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BISMUTH GROWTH ON Ge(111):
EVOLUTION OF MORPHOLOGICAL CHANGES
FROM NANOCRYSTALS TO FILMS

PACS 68.55.-a, 81.15.Aa,
68.37.Ef

The growth of ultra-thin bismuth films up to 15 atomic layers on the atomically clean Ge(111)-
c(2× 8) substrate at 300 K is investigated before and after the annealing at 450 K by means of
ultra-high vacuum scanning tunneling microscopy. The whole range of morphologies is observed
for the Bi adsorbate such as individual atoms, two-dimensional nanoislands, three-dimensional
nanocrystals and microcrystals, as well as an atomically flat film. The 3D nanostructuring is
achieved through the Vollmer–Weber growth mode up to 10 atomic layers, followed by film’s
flattening from 10 to 15 atomic layers. Annealed submonolayer films display individual Bi
atoms incorporated into the uppermost atomic layer of Ge(111), as well as two-dimensional
nanoislands of the first layer (2D nanostructuring). Thicker films display the coarsening after
the annealing, compared to the as-deposited specimen, containing a diversity from nano- to
microcrystals of bismuth.
K e yw o r d s: bismuth, germanium, thin film growth, scanning tunneling microscopy.

1. Introduction

The surfaces of bismuth (Bi) are attracting attenti-
on of the research community due to their electronic
properties, being remarkably different from those of
the bulk of this material [1]. Interesting spin-depen-
dent physics (Rashba effect) was discovered both on
the surface of bulk Bi crystals [2, 3] and single mono-
layer (1 ML) Bi films on Si(111) [4] and Ge(111)
[5], while a sub-surface spin polarization reaching
into the semiconductor substrate is also present in
the latter case [6]. Moreover, the ultrathin Bi films
have an advantage of the tunable (metallic or semi-
conducting) electronic properties, if their thickness
is varied around the value of 1 ML [7]. Potentially,
this allows one to use this substrate as a model sys-
tem for the study of adsorbate properties, e.g., tun-
ing the electronic and magnetic properties of molec-
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ular layers via the intermixing of HOMO/LUMO
with unoccupied/occupied electronic states of the
substrate or the investigation of the surface trans-
effect [8, 9].

In terms of the exciting physical properties out-
lined above, the nanostructural aspect of ultrathin
Bi films becomes increasingly important for perspec-
tive applications in nanoelectronics. To our knowl-
edge, there is no comprehensive microscopy study
of the nanostructuring in the Bi/Ge(111) system re-
ported in the literature, in contrast to closely re-
lated systems: Bi/Si(111) [10–12], Bi/Si(001) [13–
16], and Bi/Ge(001) [17]. In the previous work, we
have investigated Bi on Ge(111) in the range from
0.05 to 1.5 ML [7]. A consensus appears to be ex-
isting about the equilibrium structure of 1 ML Bi
on Ge(111) [7, 18, 19]. However, only the fragmen-
tary results on the growth of more than 1.5 ML of
Bi on Ge(111) obtained with real space techniques
exist in the literature [20]. In the latter work, one
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can find the contradictory claims concerning the in-
corporation of Bi atoms into the uppermost layer of
Ge atoms.

The goal of the present work was to investigate
the film growth in the Bi/Ge(111) system up to 15
ML at 300 K in a systematic manner by means of
scanning tunneling microscopy (STM) and to find the
growth regimes leading to the effective nanostructur-
ing of a film. Another goal was a systematic study of
the 450-K annealing effects on the as-deposited films,
in particular, changes in films’ nanostructuring and
the incorporation of Bi atoms into the Ge substrate.

2. Experimental Part

The films were grown and investigated in an ultra-
high vacuum (UHV) chamber with a base pressure
of 2× 10−10 mbar, equipped with a home-built STM
[21] and Auger electron spectrometer. The atomically
clean Ge(111)-c(2×8) reconstructed surface was pre-
pared by repeated cycles of the 500-eV Ar+ bombard-
ment at 300K and the annealing at 900 K. Bismuth
was evaporated (typical rate ∼1 ML/min) onto the
substrate from a tungsten loop, which was heated
directly by the electric current, and its quantity
monitored by a quartz microbalance. 1 ML is de-
fined as the density of atoms on the bulk termi-
nated Ge(111) surface (7.22× 1014 atoms/cm2). The
amount of adsorbed bismuth and the cleanness of
the surface was monitored by Auger electron spectro-
scopy (AES).

