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The nucleation and initial growth of the semimetallic homoepitaxial system of Bi�111� was studied at 130 K
by scanning tunneling microscopy. The island density increases with the cubic root of coverage, i.e.,
nx��1/3, up to 5.5�1011 islands /cm2 at 0.23 bilayer �BL� coverage. We determined a surface diffusion
coefficient of D=2.6�106 s−1. Additionally, a transition of the island shape from compact to quasifractal was
observed at about 0.1 BL coverage. The transition island size was estimated to be 70 nm2.
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Crystalline Bi films exhibit a great potential for applica-
tion in future spintronic devices due to some intriguing prop-
erties such as large magnetoresistance effect,1 highly metallic
surface states,2–5 Rashba-type strong spin-orbit splitting,2,6

etc. These properties are inherently related to the anomalous
electronic behavior of Bi such as low effective mass,
low carrier concentration, and large Fermi wavelength
��F�30 nm�.7 An understanding of the origin of these prop-
erties requires a detailed structural and morphological char-
acterization of the system.

Surprisingly Bi—as a covalently bonded semimetal—
grows in a bilayer-by-bilayer fashion even at temperatures as
low as 80 K.8 The slow builtup of surface roughness due to a
weak step edge barrier can be avoided by growth at higher
temperatures, i.e., 300–450 K. Then atomically flat layers
with very low defect density can be grown. This is also pos-
sible for Bi heteroepitaxy on substrates such as Si.9–11 In
order to understand the underlying mechanism, it is essential
to study microscopic processes at the early stages of growth.
Relevant parameters, which control or govern the growth
mechanism, include the surface diffusion coefficient D, the
terrace diffusion barrier Ed, and the attempt frequency �0 at
kinetically limiting conditions �low temperatures�. With the
knowledge of these fundamental parameters, which depend
on the system �both growing material and the substrate�, it is
also possible to manipulate and control the morphology of
the growing film to obtain desired properties.12

Here we report on a scanning tunneling microscope
�STM� study of initial stages of growth in a semimetallic
homoepitaxial system: Bi on Bi�111�. From the variation in
island density and size in a sub-bilayer regime of coverage,
we determine relevant diffusion parameters. The results are
discussed in terms of well-established nucleation theory and
compared with the parameters for other metallic systems.

The experiments were performed in an ultrahigh vacuum
�UHV� system that consists of a main chamber for sample
preparation and an analysis chamber, which is equipped with
a variable-temperature STM and a conventional low-energy
electron diffraction �LEED� system. Bi �purity 99.9999%�
was evaporated at room temperature �RT� from a resistively
heated ceramic crucible mounted in a water-cooled
copper shroud at a deposition rate of 0.01 bilayer �BL�/s
�1 BL corresponds to the Bi�111� atomic density of
1.14�1015 atoms /cm2�. The rate was monitored via a
quartz microbalance mounted on the evaporator. The back-

ground pressure was better than 1�10−9 mbar during depo-
sition. High-quality Bi�111� buffer films with a thickness of
20 nm were prepared on Si�111�-�7�7� at RT following a
recipe given by Nagao et al.10,11 and Kammler et al.13 and
serve as virtual Bi�111� substrates. The �111� orientation of
the Bi films was confirmed by LEED. The Bi�111� buffer
films are atomically smooth without defects and only exhibit
some bilayer high steps at a separation of approximately
100 nm, which does not affect the nucleation behavior during
further sub-bilayer deposition of Bi. These Bi buffer films
were in situ transferred to the analysis chamber and cooled to
130 K. Further Bi deposition in the sub-bilayer regime was
performed inside the analysis chamber, employing a second
Bi evaporator at a flux of 4�10−4 BL /s and a base pressure
of 5�10−10 mbar. The second Bi source is located at the
base flange of the STM and there is a direct flow path be-
tween the aperture of the evaporator and the sample if the tip
is retracted a few millimeters. This special experimental
setup allows us to deposit very low coverage of Bi and sub-
sequently image the topography by STM without major dis-
placements of the sample and changes in the sample tem-
perature.

In order to study the island nucleation and growth we
have followed the evolution of Bi�111� surface morphology
as a function of coverage at 130 K. Figure 1 shows a series
of STM micrographs with a size of �150�150� nm2 for cov-
erages starting as low as 0.0023 BL up to 0.23 BL of Bi. The
micrographs were recorded from two experimental runs un-
der the same conditions. At very low coverage Bi islands are
imaged as bright protrusions while at higher coverages ir-
regular shaped islands are apparent. It is also obvious that the
island density and the size have increased as functions of
coverage �see Figs. 1�a�–1�h��. Up to the coverage of 0.1 BL,
there are exclusively small islands with compact shape. Ad-
ditionally, a shape transition of the Bi islands is observed
around 0.1 BL, where the compact shape of islands is trans-
formed into a quasifractal form. However, no sharp or abrupt
transition occurs, as evident from the images in Figs.
1�f�–1�h�, where only few of the compact islands have turned
into quasifractal shape at 0.115 BL before leading to the
anisotropic branching at 0.23 BL.

