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The c(2× 8) ground state reconstruction of the Ge(111) surface can be easily disrupted by the
2×2 reconstruction, since both of them are rather close to each other in terms of the surface free
energy. Both structures are comprehensively studied in the literature. However, new surface
features can be found on the borders between c(2×8) and 2×2 domains of various registries and
orientations. We report scanning tunneling microscopy observations and suggest atomic models
for the linear chains of 2×2 cells or c(2×4) cells, as well as adatom/restatom group vacancies,
including corner holes of a similar geometry, like the case of the Si(111)-7× 7 surface.
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1. Introduction

The semiconductor surface reconstruction is an out-
standing phenomenon of the thermodynamically
driven nanostructuring in the process of reaching a
minimum of the surface free energy [1]. Three prin-
ciples govern the reconstruction of clean low-index
faces of tetrahedrally coordinated elemental semicon-
ductors: 1. Surface dangling bonds are saturated by
rehybridization or conversion to non-bonding states;
2. The surface tries to lower its energy by atomic re-
laxations leading to the spectrum of surface electronic
states with a band gap; 3. The surface structure will
be of the lowest free energy kinetically accessible un-
der the given preparation conditions. The most fa-
mous example is the 7 × 7 dimer – adatom – stack-
ing fault (DAS) reconstruction of the Si(111) surface
[2, 3], which is now a de-facto standard of the surface
science in textbooks, a test sample for various exper-
imental techniques, and a well-defined substrate for
epitaxy, nanoscale film growth, or molecular arrays.
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A closely related Ge(111) surface has attracted a
far less attention, as its c(2×8) reconstruction [4,5] is
considered to be simply a trivial adatom decoration of
the bulk lacking surface dimers, stacking faults, and
corner holes. The formation of the c(2×8) superstruc-
ture takes place, when atomically clean Ge(111) is an-
nealed in an ultra-high vacuum (UHV) environment
at a temperature high enough for the essential melting
of the topmost atomic layer, followed by cooling down
to room temperature, which is slow enough for the
surface to be frozen in the lowest energy state. This
is in contrast to the surface preparation by cleaving
in UHV, when the surface atoms are deprived of mo-
bility and the Ge(111)-2× 1 reconstruction is formed
[6]. References to earlier works on the Ge(111) sur-
face structures, as well as transitions between differ-
ent phases, as the temperature varies, can be found
in the review by Duke [1].

Unlike the Si(111)-7 × 7, the Ge(111)-c(2 × 8) re-
construction can be easily disrupted by the 2× 2 su-
perstructure, which is itself also a stable atomic ar-
rangement, although not a global minimum of sys-
tem’s energy [7]. Small patches of the 2× 2 structure
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were observed, indeed, by means of scanning tunnel-
ing microscopy (STM) on the Ge(111) substrate in
the co-existence with the predominant c(2 × 8) sur-
face coverage [4, 5, 8, 9]. From purely geometric con-
siderations, it is evident that the c(2 × 8)/(2 × 2)
combination can lead to the existence of numerous
nanoscale features, which were not investigated sys-
tematically so far. Rather, the previous investigations
were focused on various point defects on the Ge(111)-
c(2 × 8) by means of scanning tunneling microscopy
(STM) [8, 9]. The STM is the most appropriate tech-
nique for the observation of atomic and nano-sized
defects on semiconductor surfaces. Thus, it was cho-
sen in the present work for the characterization of the
boundaries between various c(2×8) and 2×2 domains.

2. Experimental

Our investigation was performed in a UHV cham-
ber with a base pressure of 2× 10−10 mbar equipped
with a home-built STM [10] and Auger electron spec-
trometer. We have used standard microelectronics-
grade polished Ge(111) wafers (𝑝-type, Ga-doped,
0.3 Ω · cm). The atomically clean Ge(111) recon-
structed surface was prepared by the repeated bom-
bardment by 500-eV Ar+ at 300 K and by the anneal-
ing at 900 K. A slow cooling (for 10 min) to 300 K
was practiced after the final annealing step. The pres-
ence of any contaminations on the surface was mon-
itored by Auger electron spectroscopy (AES), while
the ion bombardment and the annealing of a sample
were continued until all contaminants were reduced
below the detection limit of AES. The STM images
were obtained at 300 K in the constant current mode
(typical tunneling current 0.3 nA). Probe tips were
made of a platinum-iridium wire (80% Pt, 20% Ir) by
means of a simple mechanical cutting, followed by the
electron bombardment in UHV with 2.5 kV voltage
applied between the tip and the cathode.