STM images were obtained in the constant current
mode (typical tunneling current of 0.3 nA). Probe
tips were made of a platinum-iridium wire (80%
Pt, 20% Ir) by means of the simple mechanical
cutting, followed by the electron bombardment in
UHV with 2.5-kV voltage applied between the tip
and the cathode. In several cases, we have used
atomic force microscopy (AFM) in order to inves-
tigate the morphology of annealed films on the
micrometer scale ex-situ. The AFM investigations
were performed in the non-contact mode on the
NT-MDT SMENA system under ambient condi-
tions. It was equipped with silicon cantilevers char-
acterized by resonant frequencies in the range be-
tween 100 kHz and 200 kHz, terminated by tips with
apex of the curvature radius equal to 10 nm. All STM
and AFM images were obtained at room tempera-
ture (RT).

3. Morphology and Structure
of as-Grown Bi Films on Ge(111)-c(2 × 8)

We present the STM investigations of the morphol-
ogy of Bi films as a function of the Bi coverage (𝜃Bi)
deposited onto the atomically clean Ge(111)-c(2× 8)
substrate, which was kept at RT, ∼300 K. For the
easier comparison, all STM images in Figs. 1–2 are
plotted on identical grey scales, where brighter re-
gions are higher, and darker regions are lower, the full
span from black to white corresponds to the 2.7 nm
height difference. In a similar manner, all height-dis-
tance cross-sections, found in the right-most column
of Figs. 1–2, are plotted on identical scales both
in horizontal and vertical directions. However, only
the height differences can be compared, since these
cross-sections do not share any common reference
point. Figure 1 demonstrates the first growth stage,
namely the transition from the atomically clean sub-
strate to a highly nanostructured Bi film. Figure 1, a
shows the typical state of atomically clean Ge(111)-
c(2 × 8) prior to any bismuth deposition. In this
state, the surface consists of atomically flat terraces
separated by single monoatomic steps, whose height
agrees well with the known ∼0.33 nm separation be-
tween neighboring bilayers along the [111] direction
in the Ge bulk. Atomic resolution images of smaller
areas amidst the terraces have shown a high qual-
ity c(2 × 8) reconstruction (e.g., the inset in the
lower left corner of Fig. 11, a), which is the ground
state of the Ge(111) surface, as known in the litera-
ture [22–25].

The initial stages of the Bi film growth were tho-
roughly investigated in our previous work [7]. These
growth stages correspond to Fig. 1, b–d with a homo-
geneous coverage of Ge terraces by 𝜃Bi = 0.25ML
(Fig. 1, b), 0.62 ML (Fig. 1, c), and 1.25 ML (Fig. 1, d).
In this way, a wetting layer of bismuth is formed on
the germanium substrate. At 𝜃Bi = 2ML, the three-
dimensional (3D) islands up to 1 nm in height can be
clearly seen in Fig. 1, e above the wetting layer bac-
ground. At this point, it may seem that the growth
mode of the Bi film is Stranski–Krastanov, but this
is due to the lack of a detalization within the large-
scale STM images. Later on, we will demonstrate that
such conclusion is not correct in a very strict sense. In
Fig. 1, f, the film has grown further to 𝜃Bi = 3.25ML,
and the former 3D nuclei have developed into well-
pronounced nanocrystals of the predominantly rec-
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Fig. 1. Growth stage I: From the atomically flat Ge(111)-c(2 × 8) substrate to a nanocrystalline Bi film. All STM images are
125 nm × 125 nm, specimen bias voltages are: a) +1 V; b) +2.5 V; c) −2 V; d) −2 V; e) +1 V; f) +2 V. The full grey-scale range
corresponds to the 2.7 nm height difference between black and white. The right-most column contains cross-sections, which were
obtained as height vs distance curves along white dashed lines within corresponding images. Every cross-section is labeled by
the same letter as the image, in which it was taken, and by the deposited amount of Bi (in monolayers). Different cross-sections
do not share any common height reference point, only the height differences can be compared. The inset in (a) is the atomic
resolution image, showing a representative 6 nm × 6 nm area on the top of the atomically flat terrace, with the c(2× 8) unit cell
outlined in grey. See the text for the discussion

tangular shape (maximum lateral size of the order
of 10 nm).

For the given coverage, the Bi nanocrystals are still
distinct entities on the top of the wetting layer. The
texture of the wetting layer is similar in both cases
of Fig. 1, e–f, and so are the 3D islands’ maximum
heights of roughly 1 nm above it. From this follows
the lateral growth of the already formed 3D nuclei
after the deposition of the additional material on the

specimen. In Fig. 2, a, the 𝜃Bi = 3.5 ML is just slightly
higher than 𝜃Bi = 3.25ML of Fig. 1, f, thus guiding
the reader continuously between the growth stages.
At this point, we observe Bi nanocrystals on the back-
ground of the wetting layer, the latter consisting of
irregular Bi clusters up to several nm in size. The
heights of nanocrystals’ upper facets relative to the
wetting layer appear to be fixed at values equal to
0.65 nm and 1.25 nm.
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Fig. 2. Growth stage II: From the nanocrystalline to atomically flat Bi film. All STM images are 125 nm × 125 nm, specimen
bias voltages are: a) +2 V; b) −1 V; c) −0.5 V; d) +0.1 V; e) +0.1 V; f) −2 V. The full grey-scale range corresponds to the
2.7 nm height difference between black and white. The right-most column contains cross-sections, which were obtained as height
vs distance curves along white dashed lines within corresponding images. Every cross-section is labeled by the same letter as
the image, in which it was taken, and by the deposited amount of Bi (in monolayers). Different cross-sections do not share any
common height reference point, only the height differences can be compared. See the text for the discussion

