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We report on the 5 .5
√
3 × 5 .5

√
3 − R30 ∘ overlayer superstructure observed by the scanning

tunneling microscopy on the Ge(111) surface. It shows pronounced effects of the local density
of states leading to the strong dependence of STM images on the bias voltage and some dynamic
changes of images at 300 K. This overlayer is tentatively interpreted as graphene formed in
small submonolayer amounts due to the pyrolysis of hydrocarbon constituents of the residual
atmosphere of the vacuum chamber during the annealing of a Ge(111) sample at 900 K. We
suggest a model of the graphene/Ge(111)-5 .5

√
3 × 5 .5

√
3 − R30 ∘ heteroepitaxial interface,

featuring the reconstructed Ge(111) substrate with no long-range order under the graphene
layer, the latter being corrugated due to spatial variations of the interatomic geometry of the
Ge(111) and graphene(0001) atomic lattices with extremely large mismatch.

K e yw o r d s: germanium, graphene, scanning tunneling microscopy.

1. Introduction
The first isolation of graphene (g-C) on the SiO2 sub-
strate by A.K. Geim and co-workers [1] had led to the
emergence of the physics of graphene and other two-
dimensional crystals. Due to its truly fascinating and
unique physical properties [2], graphene was widely
studied on various substrates, as dictated by a myriad
of possible practical applications. The range of sub-
strates includes metals, as reviewed in [3], the wide-
band-gap semiconductor SiC [4], and insulators [5].
At the same time, there are no studies of graphene
on a substrate made of a semiconductor, although
such combination may be of interest from the purely
scientific or practical point of view. In particular, in
view of the high electrical conductivity and astonish-
ing optical transparency of g-C [6], it can serve as a
perspective optoelectronic material or can be an im-
portant interface between the traditional microelec-
tronics and a novel graphene-based two-dimensional
nanoelectronic circuitry [7].
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For a heteroepitaxial graphene film, the possible
semiconductor substrates with a moderate band gap
are, first of all, silicon and germanium. The former is
severely handicapped due to a full solubility of car-
bon in silicon, which manifests itself by the existence
of a stable SiC compound. Because of this, any de-
position of carbon accompanied by elevated tempera-
tures will tend to produce SiC at and below sample’s
surface [8], instead of the atomically sharp C/Si in-
terface. This difficulty may impede any attempt to
deposit graphene on Si by means of the chemical va-
por deposition (CVD) technique, as widely used on
metallic substrates via various hydrocarbon precur-
sors [9]. The CVD is likely the most feasible tech-
nique for a large-scale graphene production, but re-
quires high temperatures of the substrate to crack the
precursor molecules and form the desired graphene
layer. The remaining possibility to attain a true g-
C/silicon interface would be a mechanical transfer of
graphene onto Si(111)-7×7 in the ultra-high vacuum
(UHV) environment, the latter being an absolute re-
quirement to sustain an atomically clean silicon sur-
face. Effectively, this can be a UHV-remake of the al-
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ready well-known original procedure of obtaining g-C
on silicon dioxide wafers [10]. There are too many ex-
penses and technical complications along this route,
effectively deterring experimentalists from consider-
ing the g-C/Si interface.

Germanium has an advantage of the negligible solid
phase solubility of carbon in it [11], while the Ge(111)
surface is expected to be the best choice for a high-
quality heteroepitaxial graphene film from the sym-
metry viewpoint, similar to numerous cases of (111)
metal substrates [3]. A surprisingly little attention
has been paid to the C/Ge(111) system so far. An
early investigation of the C adsorbate in the sub-
monolayer coverage range (0.12 ML) has elucidated
a

√
3 ×

√
3 superstructure on the top of Ge(111)

by means of the low-energy electron diffraction [12].
Recently, the successful deposition of graphene on
the germanium substrate by means of the ambient-
pressure CVD (APCVD) was reported [13], although
no details of the substrate orientation and the state
of its surface were provided. The obtained g-C/Ge
sample was investigated by means of Raman spec-
troscopy and electron diffraction, thus lacking any mi-
croscopic insight. This warrants a further study of the
C/Ge(111) system by means of UHV scanning tun-
neling microscopy (STM), while the UHV conditions
should allow one to prepare a well-defined (atomically
clean and reconstructed) Ge substrate.

2. Experimental

The preparation of samples and its investigation were
performed entirely in a UHV chamber (the base pres-
sure is 2 × 10−10 mbar), which is a precondition for
obtaining an atomically clean and smooth germanium
surface. A Ge(111) wafer (microelectronics grade sur-
face finish, 𝑝-type, Ga-doped, 0.3 Ohm · cm) was pre-
pared by several interchanged cycles of bombardment
by Ar+ ions (0.5 keV) at 300 K and the annealing at
900 K. The latter was achieved by the electron bom-
bardment of the rear side of the sample. After the fi-
nal annealing step, the annealing power was reduced
to zero for 10 minutes, while the cooling down to room
temperature by the natural heat dissipation was last-
ing for several more hours. The Ge(111) sample pre-
pared according to the procedure outlined above has
an atomically clean reconstructed surface.

The STM imaging was performed at room tem-
perature (in order to avoid any excessive thermal
drift) in the constant-current mode using an original

home-made microscope [14]. Probe tips were made of
platinum-iridium wire (80% Pt, 20% Ir) by means of
the simple mechanical cutting, followed by the condi-
tioning procedure in UHV, which was previously de-
veloped in our laboratory [15]. Images of the sample,
which were prepared according to the procedure out-
lined above, revealed a predominant Ge(111)-c(2×8)
reconstruction with some inclusions of the c(2 × 4)
and 2× 2 reconstructed areas in full agreement with
our previous works [16–18] and the works of other
authors [19–22]. They were used for the lateral and
vertical calibrations of our STM measurement setup
with the 0.8 × 3.2 nm size of a c(2 × 8) unit cell
and a 0.33-nm single atomic step height on the re-
constructed Ge(111) surface.