3. Ge(111)-c(2 × 8) vs Ge(111)-(2 × 2)

The sample preparation described above has yielded
a high quality Ge(111) reconstructed surface with ter-
races up to 100 nm in width and predominant cov-
erage by the c(2 × 8) domains with low defect den-
sity. A representative example of the STM images ob-
tained on such domain is presented in Fig. 1, a (empty
states) and Fig. 1, b (occupied states). Figure 1, a–b
shows the same surface area imaged at opposite tun-

Fig. 1. STM images (6.2 nm × 6.2 nm field of view) of the
atomically flat Ge(111) reconstructed surface after the stan-
dard preparation procedure. The same area amidst the c(2×8)
domain imaged in the empty states (a) (the sample bias volt-
age: +1.5 V) and the occupied state (–1.5 V) (b). Grey and
white parallelograms outline the c(2 × 8) unit cell. The same
area amidst the 2×2 domain imaged in the empty states (+2 V)
(c) and the occupied states (–2 V) (d). Grey and white rhombs
outline the 2× 2 unit cell

neling bias voltage polarities, the c(2 × 8) unit cell
is outlined by grey and white parallelograms. Their
short and long sides have 0.8 nm and 3.2 nm length,
correspondingly, which are equal to 2 and 8 in-plane
unit lengths (0.4 nm) of the bulk-like terminated
Ge(111). The difference between the images of empty
and occupied states stems from the specific spatial
distribution of the electronic density of states (will
be discussed shortly). Figure 1, a–b is fully consistent
with STM images of the Ge(111)-c(2× 8) reported in
the literature by other authors [4, 5, 8, 9, 11, 12], as
well as with the earlier results of low energy electron
diffraction (LEED) [13].

A minority of locations on the surface of our sam-
ples displayed patches of the 2 × 2 superstructure,
as exemplified by Fig. 1, c–d. Here, the same area
inside the 2 × 2 domain is imaged both in empty
(c, +2 V) and occupied (d, –2 V) states, the 2 × 2
unit cell is outlined by grey and white rhombs on
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Fig. 2. Top views of ball-and-stick atomic models of the
Ge(111) reconstructions: c(2 × 8) (a), and 2 × 2 (b). The size
of an atom represents (but not proportional to) how close it
is to the reader. Small black dots correspond to the 2nd layer
atoms. The first (basic surface) layer consists of the so-called
“backbond atoms” (small empty circles) and “restatoms” (small
black filled circles). The surface is decorated by the so-called
“adatoms”, which are depicted by large black filled circles. The
c(2× 8) and 2× 2 unit cells are outlined by a black line. Small
black arrows are in-plane unit vectors of the bulk-like (non-
reconstructed) Ge(111) crystallographic plane

both STM images. Their sides of 0.8 nm are twice as
long as the 0.4-nm in-plane periodicity of the bulk-
like non-reconstructed Ge(111). The different appear-
ances of the 2× 2 superstructure in empty and occu-
pied states is similar to the basic Ge(111)-c(2 × 8)
case. Our STM images are in qualitative agreement
with the theoretically predicted STM images of the
Ge(111)-2 × 2 [14]. We also observe the absence of a
long-range order in Fig. 1, c–d manifesting itself in a
small size of the 2 × 2 domains, typically in the sub
10 nm range.

No sample was observed in our experiments com-
pletely without the 2× 2 domains. Thus, we consider

the later as an intrinsic feature of the Ge(111) sur-
face. We speculate that unavoidable irregularities of
the surface crystalline structure, which are caused by
steps, bulk defects, etc. can be responsible for tipping
the energy balance in favor of the 2 × 2 superstruc-
ture in certain locations. Due to a small partial area
and the incoherent placement of 2 × 2 domains on
the regular Ge(111) sample, it is hard to expect the
detection of this phase by means of the LEED tech-
nique. However, the LEED observation of the 2×2 do-
mains was reported on the strongly miscut Ge(111),
where an immediate vicinity of steps stabilized the
2 × 2 instead of the c(2 × 8) on extremely small ter-
races over sample’s surface [15].