The island density as a function of Bi coverage was
determined from the series of STM micrographs shown in
Fig. 1 and plotted in Fig. 2. The island density does not
change in the time between the deposition steps as confirmed
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by a high-resolution LEED study where the onset of Ostwald
ripening was observed only for temperatures above 200 K.14

Below 200 K the island morphology is stable. The quantita-
tive evaluation of the island density for each coverage was
performed by island counting in each STM image. Because
denuded zone effects are visible at step edges in the STM
micrographs for higher coverages, we have corrected the is-
land density by subtracting the denuded zone area which is
proportional to the length of the apparent step edges. The
density of islands was normalized to the atomic density of
Bi�111� BL to extract the density in terms of atoms per lattice
site, equivalent to BL.

Before we start with the discussion of these results let us
briefly recapitulate some of the basics of nucleation theory. A
single adatom diffusion on the surface is governed by the
diffusion barrier Ed and the attempt frequency �0. Both pa-
rameters define the migration of the adatom as a random
walker on the surface lattice. For two-dimensional �2D�
diffusion on a hexagonal lattice, the diffusion coefficient D
�in unit cells per second, i.e., s−1� could be expressed by Ed
and �0 as15,16

D =
1

6
�0 exp�− Ed

kBT
� = D0 exp�− Ed

kBT
� �1�

with D0= 1
6�0, known as the prefactor of the diffusion coef-

ficient D, and the substrate temperature T. During the initial
phase of deposition the surface diffusion coefficient D deter-
mines the outcome of the competition between nucleation of
new islands and the coarsening of existing islands. It there-
fore determines the stable island density at a given deposi-
tion rate R. Thus, the value of the diffusion coefficient gives
an estimation for the probability that a deposited adatom
finds an existing island before it meets with another adatom
and forms a stable nucleus and subsequently affects the num-
ber density of saturated islands. The saturation island density
could be used to calculate the diffusion barrier applying Ve-
nables nucleation theory.17,18 From the Arrhenius plot of the
island density versus inverse of deposition temperature for a
given sub-bilayer coverage, the terrace diffusion barrier is
derived. This approach was successfully applied in a previ-
ous high-resolution LEED analysis and an activation barrier
of Ed=0.135 eV for an adatom diffusion in Bi�111� surface
was determined.8 Here a simple approach is used to relate the
island density with coverage for a constant deposition tem-

(h) 0.23 BL(g) 0.115 BL(f) 0.08 BL(e) 0.04 BL

(b) 0.008 BL (d) 0.02 BL(a) 0.002 BL (c) 0.013 BL

FIG. 1. STM images �image size: �150�150� nm2, tunneling parameters: Itunnel=5–50 pA and Ubias=1.0–1.1 V� showing the variation
in island density and the island shape transition from compact to quasifractal shape for different coverages of Bi on a Bi�111� virtual
substrate at 130 K. The images are recorded from two experimental runs, i.e., �a�, �c�, �e�, �f�, and �h� are from run I and �b�, �d�, and �g� are
from run II. A flux of R=4�10−4 BL /s was used during each deposition for both experimental runs. All images are recorded by applying
the bias voltage to the sample with respect to the tip.
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FIG. 2. Island density versus coverage at 130 K, as estimated
from the STM images shown in Fig. 1. The data are taken from two
experimental runs, i.e., runs I and II. In the inset the data are plotted
as a function of the cubic root of Bi coverage, showing a small
deviation of island density at very low coverage.
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perature of 130 K and a diffusion coefficient D is extracted.
Dimensional arguments, based on the theory of random

walk, applied to the diffusive motion of adatoms in the
nucleation process provides a simple relation between the
surface adatom diffusion coefficient and the island number
density as19,20

nx
3 =

3R�

D
. �2�

Equation �2� is valid for long hop distances in an isotropic
2D random-walk system. Additionally, some important as-
sumptions such as the absence of coalescence or coarsening
effects must be made before applying Eq. �2�, which include
mainly: �a� a collision of two adatoms forms a stable dimer
and �b� there is no coarsening or coalescence of islands dur-
ing deposition. Since experiments have been performed at
130 K and Bi atoms are covalently bonded within the
lattice,10 the first assumption is valid for our system. The
coverage regime we have studied is far below the coales-
cence regime, since a previous study exhibited no coales-
cence at 0.5 BL coverage.8 Thus, the second assumption also
holds true.