The Auger electron spectroscopy (AES) was uti-
lized for the elemental analysis of sample’s surface by
means of the excitation by 3-keV primary electrons
and gathering the data with the help of a cylindrical
mirror energy analyzer coupled to a secondary elec-
tron multiplier as a signal detector. AES spectra were
registered in the differential EdN/dE mode.

Even if an atomically clean substrate is being held
under the UHV conditions, it is slowly gathering con-
taminations (primarily hydrocarbon molecules from
the residual atmosphere of a vacuum chamber). Typi-
cally in approximately one day, these contaminating
adsorbates were hindering the stable STM imaging
by introducing instabilities into the tunneling junc-
tion between the atomically clean sample and the
probe tip. In order to alleviate this problem, the full
surface preparation (ion bombardment and anneal-
ing) could be repeated, or, alternatively, the sample
could only be annealed at 900 K. In the latter case, a
small fraction of the surface area was covered by an
overlayer of the previously unidentified surface super-
structure, while the majority of locations were again
the adsorbate-free and atomically clean reconstructed
Ge(111) surface.

3. 2D Overlayer on Ge(111)

The sputtering and annealing cycles specified above
yielded a reconstructed Ge(111) with atomicaly flat
terraces “t” more than 100 nm in width, separated
by single atomic steps “s” (Fig. 1, a). Here, the lat-
eral scope is too large for any atomic details to be
visible. If the regular Ge(111)-c(2×8) surface was left
for an extended period of time (one or two days) in
our UHV chamber and then “refreshed” afterward by
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the annealing for several minutes at 900 K, than the
appearance of the minority of surface locations has
changed dramatically (Fig. 1, b). In the given case, a
two-dimensional (hence, designated as 2D) hexago-
nal superlattice is clearly visible on the left-most ter-
race on the 125 × 125 nm scale. In what follows, it
will be referred as a 2D overlayer or superlattice. As
a guide for an eye, this superlattice is outlined by
the black mesh in the upper left corner and is shown
on the 25 × 25 nm inset in detail. It is important
to realize that the periodicity of 2D overlayer’s rip-
pling is roughly an order of magnitude larger than
a typical atomic corrugation on the pure Ge(111)
substrate.

Next, we obtained the STM images in the atomic
resolution (25 × 25 nm field of view) in order to re-
veal further details of various superstructures on our
sample. Figure 2, a shows a representative area of
the pure germanium surface with two atomically flat
terraces separated by a single atomic step “s”. The
Ge(111) reconstructions are visible on the terraces:
the c(2 × 8), which is the ground state of the ideal
Ge(111) in UHV (unit cell outlined in white), and re-
lated less stable structures originating from defects:
c(2 × 4) – outlined in black and 2 × 2 – outlined in
white. The cross-section taken along the black dashed
line is presented in the right-most part of Fig. 2
and shows an atomic corrugation of the outermost
layer of Ge atoms on the top of the terraces, as well
as the step edge between the upper and the lower
terrraces.

Figure 2, b is a representative area with partial
coverage by the 2D overlayer of the same type as
observed in Fig. 1, b. Here, the pure Ge surface (al-
beit extremely large number of defects) is sandwiched
between two overlayer fragments (marked by 2D) in
the upper right and lower left corners. The periodic
superlattice corrugation is outlined by the mesh su-
perimposed on the upper right part of Fig. 2, b. The
cross-section taken along the white dashed line is
given to the right of the STM image and shows a ca.
0.3 nm step height between the pure Ge substrate
and the 2D overlayer. Such step height strongly hints
on the single atomic thickness of this yet unidentified
overlayer, which is just slightly below the 0.33-nm sin-
gle atomic step height between two neighboring pure
Ge terraces on the Ge(111) sample.

We can estimate the most important parameters of
the periodic large scale corrugation of the 2D super-

Fig. 1. Large scale STM images (125 × 125 nm field of view)
of the Ge(111) sample: a representative area after the standard
preparation procedure (a); specially selected area after the
standard preparation followed by a prolonged stay in UHV and
one more additional annealing cycle at 900 K (b). The black
mesh and the 25 × 25 nm inset outline a newly observed 2D
hexagonal superstructure. The grey scale to a height conver-
sion ruler on the right side is common for both images. Sample
bias voltage: +2 V; tunneling current: 0.3 nA

lattice observed on the selected areas of our samp-
le. This corrugation is essentially a hexagonal array
of height (brightness) maxima with unit vectors ro-
tated by 30∘ relative to the unit vectors of 2× 2 and
c(2×8) superstructures or, equivalently, relative to in-
plane unit vectors of the intrinsic Ge(111). From the
cross-section b, the magnitude of height corrugation
is up to 0.1 nm, which is well below the single atomic
step height between two neighboring pure Ge terraces
on the cross-section a. The lateral periodicity of the
height maxima placement is ca. 3.8 nm, which is an
order of magnitude higher than a typical in-plane in-
teratomic separation, as exemplified by the corruga-
tion on atomically flat terraces in cross-section a. Ho-
wever, in panel 2, b, one cannot but notice some ir-
regularity of the shape and the exact placement of
brightness maxima within the 2D superlattice, which
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Fig. 2. STM images in atomic resolution (25 × 25 nm field of view) of: pure reconstructed Ge(111) surface, sample bias voltage:
+2.5 V; tunneling current: 0.3 nA. c(2 × 8), c(2 × 4) and 2 × 2 superstructures are present, their unit cells are outlined and
marked, correspondingly; a single atomic step between the upper and lower neighboring terraces is designated by “S” a. The
mixture of pure Ge and a 2D hexagonal overlayer, sample bias voltage: +2 V; tunneling current: 0.3 nA, outlined are the 2× 2

and c(2 × 8) unit cells on the pure Ge area and the 2D superlattice formed by height maxima (black mesh). On the right are
height-distance cross-sections along dashed lines in corresponding panels. The height maxima lying along the cross-section line
are designated by small black arrows b. The grey scale to a height conversion ruler is common for both images

could pose a problem for the precise determination of
corrugation’s magnitude and periodicity.