Next, we observe a transition from an array of in-
dividual Bi nanocrystals to a continuous and atom-
ically flat film. It starts with a dramatic increase of
nanocrystals’ lateral sizes, reaching several dozen nm
laterally for 𝜃Bi = 5 ML in Fig. 2, b, which is much
bigger than in Fig. 2, a. These nanocrystals have ex-
tended straight line borders indicating a substantial
transport of the deposited material during the co-
alescence of arbitrarily oriented small nanocrystals
of Fig. 2, a into larger ones. The nanocrystals have
atomically flat upper facets at heights differing by a

discrete value of 0.59 nm. At 𝜃Bi = 7.5ML, (Fig. 2, c),
the nanocrystals are no longer isolated entities on the
wetting layer top, instead their lateral sizes grow up
to the point, where they start to touch each other,
there are only small patches remaining on the sur-
face, where the wetting layer is still visible.

The last stage of growth, which was studied in this
work, is a flattening of the continuous film. In Fig. 2,
d, at 𝜃Bi = 10 ML, the film is already continuous,
and no individual nanocrystals can be identified by
the visual inspection of the STM image. In Fig. 2, d–
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f, we observe the tendency of film’s surface flattening
as the coverage is increased from 𝜃Bi = 10 ML to
𝜃Bi = 12.5 ML in Fig. 2, e and up to 𝜃Bi = 15 ML in
Fig. 2, f. In the latter case, the surface is atomically
flat, which means that it consists of atomically flat
terraces separated by single atomic steps of ∼ 0.31
nm in height.

The data on the Bi growth on Ge(111)-c(2 × 8)
presented above are lacking the atomic-scale deta-
ils. Therefore, in Fig. 3, we present STM images of
higher spatial resolution, which were obtained on
smaller areas than in Figs. 1–2 (25 nm × 25 nm). The
grey scale was individually adjusted for every panel of
Fig. 3 in order to emphasize the structure of different
films in the best possible way. In a similar manner,
the cross-sections in Fig. 3 are plotted with different
vertical scales, since the surface roughnesses were very
different for the cases in Fig. 3, a–h). In the empty
states of the STM image of Fig. 3, a, at 𝜃Bi = 0.05 ML,
we observe individual Bi atoms (grouped into pairs
in several cases) as bright spots on the background
of germanium substrate’s atomic structure. All Bi
atoms are of the same brightness/height, correspond-
ing to the first layer of the Bi film. In Fig. 3, b, at
𝜃Bi = 0.5ML, we observe three brightness/height lev-
els in the occupied states: Ge substrate, Bi atoms of
the first film’s layer in clear majority, and a small
number of second-layer Bi atoms. Thus, the second
layer starts to nucleate before the first layer is 100%
complete, which is an explicit indication that the
growth mode is, strictly speaking, not Stranski–Kras-
tanov, but the Vollmer–Weber type of growth. In
Fig. 3, c, where 𝜃Bi = 1.5ML, four brightness levels
can be recognized, corresponding to the heights of:
the bare germanium substrate (very small fraction of
the surface area), as well as the first, second, and
third layers of Bi atoms. The second-layer islands of
irregular shapes and lateral sizes of several nm are
seen on the background of the first layer, while some
Bi atoms are observed on the top of these islands.

The second atomically flat layer is never comp-
leted during the Bi growth on Ge(111)-c(2 × 8) at
RT, as can be judged from the STM images in
Fig. 3, d–f. At nominal 𝜃Bi = 2 ML (Fig. 3, d), most
of the surface is covered by small clusters up to a
couple nm in size. These 3D clusters together with
the first atomically flat monolayer of Bi atoms can
be considered as the wetting layer in terms of the
film growth process. In addition, in Fig. 3, d and in

Fig. 3, e (𝜃Bi = 3.5 ML), we observe nanocrystals,
which are up to 1 nm higher than the wetting layer
in their surrounding. The further increase of the Bi
coverage leads to nanocrystals of larger lateral sizes
(𝜃Bi = 5 ML, Fig. 3, f) and the flattening of film’s sur-
face (Figs. 3, g–h).