The widely accepted atomic models of the Ge(111)-
c(2 × 8) and Ge(111)-2 × 2 are sketched in Fig. 2, a
and b, correspondingly [4, 5, 7–9, 11, 12, 16]. They dif-
fer in the pattern of decoration of the bulk-like (non-
reconstructed) Ge(111) surface by Ge “adatoms”, pro-
vided the quantity of the latter being not enough to
complete the next atomic layer. The rationale for the
positioning of adatoms is reducing the number of dan-
gling bonds on the reconstructed surface, which, in its
turn, minimizes the free energy of the system. Each
adatom saturates three dangling bonds of the surface
atoms by forming chemical bonds with them. This
yields one dangling bond (on the adatom itself) in-
stead of three, and the corresponding three surface
atoms are, thus, called “backbond atoms”. Not all sur-
face atoms can saturate their dangling bonds by the
arrangement of neither adatoms of c(2 × 8) nor that
of 2 × 2. The atoms of the first surface atomic layer
with the remaining dangling bonds are designated as
“restatoms”.

The restatoms differ from adatoms by the local
density of electronic states, resulting in the substan-
tially different appearance of the surface on the STM
images of empty and occupied states (see Fig. 1, a,
c vs. b, d). Namely, only adatoms are visible in the
images of empty states, while both adatoms and re-
statoms contribute to the formation of the image of
occupied states. This is a result of the electron trans-
fer from adatoms’ dangling bonds to restatoms’ dan-
gling bonds, leading to the formation of filled and
empty surface state bands with the predominant lo-
calization on restatoms and adatoms, correspond-
ingly. In terms of the hybridization of orbitals, the
dangling bonds on restatoms and adatoms become
more like 𝑠- and 𝑝-type, correspondingly, whereas, in
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Fig. 3. STM images of the Ge(111)-c(2 × 8) terrace with several localized defects and a linear defect in the form of a row of
2 × 2 cells in empty and occupied states. All images are 25 nm × 25 nm in size and show the same area on the sample except
for some shifts due to the thermal drift. Sample bias voltages are: +2.5 V (a); +1.5 V (b); +0.8 V (c); −2.5 V (d); −1.5 V (e);
−0.8 V (f). Tunneling current: 0.3 nA. In every panel, the two points on the perimeter of the image, which define the line of
2× 2 cells, are designated by black arrows

the bulk of a germanium crystal, each atom has four
identical 𝑠𝑝3-type orbitals [1].

4. 1D Chains of 2 × 2 Cells

Small 2×2 domains, whose typical example is given in
Fig. 1, c–d, are not the only possibility to disrupt the
ideal Ge(111)-c(2×8) superstructure. An early X-ray
diffraction study by Feidenhans’l et al. [17] led to the
conclusion about the fault in the form of rows of 2×2
unit cells. Our carefull observation in the real space
has revealed such linear chains of 2 × 2 cells amidst
an atomically flat terrace with low number of de-
fects. The STM images of such a terrace obtained at
different bias voltages are presented in Fig. 3. Here,
the two points, which define the line of the fault, are
marked by black arrows on the periphery of the image
in every panel.

In the images of empty states (Fig. 3, a–c), only
adatoms are imaged, and the fault manifests itself
as a row of extra adatoms running in the [11̄0] di-

rection or, alternatively, as a straight line of 2 × 2
supercells sandwiched between two extended c(2× 8)
domains. Both adatoms and restatoms contribute to
the image formation in occupied states, however, to
different degrees depending on the bias magnitude,
which is further complicated by inequivalences in-
side the populations of adatoms and restatoms (there
are non-equivalent adatoms and non-equivalent re-
statoms within the c(2 × 8) unit cell due to non-
equivalent geometries of their atomic surroundings)
(Fig. 3, d–f). The general feature of these images of
occupied states is a clear visibility of the structural
fault in the form of a linear stripe of lowered bright-
ness against the regular c(2 × 8) background. This
means that such 2 × 2 row is characterized by the
density of occupied electronic states lower than that
for the surrounding, which can be dubbed as “quan-
tum antiwire”.