4. Voltage-Dependent
STM of the 2D Overlayer

In what follows, we investigate a homogeneous area
of the 2D overlayer on our sample. Different panels
of Fig. 3 show the same area on the sample exclud-
ing some shifts due to the residual thermal drift and
piezoscanner’s creep. In Fig. 3, a, the corresponding
superstructure is imaged in empty states at +3 V
sample bias voltage. Under the given tunneling con-
ditions, the superstructure looks similar to one ob-
served in Figs. 1, b and 2, b. Namely, it exhibits a 2D
periodic hexagonal corrugation with ca. 3.8 nm lat-
eral period and magnitude below 0.1 nm.

The irregular nature of the superlattice, which was
already noticeable in Fig. 2, b is highlighted by STM
images at lower bias voltages, as demonstrated by
Fig. 3, b–e. In panel 3, b at +2.5 V, each superlattice
corrugation maximum splits into several small bright
objects of the atomic size. Their number, shape, and
placement within the area nominally occupied by
a single superlattice site appear to be random (as
demonstrated by cross-sections c1, f1 and h1 ). In
particular, there are superlattice sites with only one
such bright object or completely without them (the
latter case is marked on cross-section f1 ). It is worth
to note that the transition between the types of to-
pography, as between panels 3, a and 3, b, could also
be observed at lower sample bias voltages depending

on the STM probe tip condition (i.e. not necessarily
between +3 V and +2.5 V).

A further lowering of the positive bias voltage mag-
nitude to +2 V in Fig. 3, c and to +1.5 V in Fig. 3, d
produces images with shape and placement of the
small bright objects different from each other and
those in Fig. 3, b. In Figs. 3, b–d, some periodic lat-
tice on the atomic scale is clearly discernible at the
locations of superlattice height minima (one such re-
gion is outlined at cross-section c1 ). This atomic lat-
tice doesn’t appear to possess a long-range order,
but shows a local periodicity rather close to 0.8 nm,
which, along with its symmetry, is strongly suggestive
of the 2 × 2 reconstruction on Ge(111). In panel 3, e
at +1 V, the various atomic-scale details in the STM
image are rather irregular, although their brightness
distribution still bears some traces of the superlatti-
ce. Due to the short tip-sample distance, a substan-
tial scratching of the tip vs the surface has occurred
during the scanning at +1 V for the given probe tip
configuration.

At negative bias voltages of –2.5 V in Fig. 3, f and
–2 V in Fig. 3, g, the small bright objects are also
present, but they are sharper and of higher contrast
relative to the superlattice corrugation. Their exact
shape and placement around the superlattice sites are
different in panels 3, f and 3, g. They do not coin-
cide also with any of those obtained at positive bias
voltages (panels 3, b–d). The periodic atomic lattice
between the superlattice sites is barely visible at ne-
gative bias voltages both in Figs. 3, f and 3, g. Sur-
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Fig. 3. STM images of the 2D overlayer superlattice at various bias voltages. All images are 25 × 25 nm in size and show the
same area on the sample, except for some shifts due to thermal drift and creep. Sample bias voltages are: +3 V (a); +2.5 V
(b); +2 V (c); +1.5 V (d); +1 V (e); –2.5 V (f ); –2 V (g); +2 V (h). Tunneling current: 0.3 nA. Below the images are the
cross-sections taken along the correspondingly designated dashed lines. Cross-sections c1 and h1 were taken along essentially
identical locations on the surface

prisingly, a repeated imaging (Fig. 3, h) at the same
+2 V voltage as before (Fig. 3, c) does not produce
an identical image. This is vividly demonstrated by
cross-sections c1 and h1, which are taken along physi-
cally identical locations on the surface. Therefore, our
voltage-dependent STM results provide a hint that
bright objects’ shape and placement in Figs. 3, b–h
are not specific to every particular sample bias volt-
age (in other words to the range of electron energies
involved in the tunneling), but rather reflects the dy-
namic nature of the observed 2D overlayer interface
at 300 K.

Comparing Figs. 3, c and 3, h reveals also the stabil-
ity of the atomic lattice, which appears between the
dynamically changing superlattice brightness maxima
and is strongly reminiscent of the Ge(111)-2×2. Such
images lead us to a tentative assumption about the re-
constructed state of the germanium substrate below

the 2D overlayer. In fact, this could be a Ge(111)-
2× 2, albeit rather defective, and with no long-range
order, as it is actually the case on the uncovered areas
of the substrate in Fig. 2, b. The reason for the invis-
ibility of the 2 × 2 domains at higher bias voltages
(Fig. 3, a) and their exposure at lower bias voltages
(Figs. 3, b–d, h) could be a transparency of the over-
layer for the tunneling electrons in the corresponding
locations. Namely, the height/brightness minima of
the superlattice may correspond to the parts of the
overlayer, which do not possess (or have a very low
density of) empty electronic states closer than 2.5 eV
to the Fermi level of the sample. In this case, the tun-
neling of electrons from the tip proceeds directly into
the substrate, which is then being imaged in such lo-
cations. Noteworthy, a similar “transparency” effect
was observed by us for nm-scale 2-dimensional Bi is-
lands on the Ge(111) substrate [17,18]. However, one
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Fig. 4. Two consequtive STM images obtained on the same
surface area (62 × 62 nm) of the Ge(111) sample showing an
extended patch covered by the 2D overlayer. There is some
small noticeable shift between the images due to the thermal
drift and the STM piezoscanner creep). Sample bias voltage: –
2.5 V, tunneling current: 0.3 nA. 10 identical superlattice sites
are marked by numbered arrows on both images

should be careful in deducing the absence of electronic
states in a certain energy interval (in other words, a
band gap) from the fact of overlayer’s transparency in
STM. An alternative explanation could be some spe-
cial form of overlayer’s and tip’s electronic wavefunc-
tions, which may happen to produce a close-to-zero
tunneling matrix element, thus eliminating the direct
tunneling between the tip and the overlayer, even if
the band gap is absent.