Starting from 𝜃Bi = 10 ML (Fig. 3, g), there are
extended atomically flat terraces on film’s surface,
which allowed one to obtain STM images with atomic
resolution. In Fig. 3, g, one can identify a rectangu-
lar lattice with lateral periodicities of ∼0.49 nm and
∼0.43 nm in orthogonal directions. In Fig. 3, h, with
𝜃Bi = 15 ML, we observe a triangular lattice with
∼0.45 nm in-plane periodicity.

4. Modification of Film’s
Morphology under Thermal Stimuli

We have investigated the effects of the annealing at
450 K under the UHV conditions on the Bi films
of various thicknesses after they were deposited on
Ge(111)-c(2×8) at RT. Initially, we used STM to in-
vestigate the morphology of film’s surface after the
annealing for 30 min and the cooling to RT. The cor-
responding STM images in Fig. 4, a–f are plotted on
the identical grey scale spanning 4.7 nm from black to
white. However, they do not share any common ref-
erence height point. In Fig. 4, a, the specimen with
𝜃Bi = 0.01 ML exhibits atomically flat terraces with
very few 2D islands, which are several nm in lateral
size. In Fig. 4, b (𝜃Bi = 0.25 ML), the surface is uni-
formly covered by two-dimensional (2D) islands up
to a dozen nm in width. In this case, clearly, the 2D
nanostructuring of the surface is achieved, as com-
pared to the 3D nanostructuring in Figs. 1, f, 2, a,
2, b. The 2D nanostructures are flat islands of the
first-layer Bi atoms on the top of the germanium sub-
strate. In Fig. 4, c, (𝜃Bi = 1.25 ML), we observe small
islands of the second layer on the uniform background
of the first atomic layer of the film. In this way, the
wetting layer is formed in the case of annealed films,
in full agreement with our previous investigation [7],
where the structure of such layer was investigated
in detail.

Similar to as-deposited films, the atomically flat
second layer of the annealed Bi film is never com-
pleted. Instead, in Fig. 4, d at 𝜃Bi = 2 ML, there
are already some 3D nanocrystals, which protrude
up to ∼1.7 nm above the wetting layer. As can be
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Fig. 3. Bi film growth on Ge(111)-c(2 × 8) on atomic scale. All STM images are 25 nm × 25 nm, specimen bias voltages are:
a) +2.5 V; b) −2 V; c) −2 V; d) −2.5 V; e) +2 V; f) −1 V; g) +0.05 V; h) +0.01 V. The right-most column contains the
cross-sections, which were obtained as height vs distance curves along white dashed lines within corresponding images. Every
cross-section is labeled by the same letter as the image, in which it was taken, and by the deposited amount of Bi (in monolayers).
Different cross-sections do not share any common height reference point and are plotted with different height scales. a–d) formation
of the wetting layer; d) nucleation of nanocrystals; e–f) growth and coarsening of nanocrystals; g–h) transition to a continuous
film and the surface flattening
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Fig. 4. Bi/Ge(111) system after the annealing at 450 K: from nano- to microstructured films. In a–g), the specimens were
annealed for 30 min; while in h) for 2 h. a–f ) STM images 125 nm × 125 nm, the full grey-scale range corresponds to the
4.7 nm height difference between black and white, specimen bias voltages are: a) +2 V; b) +2 V; c) +2.5 V; d) +2 V; e) +1 V;
f ) +2 V. g–h) AFM images 12 𝜇m × 12 𝜇m, the full grey-scale range corresponds to the 40 nm height difference between black
and white. The right-most column contains cross-sections, which were obtained as the height vs distance curves along white
dashed lines within corresponding images. Every cross-section is labeled by the same letter as the image, in which it was taken,
and by the deposited amount of Bi (in monolayers). Different cross-sections do not share any common height reference point,
only the height differences can be compared. See the text for the discussion
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recognized from Fig. 4, d–f, the lateral size of the
largest nanocrystals within the annealed film grows
dramatically with the coverage. In Fig. 4, d, it is up
to 20 nm. While, in Fig. 4, e at 𝜃Bi = 7.5 ML, it is al-
ready up to 100 nm. In Fig. 4, f, where 𝜃Bi = 10 ML,
the nanocrystals found on the surface are substan-
tially larger than the 125 nm × 125 nm image size.

In order to adequately characterize such annealed
specimens, we have obtained ex-situ AFM images
with the field of view two orders of magnitude larger
than in Fig. 4, a–f. The AFM images in Fig. 4, g–h
are 12 𝜇m × 12 𝜇m in lateral size and are plotted
on the grey-scale range of the 40 nm height difference
between black and white, which is also much larger
than for Fig. 4, a–f. Figure 4, g was obtained for the
same specimen as Fig. 4, f and shows the assortment
of Bi crystals on the surface up to 10 nm in height
and up to 1 𝜇m in lateral size. As 𝜃Bi is increased
further to 12.5 ML, as well as the annealing time to
2 h (Fig. 4, h), the crystals grow even larger: up to
80 nm in height and up to 5 𝜇m laterally.

