
only at a low temperature [19,20,26,27,29,35,36].

We introduce the first analysis of the impact of germanium surface
reconstruction at the growth temperature on graphene properties. The
surface reconstruction of Ge(001) changes from (2×1) at RT to a
regular (1×1) structure at 682 °C, with probable melting at even
higher temperatures. As the surface reconstruction is minuscule (the
atoms are moving closer to each other), the number of surface atoms
remains the same [37–39]. Ge(110) is not very different, with c(8×10)
at RT and, by intermediate subtle shifts, partially reconstructed again to
an elongated c(8×10) at 837 °C, also with incomplete melting
[40–42]. Finally, Ge(111) undergoes reconstruction from c(2× 8) at
RT through (1×1) at 297 °C to a regular (1×1)h at 777 °C, changing
the surface energy due to a different number of surface atoms. Ge(111)
reconstruction appears most pronounced, as one-third of the restatoms
are overlaid by the adatoms during cooling, significantly modifying the
surface energy [43]. This reconstruction is also similarly described as
incomplete melting [43,44]. In particular, the incomplete melting

Table 1
Nucleation density, coverage area, and average domain dimensions of graphene on different orientations.

Ge orientation Nucleation density [106×mm−2] Coverage area [%] Average domain dimensions [nm×nm]

(001) 2.00 29 500×500
(110) 1.36 22 930×315
(111) 1.65 18 490×350

Fig. 3. SEM images of graphene domains on: (a) Ge(001); (b) Ge(110); (c) Ge(111). Scale bars are 2 μm.

Fig. 4. High-magnification (×50 k) SEM images of: (a) graphene nuclei on Ge(111); (b) network of atomic steps on Ge(111). The red dashed arrow indicates the
main direction of atomic steps. Scale bars are 1 μm. The samples were differently rotated during SEM characterization.
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affects only the first bilayer of germanium, which has been reported
only for Ge(111) [44], while it should apply to other orientations. For
all three orientations at the growth temperature, the surface is ex-
hibiting metallic behavior, resulting from the overlap of electronic
bands. There is no connection between the surface reconstruction and
faceting on Ge(001) as the former involves only several atomic layers
and the latter much thicker volume of germanium.

We can conclude that previously presented growth mechanisms
should be considered deficient since surface reconstruction is not in-
cluded. Surface reconstruction and incomplete surface melting would
definitely have an impact on the graphene growth. One clear difference
in the surface reconstruction is between Ge(110) and both Ge(001) and
Ge(111), where, at the growth temperature, the first exhibits more
complex c(8×10) structure than (1× 1) on (001) and (111). Apart
from the unreconstructed restatom arrangement, this could also help to
interpret the similar nuclei shape on (001) and (111) and different on
(110).

To further examine the graphene‑germanium interactions, we con-
ducted Raman characterization. The representative Raman spectra of
graphene on all three orientations are presented in Fig. 5. A distinct and
narrow 2D peak is visible on all orientations, nevertheless, its position
(denoted as ω2D) and intensity is varying significantly between different
substrates. The variation of peak position and intensity is as well ob-
served for G peak. D peak is present on all orientations, however, as it is
shown in the literature, the presence of D peak, especially on Ge(111),
seems to be an inherent property of the GR/Ge system [23]. A peak near
2330 cm−1 is attributed to ambient nitrogen.

The variation of ωG and ω2D clearly indicates differences between
Ge orientations which can be attributed to strain and/or doping levels
of the graphene layer. To investigate this, we analyzed the ω2D-ωG

correlation according to Lee et al. [45], which allowed us to quantita-
tively assess the stress and the doping (Fig. 6a). For the reference point,
we used ωG= 1581.6 cm−1 and ω2D= 2676.9 cm−1 of the suspended
graphene, and for the reference strain and doping lines we used Δω2D/
ΔωG=2.23 and Δω2D/ΔωG= 0.55, respectively [46,47]. As it can be
seen, there is no significant dispersion of peak positions in Ge(001),
where the strain is slightly compressive (−0.1%) and the hole doping is
almost negligible (between 0 and 5×1012 cm−2). In case of Ge(110),
the stress is more intense and reaches up to −0.5%, which is the
highest value of all orientations, with virtually no doping. The 2D po-
sition of Ge(111), in contrast, is fixed at approx. 2695 cm−1 while G
moves significantly in the range between 1595 and 1620 cm−1, which
is similar to Ge(110). The hole doping is varied, in some areas well
exceeding 1.5×1013 cm−2. These results stand in contradiction with
experimental data presented by Kiraly et al. who showed behavior

similar to that observed in Ge(110). This discrepancy might be caused
by the fact that the group used doped and undoped substrates, which
could have interfered with graphene properties. They also stated that
graphene on Ge(001) is the most stressed while our Raman and LEED
findings suggest the opposite.

Graphene on Ge(001) is low strained and doped, with the narrowest
dispersion of all the orientations. This observation can be confirmed
with SEM images, and can be linked to the shape of nuclei and surface
reconstruction of the substrate. The domain shape on Ge(001) is reg-
ular, driven by the low surface reconstruction of (1×1), changing at
RT only slightly to (2× 1), therefore we expected a low strain level.