To further confirm the dynamics of the superlattice
overlayer, we have also obtained two images in occu-
pied states of the same area on the sample (Fig. 4)
at the unchanging sample bias voltage (–2.5 V). The
images in panels 4, a and 4, b were obtained one after
another, and the field of view is slightly shifted due to
the unavoidable thermal drift and the piezocreep in
our experimental setup. However, the geometric con-
figuration of the border between pure Ge and the
2D overlayer covered areas allows the unambiguous

identification of each particular superlattice site in
both panels (10 of such sequential sites are marked by
numbered arrows for reader’s convenience). Similar
to the corresponding data in Fig. 3, we also observe
various bright objects of atomic size. A detailed in-
spection of panels 4, a and 4, b shows no similar-
ity in their number and configuration, in particular,
some sites (see No. 8 among the marked ones) appear
with or completely without bright objects in differ-
ent images. It is worth mentioning that, despite ob-
vious differences, some similarity of bright objects
was still noticeable between consecutive images of
Fig. 3. This can be explained by substantially dif-
ferent time intervals elapsed between the sequential
imaging of identical superlattice sites in situations
of Figs. 3 and 4 (roughly 1 min and 10 min, corre-
spondingly), resulting from a larger field of view in
Fig. 4 (62 × 62 nm) than in Fig. 3 (25 × 25 nm). This
leads, in turn, to different acquisition times per single
image. Therefore, given some dynamic processes con-
stantly taking place on the sample, which are man-
ifested by the constantly changing configuration of
small bright objects, there is a less similarity of STM
images for longer time intervals between two consec-
utive observations.

As was already pointed out, the STM images of the
2D superlattice show significant dependence on the
probe tip condition. This is further demonstrated by
Fig. 5, where different panels contain the same area
with partial coverage by the 2D overlayer at differ-
ent sample bias voltages in empty states. At +3 V in
panel 5, a, the overlayer is imaged qualitatively sim-
ilarly to the previous case at the identical tunneling
bias in Fig. 3, a, showing the corrugated overlayer in
the form of a hexagonal array with ca. 3.8 nm pe-
riodicity. However, at +2.5 V (Fig. 5, b), we observe
small ripples superimposed on the principal corruga-
tion, which become dominant at +2 V in Fig. 5, c. At
+1 V in panel 5, d, as the tip gets closer to the surface,
the resolution attained on the Ge(111) reconstructed
areas is obviously better than in panels 5, a–c (all
Ge atoms of the topmost layer, so-called adatoms,
are clearly resolved), but the scanning above the 2D
area becomes rather unstable due to the tip scratch-
ing against the surface. The onset of the scratching at
around +1 V bias was also the case for the tip condi-
tion in Fig. 3, e. This behavior may originate from the
scarcity of empty states close to the Fermi level within
the 2D overlayer on the top of the 𝑝-type Ge(111) sub-
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Fig. 5. STM images of the Ge(111) sample with two (upper and lower) neighboring terraces. The lower terrace is partially
covered by the 2D overlayer adjacent to a single atomic step. All images are 25 × 25 nm in size and show the same area on the
sample except for some shifts due to the thermal drift and the STM piezoscanner creep. Sample bias voltages are given directly
below every panel. Tunneling current: 0.3 nA. Below the images are the height-distance cross-sections taken along the fine dashed
lines in panel a

strate or alternatively to the poor coupling of their
corresponding wave functions with those of the Pt-Ir
probe tip.

The STM images in panels 5, b and 5, c are qualita-
tively different from their counterparts shown earlier
in panels 3, b and 3, c, since no bright objects and
no lattice on the atomic scale appear in the present
case. Nevertheless, the ripples observed in panels 5, b
and 5, c and also barely visible in panel 5, a are most
probably of the same nature as the small bright ob-
jects in Fig. 3, due to their irregularity and the ab-
sence around certain superlattice sites (two neigh-
boring sites with and without ripples are designa-
ted). Different types of images (Fig. 3 vs Fig. 5) at
identical sample bias voltages could be a result of dif-
ferent probe tip’s apex configurations. The latter is
a well-known recognized uncertainty in every STM
measurement, which is beyond the experimentalist’s
control.

The imaged area of Fig. 5 contains two neighboring
germanium terraces separated by a single atomic step,
while the lower terrace is partially covered by the
2D superlattice. The latter is immediately adjacent to
the step in the lower left quarter of the imaged area,
thus forming the “one-level” border between the over-
layer and the reconstructed Ge(111). We can compare
three kinds of boundaries by examining the corres-
ponding cross-sections in panel 5, a: between areas on
the same Ge terrace, which are covered and not cov-
ered by 2D (a1 ), a single atomic step on the Ge(111)

substrate (a2 ), and finally between 2D on the lower
terrace and pure Ge of the upper terrace (a3 ).

The cross-section a1 confirms the ca. 0.3-nm height
of the superlattice overlayer above the underlying ger-
manium terrace, which was already deduced from
the data of Fig. 2, b. It appears slightly lower than
the regular 0.33-nm single atomic step on Ge(111),
which is presented on cross-section a2 for reference
purposes. Likewise, the hexagonal superlattice peri-
odicity of ca. 3.8 nm and the corrugation magnitude
below 0.1 nm confirm the values obtained from sim-
ilar cross-sections in Figs. 2 and 3. The height differ-
ence between the 2D overlayer and pure Ge across
the “one-level” border in cross-section a3 is below
0.05 nm, which agrees well with the step-heights in
cross-sections a1 and a2.