The tendency demonstrated by the sequence of
images in Fig. 4, d–h is clearly the opposite one
to that in Figs. 1, e–f; 2, a–f. Namely, increasing
𝜃Bi = up to 12.5 ML in the annealed film leads to
the surface roughening instead of the flattening for
the as-deposited film. Obviously, this roughening is
caused by the surface diffusion of Bi on the top of
the wetting layer during the annealing. The resulting
films in Fig. 4, g–h consist of a variety of nanocrys-
tals, their sizes ranging from dozens to thousands of
nm. Therefore, the annealing of Bi films at 450 K in
the UHV environment, with a nominal thickness of
the order of 10 ML, leads to their microstructuring.

The scale of Fig. 4 is too rough for the adequate
perception of essential details in panels a-b (submono-
layer Bi films after the annealing at 450 K). Thus, in
Fig. 5, we present a set of 25 nm × 25 nm STM images
with atomic resolution, where the same surface area
of every specimen is imaged both in empty and occu-
pied states). For reference purposes, Fig. 5, a–b shows
the pure Ge(111) substrate, on which the imaged area
was specially selected to include a large number of
surface defects. In this way, we observe simultane-
ously the regular c(2 × 8) reconstruction (occupying
the majority of the surface area), small patches of
the (2× 2) reconstruction (enclosed by white dashed
triangle), as well as various types of single atomic
and grouped surface vacancies. The basic Ge(111)-

c(2 × 8) structure consists of the so-called adatoms
and restatoms, which are both seen in occupied states
(Fig. 5, b), while only adatoms are visible in empty
states (Fig. 5, a) [26]. The insets in the upper right
corners of Fig. 5, a, b show 6 nm × 6 nm STM images
of an ideal c(2 × 8) reconstruction in empty and oc-
cupied states, correspondingly, where the black solid
circles designate adatoms, while white solid circles
designate restatoms.

On a clean germanium surface, some adatoms or re-
statoms can be brighter than the surrounding if they
find themselves in vicinities of defects, such as the va-
cancies or domain boundaries. In the constant current
mode of STM operation, the higher brightness means
the higher local density of states in either empty or
occupied electronic states. Different STM images in
Fig. 5 use different gray scales to emphasize the visual
perception of essential details. However, the height-
to-distance cross-sections use similar vertical and hor-
izontal scales. In this way, the height differences can
be compared among all cross-sections, but not the
absolute heights, as the cross-sections do not share
any common reference height point. In Fig. 5, a, b,
we identify four Ge atoms, which are adjacent to a
group vacancy and have a substantialy higher bright-
ness in the occupied states (cross-section 5, b), but
look almost the same as the surrounding in the empty
states (cross-section 5, a). They are marked by black
arrows on the cross-sections, and the corresponding
locations are enclosed by white circles on the images.