The atomic model of a linear 2 × 2 chain is pre-
sented in Fig. 4, a, where all 2×2 cells are delineated
with a dashed line. It is important to realize that the
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Fig. 4. Top views of the ball-and-stick atomic models of the
Ge(111)-c(2 × 8) terrace with linear defects. The notation of
Ge atoms is identical to that in Fig. 2. Adatoms belonging to
the out-of-registry row are dash-encircled. Row of 2 × 2 su-
percells is designated by a dashed line, d is the shift between
the c(2 × 8) registries on the left and on the right to the row;
2×2 and c(2×4) supercells outlined by dashed and solid lines,
correspondingly (a–b)

c(2 × 8) domains to the left and to the right from
the chain are not in registry with each other, 𝑑 be-
ing the off-registry shift parallel to the longer side of
the unit cell. In our model, all adatoms and restatoms
are of the same height, which is a simplification based
on the image of empty states (Fig. 3, a). Contrary to
this, the images of occupied states (Fig. 3, d–f) would
suggest a lower height of adatoms and restatoms as-
sociated with the chain. It is important to stress that
no conclusion can be reached on the basis of STM im-
ages alone, which are essentially a convolution of the
topography and the electronic structure. As a further
complication, the charge transfer from adatoms to re-
statoms in the region fo the linear chain is, obviously,

of a lower magnitude than it is on the continuous
c(2 × 8) or 2 × 2 areas. In general, establishing the
exact atomic coordinates and electron wavefunctions
within the models of Fig. 4 will require ab initio cal-
culations of the optimized structural geometry and
the electronic structure.

The formation of such linear 2 × 2 chain can be
a model process of two-dimensional (2D) poly-crys-
talline growth. Namely, two translationally incoher-
ent domains join their borders, as they grow in size
during the final preparation stage of our sample. At
900 K, all adatoms may be considered mobile and are
diffusing around on the top of the unreconstructed
solid bulk. When the sample is slowly cooled down
to 300 K, the adatoms lose their mobility and freeze
in certain positions, by trying to saturate the dan-
gling bonds of the substrate. Thus, a 2D crystal of
adatoms is formed within the topmost layer of the
c(2×8) reconstruction. Since adatoms’ density is only
one fourth of that on the bulk-like Ge(111) face, there
are many equally suitable alternative positions, where
such 2D crystal may start to nucleate. If it starts
simultaneously on the opposite terrace boundaries,
the nucleation sites may not be in accord with each
other. Later on, when the crystallization proceeds
into the middle of the terrace, there would be 2 × 2
chains from the left and from the right. When these
two already crystallized regions meet each other, the
area in between is smaller in width (marked as 𝑑 in
Fig. 4, a) than a single c(2×8) supercell. However, it
is just right for the adatoms to be crystallized in the
local 2× 2 arrangement.

A related linear fault can be obtained on the ide-
ally ordered Ge(111)-c(2 × 8) terrace by shifting an
existing row of adatoms along the [11̄0] direction
by a single in-plane unit length of unreconstructed
Ge(111). This is illustrated in Fig. 4, b, where the
shifted adatoms are encircled by a dashed line. This
shifting results in the splitting of every c(2×8) super-
cell, in which adatoms have been moved, into a pair
of 2×2 cells (designated by a dashed line) and a single
c(2 × 4) cell (designated by a solid line). In contrast
to the case of Fig. 4, a, the c(2×8) domains to the left
and to the right from this linear fault are naturally
in registry with each other. The concerted shifting of
the entire adatom row within the whole terrace is
improbable, as it will require too much energy sup-
plied to adatoms in a correlated manner. However,
the adatoms can shift one by one, provided there is
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Fig. 5. STM images of the Ge(111)-c(2× 8) terrace with adatoms shifted to different positions. All images are 25 nm × 25 nm
in size and show the same area on the sample except for some shifts due to the thermal drift. The alphabetic ordering of images
does not reflect the actual sequence, in which they were obtained. Sample bias voltages are: +1.5 V (a); +1.5 V (b); +1.7 V (c);
+2.0 V (d); +1.8 V (e); +1.8 V (f). Tunneling current: 0.3 nA. In every panel, the location of the adatom vacancy involved in
the row shifting is designated by a black arrow. In panel f, the black line designates the c(2× 4) domain

an appropriate vacancy for the shift of at least one of
them. This is illustrated in the consecutive panels of
Fig. 5, where a c(2 × 8) terrace with a large adatom
vacancy cluster is depicted.

Before discussing Fig. 5, it is worth to note that the
STM images in its panels were not obtained in the
alphabetic sequence a–f). Instead, they were hand-
picked from a wider variety of STM images obtained
in the course of time on the same surface area (ex-
cept some thermal drifting) in order to reflect differ-
ent stages of the process of diffusion of adatoms. This
observation is fully in line with the previous report
[18], where the adatom hoping on Ge(111)-c(2 × 8)
was observed by STM at room temperature on the
time scales of dozens of seconds. The activation en-
ergy was not derived in the study mentioned above,
and the experiment was conducted in a manner simi-
lar to Fig. 5. Namely, the STM image was repeteadly
obtained on the same surface area. Therefore, we can-
not exclude that the activation energy is actually

too high for the adatom diffusion at room temper-
ature. However, it can still take place due to the in-
teraction with the STM probe tip.