The parts of all three cross-sections in Fig. 5
marked as “lower Ge” and “upper Ge” are essentially
contours of the atomically flat germanium surface,
their small corrugation originating from the “ada-
toms” of the c(2 × 8), c(2 × 4), and 2 × 2 recon-
structions of the Ge(111) surface. These adatoms are
poorly resolved at high bias voltages in Fig. 5, a, but
their resolution improves, as the bias voltage is low-
ered, when going from panel 5, a to panel 5, d. This
allows us to define the crystallographic orientation of
the substrate. Thus, cross-section a3 coincides with
the in-plane unit vector of Ge(111). The superlat-
tice unit cell outlined in black in panel 5, a demon-
strates the 30∘-rotation between the unit vectors of
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Fig. 6. Auger electron spectra of the Ge(111) substrate un-
der clean (a) and carbon-contaminated (b) conditions. The
EdN/dE spectra were obtained in the analog differentiation
mode. The peaks in the spectra are designated according to
their respective Auger transitions, which were excited by 3-
keV primary electrons

the superlattice overlayer and those of the Ge(111),
in full agreement with the similar observation in
Fig. 2, b.

5. Discussion

The results presented above summarize the observa-
tions of some new 2D (height corrugation in STM
below 0.1 nm) surface structure, with a hexagonal in-
plane periodicity of 3.8 nm and primitive translation
vectors rotated by 30∘ relative to primitive transla-
tion vectors of the hosting Ge(111) substrate. This is
drastically different from the previously known c(2×
8), c(2×4), and 2×2 reconstructions of this semicon-
ductor surface, rising immediately the question about
the presence of some impurities. Carbon was the only
impurity introduced onto sample’s surface from the
residual atmosphere of our vacuum chamber. This is
demonstrated by the AES spectra in Fig. 6, where a
spectrum of atomically clean Ge(111) is given in panel
a, as compared to a strongly contaminated sample in
panel b. Only Ge-originated multiplet peaks could be
identified in the spectrum of Fig. 6, a, which are des-
ignated according to their respective Auger transi-
tions: 𝑀2.3𝑀4.5𝑉 , 𝐿2.3𝑀2.3𝑀2.3, 𝐿2.3𝑀2.3𝑀4.5, and
𝐿2.3𝑀4.5𝑀4.5. If the sample was held for a sufficiently
long time in the UHV environment of our vacuum
chamber, we could detect the KLL Auger peak of

carbon, as clearly seen in Fig. 6, b. No other chemi-
cal elements except germanium and carbon could be
identified in this case, which means that carbon is,
indeed, the only surface contaminant in our experi-
mental setup.

The exposure to the UHV environment needed to
obtain the 2D overlayer patches (Figs. 1, b and 2, b)
was one order of magnitude shorter than that re-
quired to obtain the level of carbon contamination as
in Fig. 6, b. The Auger spectrum obtained from the
sample in Figs. 1, b and 2, b was similar to the one
presented in Fig. 6, a. Since the intake of carbon is
proven by the data of Fig. 6, b, we conclude that car-
bon is also present on the surface in Figs. 1, b and 2, b,
but its quantity is too small to produce a signal above
the noise level in our measurement. This correlates
with the scarcity of the 2D overlayer patches, which
could be found only after the extensive sampling by
STM of randomly selected areas on our Ge(111) sub-
strate. Also, the 900-K preparation temperature of
our sample would be consistent with the possibility
of carbon species to diffuse on the surface in order to
be gathered in scarcely present patches far away from
each other.

The observed 2D overlayer is of one-atom thickness
(as proven by ca. 0.3-nm height above the underly-
ing germanium substrate) and essentially atomically
flat, since its corrugation of up to 0.1 nm is well be-
low a typical single atomic step height. The later cir-
cumstance justifies the designation of such overlayer
as two-dimensional. Assuming that the 2D overlayer
patches are composed of carbon, the above-named
characteristics are a strong hint that such overlayer
is graphene (designated as g-C). The graphene for-
mation is known to proceed at elevated temperatures
from various carbon sources on metal substrates,
which could be various hydrocarbon molecules arriv-
ing on the surface from the gas phase and undergoing
a process of pyrolysis with hydrogen release, as re-
viewed in [3]. Another alternative is the segregation
of carbon atoms to the surface from metal’s bulk (if
present there). Since the Ge(111) wafers used in our
experiments were of high (microelectronics grade) pu-
rity, we can assume that the g-C was formed by the
pyrolysis of hydrocarbon molecules, which are nor-
mally present in the residual atmosphere of the UHV
chamber.

Although the presumed g-C layer is atomically flat,
it is not absolutely flat. Its subatomic corrugation
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Fig. 7. Top and side views of the g-C(0001) lattice superimposed over the Ge(111) substrate in different states: a) unrecon-
structed bulk-like Ge(111); b) Ge(111)-2 × 2. In both cases, only the topmost layer of Ge atoms is shown: small black filled
circles are Ge atoms in bulk-like positions (a); large black filled circles are topmost Ge adatoms of the 2 × 2 reconstruction
(b). The g-C(0001) lattice is depicted as a set of hexagons, in which every corner designates the center of a C atom. The
5.5