The specimens with various submonolayers 𝜃Bi

were annealed at 450 K for half an hour in the
UHV environment. In Fig. 5, c–d, at 𝜃Bi = 0.01 ML,
some atoms amidst an atomically flat terrace are
clearly brighter than their surrounding both in the
images of empty and occupied states. Such atoms are
also present in Fig. 5, e–h for 𝜃Bi = 0.05 ML and
𝜃Bi = 0.25 ML, where the first-layer Bi islands are
already formed. They are marked with black arrows
on the cross-sections, and their corresponding loca-
tions are designated by white circles on the STM im-
ages. The objects in question are always substantially
brighter than the surrounding Ge atoms in the images
of occupied states (Fig. 5, b, d, f, h). But, for the im-
ages of empty states, the same is true only on the sur-
face, where Bi is present (Fig. 5, c, e, g). A thorough
analysis of Fig. 5, a and many other images of the
pure Ge(111) has not revealed any atomic scale ob-
jects within the outermost surface layer, which are re-
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Fig. 5. Evolution of annealed submonolayer Bi films on Ge(111) as 𝜃Bi is varied from 0 to 0.25 ML. All STM images are
25 nm × 25 nm, the images within pairs a–b, c–d, e–f and g–h were obtained on the same surface areas of the corresponding
specimens (small shifts are due to residual thermal drift). Panels a, c, e and g contain the images of empty states obtained
with +2 V specimen bias voltage; panels b, d, f and h contain the images of occupied states obtained with −2 V specimen bias
voltage. The right-most column contains cross-sections, which were obtained as height vs distance curves along white dashed
lines within corresponding images. Every cross-section is labeled by the same letter as the image, in which it was taken, and by
the deposited amount of Bi (in monolayers). The cross-sections are presented on similar vertical and horizontal scales to allow
the comparison of height differences (no common height reference point). See the text for the discussion
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Fig. 6. Voltage-dependent STM imaging of Bi/Ge(111): incorporated vs on-top. All STM images are 25 nm × 25 nm and show
the same surface area (only small lateral shifts are present due to the thermal drift) of the specimen with 𝜃Bi = 0.05 ML, after the
annealing at 450 K for 30 min. The specimen bias voltages are: a) +2.5 V; b) −2.5 V; c) +2 V; d) −2 V; e) +1.5 V; f ) −1.5 V;
g) +1 V; h) −1 V. The right-most column contains cross-sections, which were obtained as height vs distance curves along white
dashed lines within corresponding images. The cross-sections are labeled by the same letters as the corresponding images, they
do not share any common height reference point. An individual Bi atom incorporated into the uppermost atomic layer of the
substrate is present at a lateral coordinate of ∼10 nm in every cross-section and is designated by black arrows and white circles
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liably imaged as brighter than the surrounding atoms
at the ±2 V specimen bias voltage. This fact allows
us to assign them tentatively to individual Bi atoms,
which substitute individual Ge adatoms of the in-
trinsic reconstructed surface, hence, incorporated Bi
atoms. In addition, Fig. 5, e–h allows for the distinc-
tion between the incorporated Bi atoms and the first
layer Bi atoms, while the latter were thoroughly in-
vestigated in our previous work [7]. After the com-
prehensive analysis of a large set of STM images of
as-deposited Bi films, no incorporated Bi atoms were
found. Therefore, we are able to conclude that the
incorporation of Bi atoms into Ge(111)-c(2× 8) does
not take place at 300 K and requires the thermal ac-
tivation at 450 K in order to proceed.

The most general distinction criterion can be for-
mulated in the following way: the individual atoms,
which appear brighter than the surrounding germa-
nium substrate both in empty and occupied states
at high enough bias voltages, but are still lower in
height than the first-layer Bi islands at least for some
bias voltage, should be considered as Bi atoms sub-
stituting individual Ge adatoms of the reconstructed
Ge(111) surface. In other words, these are the indi-
vidual Bi atoms being incorporated in-registry into
the uppermost atomic layer of the substrate. This
distinction principle is further illustrated by Fig. 6,
where the annealed specimen with 𝜃Bi = 0.05 ML
is shown at various specimen bias voltages. Figure
6, a–h shows STM images of the same area on the
specimen, containing both the incorporated Bi atoms
and the first-layer Bi islands. In Fig. 6, a–b, a bias of
±2.5 V is required to unambiguously identify the in-
corporated Bi atom: on all the cross-sections of Fig. 6,
it is designated by a black arrow at a lateral coordi-
nate of ∼10 nm (the corresponding location is encom-
passed by white circles on the images). The ±2.5 V
bias is somewhat higher than ±2 V, which was the
case in Fig. 5. Such difference can be attributed to
different conditions of the STM probe tip, causing the
near-surface tip-induced band bending [27] to a dif-
ferent degree in the measurements of Fig. 5 vs Fig. 6.

As the absolute value of bias voltage is lowered
from ±2.5 V (Fig. 6, a–b) to ±2 V (Fig. 6, c–d),
±1.5 V (Fig. 6, e–f), and ±1 V (Fig. 6, g–h), the
given incorporated Bi atom continues to be imaged
brighter than the surrounding substrate in the occu-
pied states but still less bright than the first-layer Bi
islands (Figs. 6, d, f, h). Simultaneously, this atom

in the empty states looks similar to the germanium
surrounding in Fig. 6, c and even darker than the sur-
rounding in Fig. 6, e–g. This latter tendency, namely
the local density of empty states being lower than
for germanium substrate as the tunneling proceeds
closer to the Fermi level, is very similar to what was
reported in our previous work [7] for the Bi species
situated directly on the top of Ge(111). The same is,
of course, observed in Fig. 6, e–g for the first-layer Bi
islands, also contained within cross-sections. Figure
6, g is of particular interest since it, if viewed on
it own, would not suggest the presence of any ad-
sorbate on the surface. This means that the Bi ad-
sorbates possess an extremely low density of empty
states within 1 eV from the Fermi level as compared
to the surrounding substrate. Knowing the locations
of Bi islands from the images of occupied states, a de-
tailed examination of these locations in Fig. 6g reveals
atomic structures similar to what is observed on the
surrounding pure germanium areas. Therefore, the is-
lands do not contribute to the tunneling current and
become “transparent” in the sense that the underlying
substrate is imaged instead of them.