For Ge(111), the correlation between ω2D and ωG shown in the
graph in Fig. 6a is not straightforward. One explanation of the fixed ω2D

is that doping compensates strain in graphene, resulting in lower
stresses for highly doped regions. Another hypothesis can be linked to
the step network, visible in the SEM images. The interpretation is that
graphene grows along atomic steps, to which it is strongly attached by
covalent bonds, as suggested by Dai et al. [32]. On terraces graphene
edges are terminated by hydrogen and the layer is attached by van der
Waals forces, hence manifesting less stringent bonding to the substrate.
During cooling, when surface reconstructs back from (1×1) to c
(2×8) and there is a change in the atomic steps network, the graphene
layer can behave differently on terraces and steps, leading to expansion
and contraction in perpendicular directions, i.e. zig-zag and armchair,
according to Poisson effect, as a result nearly completely cancelling out
the strain. This hypothesis is supported by LEED measurements which
show blurred graphene spots, indicating a complex graphene-substrate
interaction. Interestingly, this quasi-random atomic step network is
present only on Ge(111), while on Ge(001) nanofacets are visible and
Ge(110) is nearly flat (Fig. 1, Fig. 2). Since Δω2D/ΔωG for armchair and
zig-zag directions differs and equals 2.44 and 2.02 [45], respectively,
there could be sets of strains that result in a fixed ω2D and shifts in ωG

caused by the doping. The doping, simultaneously, can be an effect of
the surface reconstruction, as at the RT two-thirds of the atoms which
were in the direct contact with the graphene, moved deeper modifying
the electronic states of graphene. This mechanism can be described as
an electrostatic doping, probably workfunction-induced, contrastingly
to spontaneous polarization typical for various SiC polytypes
[14,48,49]. This hypothesis, to some extent, could also explain the
difference between our work and Kiraly's since the surface of germa-
nium substrates may differ.

Fig. 6b shows the plot of 2D peak width (full width at half max-
imum, Γ2D) against ΓG. The dispersion of data points of GR/Ge(001) is
low, indicating a high-quality graphene [50]. Graphene grown on Ge
(111) behaves differently, with a wide distribution of ΓG, revealing less
uniform layer. Nonetheless, both samples are exhibiting similar beha-
vior, i.e. roughly constant Γ2D and variable ΓG. The most interesting,
though, is the alignment of the data from graphene on Ge(110), which
are ordering along the line with a slope equaling 1.76. This value is
slightly lower than that reported by Neumann and Shin (2.2–2.3)
[46,50], however, it suggests that the strain variations are in the nan-
ometer-scale, within the size of a laser spot. As discussed earlier, this
might be an effect of the different, compared to Ge(001) and Ge(111),
surface reconstruction.

The strain (ε)-doping (nh) dependence is shown in Fig. 6c. The re-
sults in this graph can be estimated more accurately than in Fig. 6a,
therefore, the scale-exceeding doping level of graphene on Ge(111) can
be assessed as high as 5× 1013 cm−2. The data points related to gra-
phene grown on (001) and (111) are following a similar trend as in
Fig. 6b, exhibiting a linear dependency. On the contrary, the results of
the strain-doping correlation for graphene deposited on Ge(110) are
widely spread, not following any particular direction. We can conclude
that there is the same cause at the supra-atomic level in case of Ge(001)
and Ge(111) as in Fig. 6b, which, again, can be attributed to the surface
reconstruction.

Histograms in Fig. 6d are depicting the quality of the graphene

Fig. 5. Raman spectra of graphene on Ge(001), Ge(110) and Ge(111). The
narrow peak near 2330 cm−1 is attributed to ambient nitrogen. The spectra are
normalized to the nitrogen peak.
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layer, expressed in terms of I2D/IG ratio [51]. Ge(001) represents the
highest quality of all three orientations, resulting from low ΓG as well as
intense 2D peak. On the contrary, the lowest average I2D/IG (below 1) is
exhibited for (111), caused by a very broad G peak. The quality of
graphene obtained on Ge(110) is at the mid-range level (I2D/IG= 3.5).

Whereas the positions of Raman G and 2D modes can provide in-
formation on carrier concentration and strain acting on graphene, the
intensities of the D and G modes can be used for calculation of the mean
distance between structural defects LD and their concentration nD. The
model proposed in Ref [52–54], which according to the authors should
be valid for a wide class of point defects that are Raman active, provides
following equations:

⎜ ⎟= ⎛
⎝
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⎠

−
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(nm ) 4300 ,D
2 2
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⎝

⎞
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where EL stands for energy of the laser line used for excitation. Histo-
grams of distribution of LD and nD are shown in Fig. 7a. As can be seen,
the most defected graphene was grown on Ge(001), despite the fact that
this substrate is characterized by the largest I2D/IG ratio, which is often
treaded as another quality parameter. The less defected graphene was
grown on Ge(110) substrate, despite the large strain value and an
average value of the I2D/IG ratio. Graphene grown on Ge(111) substrate
is characterized by the largest spread of values of LD and the lowest I2D/
IG value. We note that obtained defects concentration values are not
expected to correlate with the hole doping levels shown in Fig. 7b since
these are different quantities.

4. Conclusion

In this report, we investigated graphene grown on undoped Ge
substrates with three different orientations, namely (001), (110), and
(111), and suggested the connection between germanium surface re-
construction at the growth temperature, graphene nuclei shape, and the
strain levels. Graphene domains on Ge(001) are circular, however, on
Ge(110) are distinctly elongated, and on Ge(111) are following the
atomic steps. We determined that the lowest nucleation density is on Ge
(111), while Ge(001) yields the highest coverage area. Raman studies
revealed different electrostatic doping and stress in all three orienta-
tions, showing that graphene on Ge(001) exhibits low doping and strain
levels with the lowest dispersion of data. Additionally, we suggest that
the graphene growth mechanism is affected by the germanium surface
reconstruction, which could explain why graphene on Ge(110) is the
most stressed, as well as the reason for the fixed ω2D and the doping
level of GR/Ge(111). We can conclude that graphene fabricated on Ge
(001), despite the highest nucleation density and the presence of [107]
facets, is the most uniform due to the smallest surface reconstruction,
which will be advantageous for the future application of graphene in
the CMOS technology.
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