√
3× 5.5

√
3−𝑅30∘, 6

√
3× 6

√
3−𝑅30∘, and 11

√
3× 11

√
3−𝑅30∘ supercells are designated by solid, dash-dotted, and dashed

lines, correspondingly. Small black arrows in b) mark additional equilibrium positions, which become available for the neighboring
adatoms, if a single adatom marked by an empty circle would be absent. The side views show qualitative height profiles of the
graphene plane above the topmost Ge atoms along superstructure’s unit cell in both panels

magnitude up to 0.1 nm and hexagonal lateral pe-
riodicity of ca. 3.8 nm, which is one order of magni-
tude higher than typical in-plane interatomic separa-
tions, are strongly reminiscent of the g-C on the top
of a metal substrate in the case of a large lattice mis-
match and a strong interaction in the film-substrate
system (e.g., g-C/Ru(0001) [23–26]). In this case, the
vertical corrugation arises due to the spatially alter-
nating strong/weak film-substrate binding according
to the coincidence lattice pattern between g-C(0001)

and Ru(0001). In the case of the g-C/Ge(111) inter-
face, we have two periodic structures: bulk-like unre-
constructed Ge(111) of the 0.4-nm in-plane periodic-
ity and g-C(0001) of the 0.246-nm in-plane periodic-
ity. In Fig. 7, a, we show these two lattices superim-
posed on each other, where the Ge atoms are depicted
by small filled black circles, while the C atoms are in
the corners of the hexagons constituting the graphene
plane. According to the observation of Fig. 2, b and
Fig. 5, the superlattice observed on the g-C overlayers
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is 30∘-rotated relative to the Ge(111), which dictates
the g-C(0001) primitive unit vectors to be 30∘-rotated
relative to those of the Ge(111).

The model in Fig. 7, a demonstrates the laterally
periodic alternating atomic geometry at the interface
between g-C(0001) and bulk-like Ge(111). If a C atom
is placed directly above the Ge atom at some location,
than, due to the lattice mismatch, such situation can
not be realized everywhere at the surface. Namely,
other geometries will also be realized: a center of the
g-C lattice hexagon is above the substrate Ge atom,
as well as all possible intermediate non-symmetric
cases of mutual positioning of Ge and C atoms. All
these situations will be regularly repeated with the
periodicity of the coincidence lattice, which will be
determined by laterally coinciding integer sets of sub-
strate/overlayer unit cells.

If the Ge(111) and g-C(0001) planes are rotated by
30∘ with respect to each other, than the Ge atoms
appear with the 0.693-nm periodicity (𝑅30∘ unit)
along the primitive translation vector ([1000] direc-
tion) of g-C. An extremely good match exists between
11 𝑅30∘ units of Ge(111) and 31 primitive units of g-
C(0001): 11 × 0.693 = 7.623 and 31 × 0.246 = 7.626
(if rounded to a third digit). The length of the 𝑅30∘

unit is
√
3 of that of the primitive Ge(111) unit. The-

refore, the above-described match would lead to the
g-C/Ge(111) 11

√
3 × 11

√
3 − 𝑅30∘ overlayer struc-

ture. Its lateral periodicity is 7.6 nm, which is 11
√
3

times larger than the 0.4-nm primitive in-plane trans-
lation vector of the bulk-like Ge(111). The 7.6-nm su-
perlattice period doesn’t stand in line with the 3.8-
nm value observed in our STM images. This discrep-
ancy is easily resolved by a trivial arithmetic exami-
nation of other matches between various numbers of
substrate’s and overlayer’s unit cells. In particular, a
fairly good match is discovered for 5 or 6 𝑅30∘ sub-
strate units: 5×0.693 = 3.465 and 14×0.246 = 3.444,
or 6 × 0.693 = 4.158 and 17 × 0.246 = 4.182. This
means that although it takes the 7.623-nm lateral
distance for the atomic geometry to be repeated ex-
tremely precisely on the g-C/Ge(111) interface, it will
also be repeated to a fair extent only half-way to the
completion of the 11

√
3 period. Indeed, a detailed ex-

amination of Fig. 7, a reveals that the g-C “honey-
combs” can be found centered on the Ge substrate
atoms not only at the corners of the 11

√
3× 11

√
3−

−𝑅30∘ supercell, but also in its central part and
around the middle of its every side. Therefore, the

resulting superlattice is described by the 5.5
√
3×

×5.5
√
3 − 𝑅30∘ unit cell (solid line in Fig. 7, a) and

will have a periodicity of 3.811 nm, which is in ex-
cellent agreement with the superlattice observed by
STM in the present work and is a decisive argument
in favor of the positive graphene identification!

Although we do not resolve the graphene atomic
lattice, we deduce its periodicity from the known
lattice parameters of the substrate and the ob-
served parameters (orientation and periodicity) of
the g-C overlayer’s corrugation. Conceptually, it is
similar to solving an equation (unknown lattice)+
+ (known lattice) = (superlattice) with one unknown
constituent. The interfacial structure suggested in
Fig. 7, a is a film/substrate system with a tremendous
lattice mismatch: the primitive in-plane translation
vectors are 0.4 nm for Ge(111) and 0.246 nm for g-
C(0001). Such mismatch usually prevents the hetero-
epitaxial film growth in a layer-by-layer mode. Howe-
ver, in the case of graphene acting as a film-building
substance, such growth can be realized due to the
extreme strength of this 2D material. If the interfa-
cial strain energy is not high enough to tear the g-C
sheet apart, it will grow on the substrate retaining its
in-plane integrity.

Exploiting the analogy with various metal sub-
strates [3,9], one can assume that the strongest bond-
ing between graphene and germanium is achieved,
when the C atom is placed directly above the sub-
strate atom, while the weakest bonding is realized
when the center of the g-C hexagon is directly above
the Ge atom. Such exact binding assignment is only
a tentative assumption, which will have to be con-
firmed by ab initio calculations, but the laterally
periodic changes of the interfacial atomic geometry
should inevitably lead to corresponding variations of
the binding strength. In fact, any particular kind of
the atomic geometry assignment to the corresponding
binding strength will lead to a g-C overlayer corruga-
tion (modulation of its height), as observed in STM
and depicted qualitatively by the atomic model’s side
view on the top of Fig. 7, a. This is guaranteed by
the laterally periodic changes of interfacial geometry
due to mismatched lattices of the film and the sub-
strate. We believe that such situation is indeed ob-
served by STM at high positive sample bias voltage
in Figs. 1, b, 2, b, 3, a and 5, a.