5. Discussion

The results presented above, as well as in our previous
work [7], allow us to build a complete picture of how
the growth of Bi proceeds on Ge(111)-c(2×8) at 300 K
and to compare it with a closely related Si(111)-(7×7)
substrate. Our results for growth stage I, namely from
0 to 3.5 ML, demonstrate unambiguously that the
initial growth proceeds in the Vollmer–Weber mode
(see Fig. 3). The culmination of this stage is the uni-
form 3D nanostructuring of the film in the form of Bi
nanocrystals with heights of the order of 1 nm and
lateral sizes of the order of 10 nm (see Fig. 1). It is
important that these Bi nanocrystrals are laterally
isolated entities and, therefore, can serve as a homo-
geneous array of quantum dots for practical applica-
tions in nanoelectronics, photonics, etc.

The Bi nanocrystals observed by us are predom-
inantly of rectangular shape (in projection onto
the substrate plane), which is very similar to the
nanocrystals of the pseudocubic Bi allotrope, as pre-
dicted theoretically and observed experimentally on
the Si(111) substrate for the same film thickness
range [10–12, 28]. The difference between Bi/Si(111)
and Bi/Ge(111) is the earlier onset (in terms of 𝜃Bi) of
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the growth of pseudocubic nanocrystals. Namely, the
wetting layer on Si(111) consists of clusters, which
are readily formed at the Bi deposition onto Si(111)-
(7 × 7) [10, 12], whereas an almost epitaxial first
atomic layer is formed initially on Ge(111)-c(2 × 8)
[7] and only then do the small 3D clusters start to
build up (see Figs. 1 and 3).

The {012} surface orientation of the pseudocubic
Bi allotrope in the Bi/Si(111) system is character-
ized by double layers of Bi atoms with strong co-
valent bonds within the double layer and weak van
der Waals bonds between the neighboring ones [10–
12,28]. This leads to the pronounced stability of dou-
ble layers, dictating the discrete values of nanocrys-
tals’ heights (relative to the wetting layer) as mul-
tiples of the {012}-oriented double layer thickness
(0.66 nm). In the present work, at the beginning of
growth stage II, Bi film’s coarsening is observed, and
the discrete heights of Bi nanocrystals become evi-
dent (see Fig. 2). The first discrete height measures
0.65 nm from the top of the wetting layer, which
is in very good agreement with the {012} double
layer. The second value is 1.25 nm, giving an incre-
ment by 0.6 nm, which is slighty lower than the purely
geometrical 0.66 nm reference value. This deviation
may be caused by the effects of the electronic density
of states, leading to a somewhat lower thickness of
the second double layer, as measured from the STM
height-distance profile. In-line with this tendency is
the next increment of 0.59 nm, which may be assigned
to the third double layer.

During growth stage II, we observe the formation
of a continuous Bi film. At 𝜃Bi = 10 ML, the surface
unit cell is rectangular with 0.49 nm and 0.43 nm
in-plane periodicities (see Fig. 3). They are in fairly
good agreement with 0.47 nm and 0.45 nm in-plane
periodicities of the {012}-oriented pseudocubic Bi al-
lotrope in the Bi/Si(111) system [10–12,28], while the
discrepancy is due to the thermal drift and calibra-
tion issues. Such rectangular unit cell together with
Bi nanocrystals’ discrete heights substantiate the as-
sumption about the growth of a pseudocubic Bi al-
lotrope on the Ge(111) substrate similarly to the case
of Si(111). The pseudocubic crystalline structure of
Bi on Si(111) is predicted and observed to be sta-
ble only below some critical thickness, above which it
transforms into the rhombohedral structure inherent
to the bismuth bulk [10–12,28]. The data obtained in
this work (see Fig. 3) at 𝜃Bi = 15 ML demonstrate

a triangular lattice with the 0.45-nm periodicity at
the end of growth stage II in excellent agreement
with the 0.45-nm in-plane periodicity of the bulk-like
Bi(001). In addition, this transformation is fully in-
line with the results for the Bi/Ge(111) system re-
ported by other authors [20].

An important new observation of our present work
is that the transformation between the pseudocubic
allotrope and the rhombohedral bulk-like crystalline
structure is accompanied by a dramatic flattening of
the Bi film on Ge(111). Such flattening is an unex-
pected departure from the standard Vollmer–Weber
growth mode scenario and can be utilized in those
practical applications, where ideal film’s surface is
of primary importance. A similar smoothing of Bi
film’s morphology was observed on the Si(111) sub-
strate [11]. Additionally, the flattening of substan-
tially thicker (56 ML) Bi(001) films was previously
observed on the Si(111) substrate, but only as a result
of the annealing above 350 K [29]. At this thickness,
there were no traces of the pseudocubic Bi allotrope,
and the flattening was caused exclusively by the in-
creased surface mobility of Bi atoms (pre-melting).

