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Epitaxial growth of Au on Ag(110) studied

by scanning tunneling microscopy
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The epitaxial growth of Au on Ag(110) has been investigated by scanning tunneling microscopy up to 3 ML. A very consistent
“intermixed Stranski-Krastanov” growth mode is demonstrated. Below 1 ML the open structure of the (110) surface allows the Au
atoms to be incorporated mainly in the second layer. At higher coverages three-dimensional anisotropic islands of gold are
observed. The anisotropic shape, the island density and the transition from two-dimensional to three-dimensional growth are

discussed.

1. Intreduction

Among the great variety and complexity of
epitaxial growth [1,2] a few metal on metal sys-
tems have been recently investigated by scanning
tunneling microscopy (STM). Ni deposited on
Au(111) [3] at room temperature reveals ordered
nucleation sites which are identified as surface-
lattice dislocations. Fractal islands or fingers ob-
served in different systems [4] are in agreement
with a two-dimensional (2D) diffusion-limited-ag-
gregation (DLA) growth model. Although such
important features have been identified, they
concern mainly the layer-by-layer growth mode
on a densely-packed surface.

In this paper the deposition of gold on the
open silver (110) surface has been studied up to 3
ML. The striking growth mode of this system is
first investigated. Both STM images and previous
medium energy ion scattering (MEIS) [5,6] data
are necessary in drawing the conclusion of an
“intermixed Stranski-Krastanov” (SK) growth
mode. Then the density, shape and formation
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process of the three-dimensional (3D) islands are
examined.

2. Experimental

These experiments were performed in a multi-
ple-chamber ultrahigh vacuum STM apparatus
described in detail elsewhere [7]. The Ag(110)
crystal was cleaned by Ar-ion bombardment (500
eV) and flash annealed at 600°C. After the sam-
ple was allowed to cool for at least one hour to
reach room temperature, it was exposed to Au
flux evaporated from a tungsten basket. Absolute
calibration of the Au coverage (#) within 20%
was ensured by the following procedure. A line-
of-sight ionization gauge indicates a pressure pro-
portional to the rate of evaporation. The flux was
calibrated by optimizing the sharp c¢(2 X 2) low
energy electron diffraction (LEED) pattern ob-
tained when 0.5 +0.1 ML of Au is deposited
onto Cu(100) [8]. Most of the evaporations were
performed at a constant rate of 0.6 ML /min (1
ML Ag(110) = 8.45 X 10'* atoms/cm?) with a
constant pressure of 2.5 X 10~° Torr read by the
line-of-sight ionization gauge during the evapora-
tion. Experiments were performed with different
deposition rates, ranging from 0.4 to 2 ML /min,
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without any qualitative change in the results. Fol-
lowing sample preparation, no contamination of
the surface with O or C was found by Auger
spectroscopy, and the observed LEED pattern is
(1 x 1) for all coverages. The STM images were
acquired in a constant current mode, mainly with
negative sample voltage from 30 mV to 2 V and
tunneling current from 1 to 2 nA. Positive sample
polarity did not show any spectroscopic effects.

3. Results
3.1. Growth mode

Since the lattice parameters of both metals
(a,, =4.08 Aand a ag =409 A) and their surface
free energy (yAu = 1.6 J/m? slightly larger than
Yag = 1.3 J/m?) are very close, a layer-by-layer or
Frank—van der Merwe (FM) growth mode is ex-
pected. Although this is observed for the deposi-
tion of Au on Ag(111) [9] and on Ag(100) [10], a
recent study by MEIS [5,6] showed that the growth
on the more open (110) surface is totally differ-
ent: it has been interpreted as a bilayer growth
mode which starts as soon as 0.06 ML of gold is
deposited.