The real interfacial structure may be actually more
complicated than depicted by Fig. 7, a, where the
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overlayer is placed on the bulk-terminated Ge(111).
The tendency of the semiconductor surfaces to re-
construct is a well-known fact, but this relates to
semiconductor/vacuum interface, while the issue of
semiconductor/2D material is yet to be clarified. The
STM images in Figs. 3, b–d, h are strongly sugges-
tive about seeing the Ge(111) substrate in the recon-
structed state under the g-C overlayer. Such sugges-
tion is based on the g-C overlayer’s transparency for
the tunneling electrons, which is so far only specu-
lative and must be confirmed by ab initio electronic
structure calculations of the g-C/Ge(111) system. In
Fig. 7, b, we consider the case of g-C placed on the
Ge(111)-2× 2, since exactly this simplest type of the
reconstruction is supposedly imaged by STM through
the transparent sections of the graphene film. Apart
from the bulk-like termination of Ge(111), its re-
constructed state includes two additional atomic lay-
ers: the layer with the so-called restatoms and back-
bond atoms and the topmost layer containing the so-
called adatoms, as exhaustively discussed in the liter-
ature [16, 19–22]. To avoid clutter, only the adatoms
are depicted in Fig. 7, b as large filled circles, the
depiction of the graphene layer is the same as in
Fig. 7, a.

On the reconstructed Ge(111)-2 × 2 surface, ada-
toms’ positions are directly above the atoms of the
bulk-terminated layer, but the periodicity of their
placement (0.8 nm) is twice that within the bulk-
like Ge(111). Therefore, in Fig. 7, b, the Ge atoms be-
low the g-C layer are placed twice as rarely than in
Fig. 7, a along any in-plane direction. This removes
the possibility to match any odd number of 𝑅30∘ sub-
strate units of Ge(111) with the graphene lattice. The
only satisfactory match with a realistic periodicity is
the 6 × 0.693 = 4.158 vs 17 × 0.246 = 4.182, which
was already discussed in the context of Fig. 7, a. This
match would produce a 6

√
3 × 6

√
3 − 𝑅30∘ super-

structure, its unit cell being marked in Fig. 7, b by a
dot-dashed line. However, its ca. 4.2-nm periodicity is
substantially higher than the experimentally observed
value, so such construction cannot describe the real
g-C/Ge(111) interface.

In the meantime, the real 2 × 2 reconstruction is
never observed in such perfect state, as drawn in
Fig. 7, b. As usual, it is highly defective (including nu-
merous adatom vacancies), lacks any long-range or-
der, and consists of small incoherent domains. The
STM images in Figs. 2 and 5 illustrate this situa-

tion rather vividely. In the ideal 2 × 2 superstruc-
ture, the adatoms cannot shift laterally from their
positions, being held in place by the available low-
energy coordination from the lower atomic layer (not
shown in Fig. 7, b). This “stability” changes if at least
one adatom is absent, i.e., when an adatom va-
cancy is present, a kind of a situation encountered
very often on the real surface. For instance, if one
of the adatoms, which is designated by the open cir-
cle in Fig. 7, b, is absent, then any of the neighboring
adatoms can occupy not only this given vacancy, but
also any of the locations at the ends of the small black
arrows. Any of such motions, in turn, will open up
further possibilities for other adatoms farther away
from the initial vacancy to move into alternative lo-
cal energetic minima sites, and so on. This scenario
results in a situation where the graphene overlayer is
supported by a stochastic mixture of small c(2 × 8),
c(2 × 4), and 2 × 2 domains similar to the bare Ge
areas in Figs. 2, b and 5.

If the substrate is indeed a mixture of domains of
the type described above, then various adatoms may
occupy positions in or not in registry with the ini-
tial “ideal” (long-range ordered) 2 × 2 superlattice,
but in any case they will always remain in registry
with the unreconstructed Ge(111) depicted in panel
7, a. The latter fact is derived from the geometry of
various reconstructed phases of Ge(111), as already
comprehensively discussed in the literature [16, 19–
22]. The actual interfacial structure can be obtained
from Fig. 7, a by a random removal of three quar-
ters of Ge atoms under the condition that the re-
maining Ge atoms are at least 0.8 nm apart. Thus,
the remaining Ge atoms will retain the registry of
the bulk-like Ge(111) plane, and the coincidence
lattice with the smallest periodicity will be again
5.5

√
3×5.5

√
3−𝑅30∘, identical to that in Fig. 7, a. Its

periodicity of 3.811 nm is 5.5
√
3 times larger than

the 0.4-nm primitive in-plane translation vector of the
bulk-like Ge(111).

Placing graphene on the domain-rich reconstructed
Ge(111) substrate with no long-range order and with
some adatom vacancies can also explain the dynamic
behavior observed in Figs. 3 and 4. As already dis-
cussed above for a single adatom vacancy in Fig. 7, b,
its presence leads to a possibility of a chain of adatom
jumps with virtually unlimited number of resulting
adatom geometries. Such jumps are not unusual on
a reconstructed Ge(111) at 300 K and were already
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reported in the literature [16, 27]. We can tentatively
suggest that such jumps can also take place under
the g-C layer, while the latter may in fact facilitate
them by lowering the energy barrier for adatoms to
move between the neighboring low-energy sites (sit-
ting on such a site, the adatom saturates the chemical
bonds with three atoms of the lower layer, so-called
back-bond atoms). We speculate that the resulting
different atomic geometries of the substrate may lead
to strong local modifications of g-C overlayer’s elec-
tronic structure manifested as the bright objects su-
perimposed on the smooth superlattice height corru-
gation, as observed in Figs. 3, 4. Needless to say, this
interpretation will have to be confirmed by ab initio
electronic structure calculations and the simulation
of corresponding STM images.