It is important to compare our real space STM re-
sults with the studies of the Bi/Ge(111) system by
means of the electron diffraction. The most compre-
hensive investigation of the Bi film growth on Ge(111)
by means of the low energy electron diffraction
(LEED) was performed by Hatta et al. [20]. Their
LEED results are completely in line with all known
STM data, showing a gradual transition from the
{012}-oriented pseudocubic Bi allotrope to a rhom-
bohedral Bi(001) film in the thickness range from 6
to 10 ML. The LEED technique also provides infor-
mation, which is inaccessible for STM. In particular,
the c(2 × 8) reconstruction of the substrate vanishes
under the bismuth wetting layer [20], being in strong
contrast to the case of the Si(111) substrate, the latter
retaining its (7×7) reconstruction below the growing
film [11]. Otherwise, there is a qualitative agreement
between the LEED data on the growing Bi film on
Ge(111) and Si(111) substrates.

Some LEED data on the Bi/Ge(111) system were
also obtained in our work group by other authors
[30]. They confirmed the disappearance of the spots
attributed to the c(2 × 8) reconstruction within the
LEED pattern of the 1-ML Bi film deposited at 300
K. Only the bulk-like (1 × 1) spots of Ge(111) were
present on such specimen, but even they have dis-
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appeared after the deposition of a 10-ML Bi film,
the latter being thick enough to block the escape
of low-energy electrons from the specimen. In the
same work, the effects of the annealing temperature
variation were investigated by means of Auger elec-
tron spectroscopy (AES) for the 10-ML film grown
at 300 K. The AES Bi(NOO, 102 eV)/Ge(MNN,
52 eV) peak ratio decreased dramatically after 450 K,
standing in perfect agreement with the morphological
changes of the Bi film after such annealing observed
by us in the present work. Namely, the thermally acti-
vated redistribution of bismuth on the substrate leads
to film’s coarsening and thus increases the substrate
area, where Auger electrons originating from the ger-
manium substrate can escape into the vacuum.

6. Conclusions

Thus, the results of detailed STM studies of the Bi
growth on Ge(111)-c(2 × 8) at 300 K up to 15 ML
indicate the Vollmer–Weber type of growth. We
have identified the growth regime for the effective
3D nanostructuring of a Bi film with the sizes of
nanocrystals up to 10 nm and up to several dozen nm,
as well as for the effective flattening of the film due
to pseudocubic Bi allotrope’s transition to the rhom-
bohedral bulk Bi crystalline structure. For the films
annealed at 450 K in UHV, we have identified regimes
for the 2D nanostructuring with typical lateral sizes
up to 10 nm, as well as for the 3D microstructur-
ing. Moreover, we have shown that the thermal stim-
uli induce the incorporation of Bi atoms into the top-
most Ge substrate layer and have developed a reliable
criterion for their recognition.

The authors are very thankful to Dr. Igor Lyubinet-
sky for providing the Ge(111) wafers. All STM data
processing was performed using the Gwyddion soft-
ware package, which is available as “open source” and
can be downloaded from the gwyddion.net website.
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А.Горячко, А.Щирба,
П.В.Мельник, М.Г.Находкiн

РIСТ ВIСМУТУ НА Ge(111): ЕВОЛЮЦIЯ
МОРФОЛОГIЇ ВIД НАНОКРИСТАЛIВ ДО ПЛIВОК

Р е з ю м е

Дослiджено рiст надтонких плiвок вiсмуту до 15 атомар-
них шарiв на атомарно чистiй пiдкладцi Ge(111)-c(2 × 8)
при 300 К методом надвисоковакуумної скануючої тунель-
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ної мiкроскопiї до та пiсля вiдпалу при 450 К. Спостерiгався
такий дiапазон морфологiй вiсмутового адсорбату: окремi
атоми, двовимiрнi наноострiвцi, тривимiрнi нанокристали,
мiкрокристали, а також атомарно гладка плiвка. Триви-
мiрна (3D) наноструктуризацiя досягається в процесi ро-
сту плiвки за сценарiєм Вольмера–Вебера до 10 атомарних
шарiв. За подальшого росту вiд 10 до 15 атомарних шарiв

вiдбувається згладжування поверхнi плiвки. Пiсля вiдпа-
лу субмоношарових плiвок спостерiгалися окремi атоми Вi,
вбудованi у зовнiшнiй атомарний шар пiдкладки Ge(111), а
також двовимiрнi острiвцi першого атомарного шару плiвки
(2D наноструктурування). Плiвки бiльшої товщини зазна-
вали розрихлення внаслiдок вiдпалу i складались iз низки
нано- та мiкрокристалiв вiсмуту.
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