According to Eq. �2�, we concentrate on the estimation of
the island density nx for different coverages deposited with a
constant flux R at 130 K. Figure 2 shows the behavior of
island density as a function of coverage. At extremely low
coverage regime, the island density increases rapidly because
the probability for island nucleation via the formation of a
critical nucleus is strongly enhanced with raising adatom
density. As the coverage increases, it slows down signifi-
cantly because exclusive growth of islands becomes domi-
nant. However, no saturation or decrease in the density is
apparent in the plot, indicating the absence of coalescence.
The experimental data were fitted by using Eq. �2� �see
Fig. 2�, which agree quite well except for a slight deviation
at the very beginning, which is plotted in the inset of Fig. 2.
This deviation might be due to the fact that, in the nucleation
regime below 0.01 BL, the monomer density is increased
compared with the steady-state regime. Since the STM can
hardly detect a mobile diffusing Bi adatom, obviously the
measured density turns out to be slightly lower than the
expected value. An estimate �upper limit� for the average
island size is calculated from the ratio of the coverage to the
island density at 0.0023 BL and is �50 atoms, i.e., the ex-
perimental observation of the pure nucleation regime is not
possible. From the slope of the fit in Fig. 2 the surface dif-
fusion coefficient was estimated to be D=2.6�106 s−1. Sub-
stituting the value of D and using the diffusion energy of
Ed=0.135 eV from the previous findings8 in Eq. �1�, the
attempt frequency was extracted to be �0=2.7�1012 s−1.
This value is quite reasonable in the case of Bi, which has a
sufficiently low atomic vibration frequency �bulk phonon
frequency of �0�3�1012 s−1 for the optical branch21� as
compared to other metallic systems.

In the following we will describe the island shape transi-
tion, which has been observed in the STM analysis. For the
quantitative investigation, we determined the perimeter pi
and the area Ai of each individual island from all STM mi-
grographs shown in Fig. 2. All these data pairs �island area Ai

and perimeter pi� are plotted in Fig. 3 where the different
symbols represent different deposited coverages. Most of the
data points overlap with a curve, which is well described by
a square root of the area. This dependence is easily explained
for compact islands of the same shape where the perimeter pi
increases, by definition, with increasing the surface area ai,
following the square-root behavior �for circular islands
Ai= pi

2 /4� and for hexagonal islands Ai=	3pi
2 /24�. This

agrees quite well up to the coverage of 0.08 BL, as shown by
the solid line fit in Fig. 3. However, as the coverage is in-
creased to 0.115 BL, some of the islands do appear to be
slightly ramified as visible in Fig. 2�g�, which causes a de-
viation from the square-root dependence. At 0.23 BL, almost
all of the islands grow in a quasifractal shape, showing a
larger perimeter as obvious from the data points which lie far
above the solid line of square-root behavior of compact is-
lands. From this deviation in the plot, as indicated by the
dotted rectangles with gray background in Fig. 3, the transi-
tion size of the islands was estimated to be �70 nm2.

Considering the deposition conditions and the coverage,
such a shape transition has rarely been found in other sys-
tems. Brune et al.22 observed anisotropic branching of the
islands in Ag/Pt�111� beyond the critical island size of hep-
tamer, leading to an exclusive island growth. It has been
argued as a low-perimeter mobility for attaching
adatoms.23–25 Unlike this case, the transition island size in
our system is quite large, i.e., 70 nm2 ��800 atoms� and the
shape transitions appears at surprisingly high coverage; how-
ever, the transformed island shape is quite similar, i.e.,
branching in the triangular symmetry. This fact obviously
reveals that the same argument may hold to the shape tran-
sition; however, slightly lower diffusion barrier may have
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FIG. 3. Island perimeter pi versus surface area Ai plotted for
different coverages, as indicated by different symbols. The solid
line represents a square-root fit, i.e., pi�	Ai. The critical island size
was estimated to be �70 nm2. Typical islands from Figs. 1�f�–1�h�
are also attached to show the shape transition. All three images are
shown in the same magnification scales. The positions of the images
within the graph indicate the mean size of the island for the par-
ticular coverages. Dotted rectangles with gray background are
shown as a guide for the eyes to distinguish the island shape tran-
sition regions.
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caused the large critical island size. Brune et al.22 found a
value of 0.157 eV for Ag on Pt�111�, while in the case of Bi
on Bi�111� it is 0.135 eV.8 Additionally, the shape transition
occurred in our case is far from the nucleation regime, i.e.,
at the steady-state regime, which was not the case for
Ag/Pt�111�, where the shape transition was found just above
the nucleation regime.

In conclusion, epitaxial growth in the semimetallic system
of Bi on Bi�111� is well described by the existing diffusion
and nucleation theory. The island density increases by �1/3

with a transition from compact to fractal shape at the onset of
steady-state regime at 0.1 BL coverage. This is in contrast to

other metallic systems such as Pt/Pt�111� and Ag/Pt�111�,22,25

where such a shape transition occurs at the transition regime
of nucleation and growth, i.e., �0.01 ML coverage. How-
ever, the symmetry of the quasifractal islands after the shape
transition matches for both cases, i.e., threefold symmetry.
This originates from the threefold symmetry of the �111�
surface. In spite of its directional covalent bonds, Bi exhibits
a nucleation and growth characteristics, which are more typi-
cal for a metallic system.
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