In Fig. 5, a, a vacancy, into which an adatom
from the c(2 × 8) domain can diffuse, is marked by
a black arrow in the central part of the image. In
Fig. 5, b, this site is already filled by the neighbor-
ing adatom, and the vacancy itself is shifted to the
left by two unreconstructed in-plane units. This pro-
cess advances further also in panels c through f, while
the black arrow marks the actual position of the va-
cancy in every image. In Fig. 5, f, the vacancy is eight
“jumps” away from its initial position in Fig. 5, a,
and the c(2 × 4) domain is outlined in black. Under
the given experimental conditions, the adatoms can
diffuse both to the right and to the left. Thus, the
resulting (2 × 2)/(2 × 2)/c(2 × 4) linear fault can be
of arbitrary length (naturally within the boundaries
of the given terrace). This is an important difference
to the 2×2 fault in Fig. 3, whose length being always
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Fig. 6. STM images of the Ge(111) reconstructed surface with
high numbers of domains and defects. 25 nm × 25 nm, sam-
ple bias voltage: +1.5 V, tunneling current: 0.3 nA (a); The
black and white dashed line encompasses a symmetric corner
hole, while black arrows point at non-symmetrical corner holes.
12.5 nm × 16.6 nm, –2.5 V, 0.3 nA (b); 12.5 nm × 16.6 nm,
+2.5 V, 0.3 nA (c). Images b–c show the same surface area
in occupied and empty states, correspondingly, black arrows
point at various corner holes, which are present in both images

fixed by the points of its intersection with either ter-
race’s or domain’s boundaries.

5. Ge(111)-2 × 2 and Corner Holes

The deviations from the ideal Ge(111)-c(2 × 8) re-
construction discussed above were based on the lin-
ear (one dimensional, 1D) ordering of 2 × 2 su-
percells. New surface features can also arise on the
boundaries of 2D 2× 2 domains, which are generally
rather small in their lateral size. This is vividly illus-
trated by STM images in Fig. 6, where a number of
2 × 2 domains is concentrated on a small area. Such
areas could always have been found on the samples
along with highly ordered c(2 × 8) areas. One of the
possibilities for their mutual arrangement is the sym-
metric placement of six domains around a certain
point. In Fig. 6, a, such arrangement is encircled by
a black/white dashed line on the right side of the
image. No adatom is visible in the central symmetry

point, and it is encircled by six adatoms belonging
to six participating 2× 2 domains. This object looks
very similar to the corner hole of the Si(111)-7 × 7
reconstruction. However, in the latter case, this is a
regular periodic feature of the surface structure, while
it is essentialy a defect in the present situation. Here,
we deal with a rather peculiar case where the defect
has a high symmetry (six-fold rotation), which is ab-
sent on the regular surface.

The specificity of the corner holes of the Si(111)-
7 × 7 reconstruction is the absence of both adatoms
and restatoms inside of them. Confirming this fact
for such holes on Ge(111) requires the STM imaging
both in empty and occupied states. Thus, we have
obtained two STM images at sample bias voltages
equal to –2.5 V (Fig. 6, b) and +2.5 V (Fig. 6, c)
on the area containing the holes of various geome-
tries. Comparing Fig. 6, b and c, one can notice that
not every hole in the image of empty states looks
like a hole in the image of occupied states. The holes,
which are visible in both images, are marked by black
arrows, including a symmetric one with 6 adatoms in
the upper right corner of the captured area. The ab-
solute value of bias voltage in Fig. 6, b–c (near the
highest value, at which a stable imaging was possi-
ble for the given sample and probe tip) ensures that
the wide enough range of electronic states around the
Fermi level of the sample is involved in the image
formation. Thus, there are no adatoms, restatoms, or
any other atoms at similar heights within the holes
marked by black arrows in Fig. 6, b–c.

