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ABSTRACT

Island densities and island sizes can be varied or even tailored by choice of external
parameters in molecular beam epitaxy, i. e., by the choice of substrate temperature,
deposition rate, and coverage. We present a comprehensive study of the nucleation
kinetics of Cu on Ni(100) using variable temperature scanning tunneling microscopy.
The analysis of the saturation island density as a function of substrate temperature and
deposition rate reveals that the smallest stable island abruptly changes from a dimer to
a tetramer. The sizes of the critical nuclei are determined from the rate dependence of
the saturation island density using mean-field nucleation theory consistent with results
from the island size distribution using scaling theory. From the Arrhenius-plot, the
microscopic quantities (migration barrier and dimer bond energy) have been deduced.

INTRODUCTION

The early stages in molecular beam epitaxy determine crucially the physical and
chemical properties of epitaxial structures. Therefore, the quantitative understanding
of submonolayer film growth — especially in heteroepitaxy — is an important challenge
in material science. Besides the choice of substrate and film material, the external
growth parameters, i.e., substrate temperature, deposition rate, and coverage, define
the film morphology, including the island density, size, and shape. For simulations,
such as Monte Carlo and rate equation analysis, however, microscopic parameters are
necessary ingredients, which describe, e.g., the adatom diffusion on terraces and at
step edges and the stability of nuclei. These physical quantities can be obtained by the
quantitative analysis of STM images using mean-field nucleation theory.!? We have
investigated one of the most simple heteroepitaxial systems with square symmetry:
copper on Ni(100). Both materials have fce structure and do not show intermixing and
reconstruction below 400 K. Moreover, the lattice mismatch is small, m = +2.6 %.
Thus, Cu/Ni(100) is an ideal model system to investigate the influence of strain on the
island density, which is measured as a function of substrate temperature, deposition
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rate, and coverage. On the basis of these measurements, the barriers of adatom diffusion
and dimer breaking are extracted.

The starting point is the deposition of atoms on a surface without defects. The
adatoms can migrate, meet further adatoms and form nuclei. These nuclei either dis-
sociate (subcritical size < @) or, for the critical ones (size i), grow to stable islands.
These islands continue to grow up to a coverage between 0.1 and 0.2 monolayers (ML),
then the island density usually saturates, just before coalescence of islands sets in.
The saturation island density can be measured by several surface sensitive techniques,
such as electron microscopy,® electron diffraction,® helium atom diffraction,* and scan-
ning tunneling microscopy (STM).2511 With respect to-STM, the other methods have
certain disadvantages, mainly related to the difficulties in resolving small islands and
coverages of less than 0.1 monolayers. Therefore, STM and especially variable temper-
ature STM has gained attraction for investigations of the very early stages in MBE.
One of the first systematic nucleation studies by means of STM on metal surfaces has
been carried out by Stroscio and Pierce, who investigated the homoepitaxial growth
on Fe(100) at substrate temperatures above 300 K.” They derived the migration bar-
rier from the temperature dependence of the saturation island density using nucleation
theory in assuming a critical nucleus size of 1. Later on, the sizes of the critical nu-
clei were determined by the scaling behavior of the island size distribution.!? Brune et
al. have determined the critical island size independent from nucleation theory for the
heteroepitaxial system Ag/Pt(111) by direct measurement of the mean island sizes in
the very initial stages of nucleation? and by measuring the temperature threshold for
Ostwald ripening of dimers.'® Therefore, the rate dependence as well as the Arrhenius
behavior of the saturation island density at a known critical cluster size of 1 allowed a
direct test of nucleation theory.?