It is worth noting that the preliminary STM ob-
servations of a similar g-C/Ge(111) superlattice were
previously reported by us [26]. The STM measure-
ments performed in that work were not precisely
calibrated, which led to a conclusion about the g-
C/Ge(111)-8 × 8 superlattice. Indeed, a very good
match exists between 8 in-plane units of Ge(111) and
13 g-C(0001) units: 8 × 0.4 = 3.2 vs 13 × 0.246 =
= 3.198, if the directions of primitive translation vec-
tors of Ge(111) and g-C(0001) coincide with each
other. Such conclusion was reached on the basis of
a sole observation of the g-C/Ge(111) superlattice
without any reference to substrate’s crystalline ori-
entation. In the meantime, the precise measuring of
the periodicity by means of STM is complicated by a
number of factors. The thermal drift of a mechanical
set-up and the creep of piezoactuators in the STM
scanner produce uncontrollable motions of the probe
tip relative to the investigated sample. The calibra-
tion of the piezoactuators is subjected to changes due
to the material aging. As a result, substantial geo-
metrical distortions are introduced into the obtained
STM images, hindering the precise measurement of
distances. An additional complicating factor in the
case of the g-C/Ge(111) interface is the stochastic
nature of the configuration of brightness maxima, as
systematically revealed in the present work. This in-
troduces a further uncertainty into the determination
of the superlattice periodicity. The observations re-
ported in [26] were of preliminary approximate char-
acter, without taking all these circumstances into ac-
count. They suggested a structure with a periodicity
close to 3.2 nm, so the obvious 8:13 matching com-

bination was selected for a tentative interpretation of
the coincidence lattice.

Our present work includes a systematic study of
the g-C/Ge(111) superlattice alongside with uncov-
ered Ge(111) areas within a single STM image. This
has allowed us to exclude the thermal drift, creep,
and calibration issues, due to the immediate pres-
ence of the reference in the form of the reconstructed
domains of pure Ge(111), for which the interatomic
distances are established and well known. This al-
lowed us to reveal the orientation of the g-C/Ge(111)
superlattie relative to the atomic registry of Ge(111),
which was not available in the previous work. Thus,
our present precise observation yields such superlat-
tice parameters as the 3.8-nm periodicity with trans-
lation vectors rotated by 30∘ relative to the prim-
itive ones of Ge(111). As these parameters are es-
tablished, they strongly hint on the g-C/Ge(111)
5.5

√
3× 5.5

√
3−𝑅30∘ interfacial superstructure.

6. Conclusions

We have presented a UHV STM investigation of
the unusual long-period 2D surface superstructure
on the Ge(111) substrate, which is drastically dif-
ferent from its any known reconstructions. This su-
perstructure is a 3.8-nm periodic hexagonal lattice
of corrugation with subatomic magnitude, which is
the 5.5

√
3× 5.5

√
3−𝑅30∘ superstructure relative to

the bulk-like termination of Ge(111). Based on the
knowledge that carbon is the only contaminant on
the sample in our UHV system, we suggest that the
observed 2D superstructure is the graphene overlayer,
which is corrugated according to the lateral periodic-
ity of the coincidence lattice between the Ge(111) and
g-C(0001) atomic planes. The topmost Ge adatoms
can change their placement among a great number
of localy available equilibrium positions already at
300 K, producing drastic changes in the local elec-
tronic structure, as observed by STM in real time at
various sample bias voltages. Our model is a purely
intuitive interpretation of the available experimental
data and must be confirmed by future ab initio calcu-
lations of the equilibrium atomic geometry of the g-
C/Ge(111) interface and the corresponding electronic
structure. Further experiments are required to prove
the presence of graphene in a decisive manner by
means of Raman spectroscopy, as well as submono-
layer amounts of carbon contamination by various
electron spectroscopy techniques.
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All processing of STM data was performed using the
Gwyddion software package, which is available as an
“open source” and can be downloaded from the gwyd-
dion.net website. We are thankful to Dr. I. Lyubinets-
ky for generously providing the Ge(111) wafers.
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А.Горячко, П.В.Мельник, М.Г.Находкiн

ПРОПОЗИЦIЯ СТРУКТУРИ
ГРАФЕН/Ge(111) НА ОСНОВI ДОСЛIДЖЕННЯ
МЕТОДОМ СКАНУЮЧОЇ ТУНЕЛЬНОЇ
МIКРОСКОПIЇ У НАДВИСОКОМУ ВАКУУМI

Р е з ю м е

У роботi наведено результати експериментальних спосте-
режень методом скануючої тунельної мiкроскопiї нової по-
верхневої надструктури 5 ,5

√
3×5 ,5

√
3−R30∘ на пiдкладцi

Ge(111). Їй притаманнi яскраво вираженi ефекти локальної
густини електронних станiв, що спричиняють сильну зале-
жнiсть СТМ зображень вiд тунельної напруги, а також їхнi
динамiчнi змiни при 300 К. Запропоновано iнтерпретацiю
даної надструктури як графену, що формується у малих
субмоношарових кiлькостях шляхом пiролiзу вуглеводне-
вих складових залишкової атмосфери вакуумної камери пiд
час вiдпалу зразка Ge(111) при 900 K. Побудовано атомар-
ну модель гетероепiтаксiйного iнтерфейсу графен/Ge(111)-
5 ,5

√
3×5 ,5

√
3−R30∘, що вiдзначається реконструйованою

пiдкладкою Ge(111) без дальнього порядку пiд шаром гра-
фену, який є перiодично вигнутим по висотi внаслiдок про-
сторових варiацiй мiжатомної геометрiї надзвичайно силь-
но неузгоджених ґраток Ge(111) та графен(0001).

ISSN 2071-0186. Ukr. J. Phys. 2016. Vol. 61, No. 1 87