The experimental data presented above are the ba-
sis for the atomic model of an ideal symmetric corner
hole (a direct counterpart of the Si(111)-7 × 7 cor-
ner hole) on the Ge(111) surface, which is depicted in
Fig. 7. The model is derived from the 2×2 superstruc-
ture, which was shown in Fig. 2, b. In Fig. 7, there are
a total of six 2×2 domains (identified by the adatoms
numbering), their registry being derived from the po-
sitions of adatoms around the ideal corner hole des-
ignated by a black and white dashed line in Fig. 6,
a. All domains are drawn to be of the same size, but,
in reality, they can also be smaller or larger than de-
picted ones. In other words, the 2× 2 superstructure
can be translated closer or farther away from hole’s
center individually in each domain. In the minimal
case, at least one adatom (nearest to the center en-
circled by the fine dashed line) should remain present
from each domain. These six nearest adatoms form
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a ring, which encircles the corner hole, and inside
of which the restatoms are removed. Such removal
impacts also those backbond atoms, which would
have to be converted to restatoms, in the absence of
adatoms). This removal leaves the only second layer
atom (small black dot) at the center of the hole.

The structure suggested in Fig. 7 is substantially
different from the established model of the corner hole
on Si(111). The later has a threefold rotation symme-
try due to the existence of a stacking fault, which is
lower than the sixfold rotation in Fig. 7. Moreover,
the suggested corner hole on Ge(111) is one layer shal-
lower than in the case of Si(111): the central atom is
only by three (instead of four on Si(111)-7× 7) layers
deeper than the adatoms. This difference is caused
by the presence of the additional atomic layer with
dimers between the faulted and unfaulted halves of
the 7 × 7 unit cell. However, we do not claim that
Fig. 7 presents a finally established model. Rather
this is only the first tentative model based on a sim-
ple principle of removing both adatoms and restatoms
inside the hole.

6. Adatom/Restatom
Group Vacancies on Ge(111)

The STM data presented above indicate that the in-
ventory of the reconstructed Ge(111) surface includes
a variety of objects, which are similar in their na-
ture to corner holes of Si(111)-7 × 7. The ideal cor-
ner hole, which looks identical to the Si(111)-7 × 7
corner hole in STM images is only one kind belong-
ing to this type of objects. Other types are typically
larger in the area encircled by more than 6 adatoms
and of a less symmetric geometry arising at the junc-
tion points of not exclusively 2× 2, but possibly also
c(2 × 8) and/or c(2 × 4) domains. In Fig. 6, a, there
are a number of such related features (some of them
are designated by arrows), which produce a visual
impression of holes in the uniform adatoms layer. In
Fig. 7, the ideal corner hole of the highest symmetry
is depicted, while atomic models of other holes can
be constructed in a straightforward manner (they are
not shown due to the extremely wide variety, which
would hit the space limitation of a single paper). Ac-
tually, the best way of naming all of them is to use the
term “adatom/restatom group vacancy”. This means
a limited area on the sample, where any atoms be-
longing to the layers of adatoms and restatoms have

Fig. 7. Top view of the ball-and-stick model of the symmetric
corner hole at the juncture of six 2×2 domains on Ge(111). The
Ge atoms notation is identical to that in Fig. 2. Adatoms are
numbered according to the 2×2 domain, which they belong to

been removed and one or two deeper atomic layers are
exposed to vacuum. The latter pricnciple is simulta-
neously a recipe for constructing the atomic model
of every particular type of adatom/restatom group
vacancy.

Similar to the Si(111)-7×7 corner holes, the atomic
geometry of the adatom/restatom group vacancies
prevents the deeper layer atoms inside of them from
being imaged in STM due to the aspect ratio issues
of the typical probe tips. In Si(111)-7 × 7 investiga-
tions, a special probe tip modified by the presence
of a Bi atom on the apex was required to image a
deep Si atom at the center of the corner hole and to
study its chemical reactivity toward atomic hydrogen
[19]. Thus, it will be extremely interesting to employ
such modififed probe tips in future STM investiga-
tions of various adatom/restatom group vacancies on
Ge(111). Despite some difficulty for the STM investi-
gation, the specific atomic geometry discussed above
gives rise to a new type of nanostructured Ge(111)
surface with the lateral distance between the neigh-
boring group vacancies to be in the range of several
nm, as demonstrated in Fig. 6.