The particular bond geometry on square lattices leads to characteristic features in
the nucleation kinetics on fcc(100) surfaces. These particularities include the stability
of islands. To elucidate that, we briefly recall the concept of the critical nucleus. The
critical nucleus 7 corresponds to an island which becomes stable by the incorporation
of an extra atom. Here, stable refers to the time scale of deposition, i.e., stable is-
lands have a higher probability to grow than to dissociate during deposition. In the
saturation regime, islands are much larger than the critical nucleus and the surface can
be reproducible imaged over hours under isothermal conditions without any change.
Depending upon the substrate temperature, deposition rate, and binding energies, one
may find for very low temperatures that the monomers do not migrate at all (statistic
growth with monomers being stable, i.e., i = 0). With an increasing temperature,
the monomers start to migrate and form dimers which are stable (i = 1). Increasing
the temperature further, dimers dissociate, and either the trimer becomes the smallest
stable island (i = 2), or the smallest island corresponds to a tetramer (i = 3), and so
on. This classic continuum model ignores the adsorption site geometry of the substrate
which does not matter for the critical island sizes ¢ = 0 and ¢ = 1. The adsorption
site geometry, however, becomes important on square lattices with ¢ = 2. Contrary
to triangular or hexagonal surfaces, on square surfaces the dissociation of both dimers
(i = 1) and trimers (i = 2) is characterized by single bond breaking and therefore
associated with similar dissociation barriers. Hence, on square lattices, one expects a
direct change from 7 = 1 to 7 = 3 due to the transition from single to double bond
breaking. The atoms of compact islands which contain 4 atoms have two neighbors in
the adlayer. Above i = 3, there is no well-defined behavior since all islands on square
lattices are characterized by single or double bond breaking. In the present experiment,
we intend to verify the well-defined transition from 7 = 1 to ¢ = 3 by the systematic
investigation of the saturation island density as a function of substrate temperature
and flux. The determination of the sizes of the critical nuclei, of the migration barrier,
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and the dimer bond energy, as well as the related attempt frequencies is based on the
comparison of the experimental results to mean-field nucleation theory.!* In addition,
we have analyzed the island size distributions in comparison with scaling theory'®!6 to
confirm the size of critical nucleus.

EXPERIMENTAL

The growth of copper on Ni(100) has been investigated by a variable temperature
STM at substrate temperatures between 100 and 400 K; analogous instrumentation
as used here has been described by Brune et al.!” The nickel crystal was prepared by
argon ion sputtering and subsequent annealing to 1200 K resulting in perfect terraces
of several hundred nanometers. Copper was deposited by thermal evaporation from a
Knudsen-type MBE source at a background pressure below 5 x 1071° mbar. The growth
rate has varied between 5 x 1075 and 5 x 10~ monolayers per second (ML/s). It was
calibrated from STM images with monolayer coverage. The STM measurements have
been performed in the constant current mode at 0.5-2.0 V positive or negative bias and
0.5-8.0 nA tunneling current.

The island densities were determined by counting the islands on a certain area,
where the size of the analyzed area has been corrected for thermal drift by determination
of characteristic features at successively obtained images. The influence of structural
defects such as steps has been excluded by depicting areas far away from such defects.

RESULTS AND DISCUSSION

The first step of the analysis, according to nucleation theory, is the experimental
verification of the saturation island density which is expected at a coverage of about
0.1-0.2 ML. The experimental values for the island density as a function of coverage
are shown in Fig. 1 for a substrate temperature of 345 K and two different deposition
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Figure 1. Island densities versus coverage for two different fluxes (1.5 x 1072 ML/s and
6.0 x 103 ML/s) at a substrate temperature of 345 K.
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a) Ts=215K b) Ts=280K

Figure 2. STM images characterizing the saturation island densities for the submonolayer growth of
Cu on Ni(100) at different growth temperatures and fixed deposition rate (1.5 x 1072 ML/s) and
coverage (0.1 ML).

rates. For that substrate temperature, the island density stays nearly constant over a
wide coverage range (0.01-0.50 ML). Coalescence starts above the expected percolation
limit. Therefore, the choice of the coverage to obtain the saturation island density is
not crucial. Coverages between 0.08 and 0.12 ML are used for the present study.

The variation of the saturation island density with substrate temperature is char-
acterized in Fig. 2, showing four STM images obtained at fixed deposition rate and
coverage. The decrease in island density over orders of magnitudes with substrate tem-
perature is clearly visible. These island densities directly reflect the adatom mobility,
which depends exponentially on substrate temperature.

Note, the larger islands in Fig. 2 are not compact at high substrate tempera-
tures (215-370 K). This is surprising since it contradicts the generally accepted picture
that on square lattices edge diffusion is always fast enough to produce square shaped
islands.'® The physical reason for the formation of islands with an irregular shape at
high substrate temperatures is presumably related to strain accommodation at the step
edges of the heteroepitaxial islands as to be discussed in a forthcoming paper.'?

Fig. 3 shows the measured temperature dependence of the saturation island density
as Arrhenius plot at a coverage of about 0.1 ML and a flux of 1.5x 107* ML/s. One can
clearly distinguish between three different nucleation regimes which are labeled post-
nucleation, ¢ = 1, and 7 = 3, respectively. Below 160 K, the island density does not
vary with temperature indicating statistic growth with ¢ = 0. However, the mean island
size of 4-5 atoms is too large. For statistic growth a mean island size of 1.25 atoms is
obtained on a square lattice at 0.1 ML from percolation theory.?’ Therefore, statistic
growth can definitely be excluded. The physical reason for the plateau in the Arrhenius
plot is the island formation and the incorporation of monomers into existing islands
after deposition, discussed in detail elsewhere.?!
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