With c(2× 8) being dominant on the Ge(111) sur-
face, a question arises: where can 2 × 2 domains
and adatom/restatom vacancy groups be found on
the sample? A natural place to look for such objects
are domain boundaries such as the steps between

ISSN 2071-0186. Ukr. J. Phys. 2015. Vol. 60, No. 11 1139



A. Goriachko, P.V. Melnik, M.G. Nakhodkin

Fig. 8. STM images of the area on the Ge(111) sample, where two differently oriented c(2 × 8) domains meet each other. All
images are 25 nm × 25 nm in size and show the same area on the sample except for some shifts due to the thermal drift. Sample
bias voltages are: +1.0 V (a); +1.5 V (b); +2.5 V (c); −1.0 V (d); −1.5 V (e); −2.5 V (f). Tunneling current: 0.3 nA. In every
panel, the location of the same three adatom/restatom vacancy groups is encircled in white

neighboring terraces or borders between differently
oriented c(2 × 8) domains within a single terrace,
as Fig. 8 demonstrates. Here, the same surface area
(with two c(2×8) domains “propagating” from upper
left and lower right corners) is imaged in panels a–
f) at different sample bias voltages. The two domains
do not join each other along some well-defined line.
Instead, a region of disorder appears along the di-
agonal of the imaged area, where adatom/restatom
group vacancies are naturally present (three same
group vacancies are encircled in every panel as a guide
for an eye).

The differences in panels 8 a–f originate from the
specific distribution of the local density of states on
adatoms and restatoms. In empty states (panels a–
c), there are only adatoms visible in the STM im-
age, and they are all of equal brightness on the non-
defect c(2× 8) areas. In occupied states (panels d–f),
both adatoms and restatoms contribute to the im-
age formation. In the regular c(2 × 8) areas, they
are roughly of the equal brightness for a high neg-

ative bias voltage (–2.5 V, panel f), while the image
contrast is dominated by the asymmetry between re-
statoms within the c(2×8) unit cell at a low negative
bias voltage (–1 V, panel d). In all panels of Fig. 8,
the visible adatoms and restatoms within the defect
area are of different brightnesses than on the regular
c(2× 8) areas. Furthermore, this difference is a func-
tion of the bias voltage. This means that a compli-
cated redistribution of the local density of electronic
states as a function of the energy takes place among
the adatoms and restatoms in the partially disordered
area in Fig. 8.

Different panels of Fig. 8 also demonstrate how the
appearance of the adatom/restatom group vacancy in
the STM image changes as the sample bias voltage is
altered. While the shape of some group vacancy is the
same for all three empty states images (Fig. 8, a–c)
due to the invisibility of restatoms, it changes sub-
stantially in the images of occupied states (Fig. 8, c–
d), when the restatoms become visible, each of them
contributing differently to the tunneling current de-
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pending on the energy range of electronic states in-
volved in the process. Thus, the actual “hole” (as an
object of a similar nature as the Si(111)-7 × 7 cor-
ner hole) can be rather small, actually of the smallest
size selected from all images obtained at different volt-
ages. However, this may not be applied to the images
taken at low bias voltages, in particular, in Fig. 8,
d, where the contrast due to the local density of elec-
tronic states between different groups of adatoms and
restatoms is so strong, that it overshadows the topo-
graphic contrast, rendering the group vacancy almost
invisible.

7. Discussion

It is worth mentioning that various types of ada-
tom/restatom group vacancies (including ideal sym-
metric corner holes) were observed in our previ-
ous investigations on the Ge(111) surface with sub-
monolayer bismuth coverage (see Fig. 4 in [20] and
Figs. 5 and 6 in [21]). The presence of a Bi adsorbate
(coverage between 0.05 and 0.25 monolayer) caused
a substantial disorder of the uncovered substrate ar-
eas, becoming reach on small-size 2×2 domains, thus
leading to the presence of group vacancies.

It seems reasonable that other impurities in mod-
erate quantities (leaving enough the bare germanium
substrate for observations) can also lead to the ap-
pearance of adatom/restatom group vacancies and
ideal symmetrical corner holes. We speculate that
other factors disturbing the surface structure (e.g.,
ion or electron bombardment) may also lead to such
kind of nanostructuring of Ge(111). It is important,
however, that any such influence is followed by the
annealing, thus giving the surface a possibility to
reconstruct back after a partial disordering, for in-
stance, the 450 K annealing in the case of Bi adsor-
bates [20, 21]. The thermal dose should be just right
to give the enough mobility to the Ge atoms in the
surface layer to form a lot of small patches of the
2×2 reconstruction or/and small misoriented c(2×8)
domains, but not enough to allow the return to the
global surface free energy minimum with terrace size
c(2× 8) domains.

A special case is the strain-driven nanostructured
Ge(111), which was practically realized by growing
a Ge film on the top of the Si(111)-7 × 7 substrate
[22]. The strained germanium film develops a surface
with 5× 5 and 7× 7 dimer – adatom – stacking fault

reconstruction (thus, with a regular array of ideally
symmetric corner holes), as well as a rich variety of
small 2×2, c(2×4) and c(2×8) domains. Therefore,
one might also expect to observe such structures on
a single crystal Ge(111), if the experimental difficul-
ties of preparing the sample under an externally in-
troduced mechanical stress in ultra-high vacuum are
overcome.

The future experiments may exploit the Ge(111)-
c(2×8) reconstructed surface with linear 2×2 chains
and dimer/adatom group vacancies as a chemically
homogeneous template for creating the one- or two-
dimensional arrays of adsorbed species. A distinct
electronic structure of a 2× 2 chain, which manifests
itself in Fig. 3, can act as a selective adsorption site
for certain atomic or molecular species, thus arrang-
ing the adsorbates according to the linear geometry
of the chain. In its turn, the dimer/adatom group va-
cancies, if produced with significant surface density,
can host molecules or atomic clusters of an appropri-
ate size, by creating a surface array of such molecular
clusters.

Apart from group vacancies and linear chains, other
defects found on the STM images presented above in-
clude the domain boundaries and the joint points of
various 2×2, c(2×4) and c(2×8) domains. These de-
fects can also possess some specific adsorption prop-
erties and can be targeted in future studies of atomic
and molecular adsorptions. Due to the typical sizes
of such defects in the nm range, the adsorbates with
preferrential adsorption on the top of them will form
various nano-sized aggregates, which can enhance the
nanostructuring of Ge(111).

Another direction of future researches may focus
on the adatom vacancy diffusion and the (2×2)/(2×
2)/c(2× 4) chain of fluctuating length. Here, a tech-
nique similar to the atom-tracking STM developed
by Swartzentruber [21] may be helpful. However,
this will require a modification of the tracking tech-
nique, which was originally designed to follow a sin-
gle atom adsorbed on the top of an atomically flat
terrace. There seems no principal obstacle to convert
it in a way where a vacancy (a pit instead of a hill
amidst a plane) will be targeted.

8. Conclusions

We have presented the STM observations (including
the voltage-dependent imaging) of both 1- and 2-
dimensional nanostructuring of the atomically clean
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single crystal Ge(111)-c(2× 8) substrate prepared by
the high-temperature (900 K) annealing under UHV
conditions. The most spectacular features arise due to
locally stabilized patches of 2× 2 reconstruction and
include 1D “antiwires” of 2 × 2 unit cells and corner
holes at the joining points of six 2× 2 domains. The
atomic models of these objects are empirically derived
from the STM images obtained at various bias volt-
ages and will have to be confirmed by ab initio struc-
tural calculations in future studies. In addition, the
ideal symmetric corner holes are further generalized
to a wider class of adatom/restatom group vacancies,
which are characterized with STM in a comprehensive
manner.

All STM data processing was performed using the
Gwyddion software package, which is available as
“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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ДОСЛIДЖЕННЯ НОВИХ
ОСОБЛИВОСТЕЙ ПОВЕРХНI Ge(111)
ЗI СПIВIСНУЮЧИМИ РЕКОНСТРУКЦIЯМИ
с(2× 8) ТА 2× 2 МЕТОДОМ СКАНУВАЛЬНОЇ
ТУНЕЛЬНОЇ МIКРОСКОПIЇ

Р е з ю м е

Реконструйована поверхня Ge(111) може легко переходити
з основного стану iз суперкомiркою с(2×8) у збурений стан
2×2 внаслiдок близькостi їхнiх значень поверхневої вiльної
енергiї. Цi двi реконструкцiї поверхнi германiю є достатньо
вичерпно вивченими в попереднiх роботах, проте новi стру-
ктурнi особливостi можуть бути знайденi на границях мiж
доменами с(2 × 8) та 2 × 2 iз рiзноманiтними орiєнтацiями
та латеральними зсувами. Наведено результати дослiджень
методом сканувальної тунельної мiкроскопiї та запропоно-
вано атомнi моделi лiнiйних ланцюжкiв комiрок 2 × 2 або
с(2× 4), а також адатомно-рестатомних групових вакансiй,
включаючи кутовi ями iз аналогiчною геометрiєю як у ви-
падку поверхнi Si(111)-7× 7.

1142 ISSN 2071-0186. Ukr. J. Phys. 2015. Vol. 60, No. 11