STM data (fig. 1a) show that below 1 ML no
islands nucleate and that all of the steps, w1th or
without gold, are monatomic steps, 1.45 A high.
Thus a bilayer growth does not occur. Only two
growth modes are consistent with the STM data:
either Au atoms sit on top of the Ag substrate,
such as ideal FM or SK modes, or interfacial
alloying has to be taken into account. For sam-
ples prepared under similar conditions, the MEIS
data show a “blocking dip curve” (fig. 2 in ref.
[5D, proving that the deposited Au atoms are
shadowed for # > 0.06 ML.. This result rules out
an ideal FM or SK mode and shows that alloying
must take place. Therefore we have reinterpreted
the MEIS blocking curve, allowing for three loca-
tions of gold atoms: regions of Au monolayer on
top of the Ag(110) surface, regions of Au incor-
poration below the top layer of the Ag(110) sur-
face and Au bilayers. Standard Monte Carlo type
scattering calculations [11] were used to deter-
mine the fractions of the surface covered by each

(a)

Fig. 1. STM top vxew lmages for different Au coverage () on

Ag(ll(}) (a) 900 Ax900 A image for 9——1 ML, (b) 1500

AX 1500 A image for § = 1.4 ML, (c) 3000 A x3000 A image
for # =3 ML.

of these three possible Au/Ag configurations.
The details of the simulation are given elsewhere
[12]. The results of our modelling give a best fit to
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the blocking curve data when nearly all of the Au
atoms are located below the top Ag layer. Thus,
for submonolayer coverage of Au, the combina-
tion of STM and MEIS data give a consistent
picture, where deposited Au atoms are incorpo-
rated mainly in the second layer.

It is useful to compare this result with recent
theoretical predictions using first-principles total
energy calculations [13]. They show that a bilayer
formation of Au on Ag(110) is unlikely to occur
in thermal equilibrium and moreover that all of
the Au atoms should be found in the second layer
until all the Ag atoms are replaced. Therefore
our observations below 1 ML appear to show the
equilibrium growth of Au on Ag(110) rather than
a kinetically limited process. Since the equilib-
rium growth on close-packed surfaces is different,
as mentioned above, the open structure of the
(110) surface must be responsible for atomic ex-
change [14] to take place.

The growth of Au on Ag(110) for coverage
above 1 ML reveals 3D islands on top of the
intermixed layers (fig. 1¢). Since at 1 ML the top
layer consists mainly of Ag atoms, Au atoms
diffusing on the surface could ecither intermix
with Ag atoms or stay on top to aggregate with
other Au atoms. We have investigated these two
possibilities quantitatively from calculations based
on the MEIS and STM data. Quantitative agree-
ment for 8 > 2 ML is found only if the Au grows
essentially as pure Au fingers and islands on top
of the surface. Therefore the surface can be

Table 1

composed of different structures: (1) bare Ag, (2)
an intermixed layer which is mainly Ag on top of
Au (Ag/Au), (3) Au on top of the intermixed
layer (Au/Ag/Au), (4) Au/Au/Ag/Au, and (5)
Au/Au/Au/Ag/Au. The relative composition
of each of the above surface structures at any
given coverage is determined by fitting the MEIS
curves (fig. 1 in ref. [5]). The results of this
analysis are shown in table 1 for different cover-
ages. The same parameters are directly extracted
from the STM data assuming that the 3D struc-
tures consist of gold only. This calculation has
been performed mainly for 8 = 1.4 ML because
all of the layers can be easily recognized in that
case and the result is given in table 1. For higher
coverages we can at least determine the fraction
of the surface covered by islands and compare
with the MEIS values given by table 1. In both
cases there is a remarkable quantitative agree-
ment between the numbers extracted from both
techniques, demonstrating that the growth above
1 ML consists of 3D gold islands.

Finally, we have proven a very consistent model
for the growth of Au on Ag(110). It can be called
an “intermixed Stranski-Krastanov”’ growth
mode: below 1 ML the gold atoms intermix with
the silver atoms by being incorporated in the
second layer, although some small amount may
remain on the Ag(110) surface. Subsequently, 3D
islands of gold grow on top of this Ag/Au layer.
The shape, density and formation process of these
islands are examined in the next section.

Percentage of listed layers for varying Au coverage, as calculated in fit to MEIS experiment and measured from STM images (note

agreement between MEIS and STM for 1.4 ML)

Au coverage Percentage of listed layers

(ML)

Bare Ag Ag/Au intermix Au/Ag/Au Au/Au/Ag/Au Au/Au/Au/Ag/Au

Fit to MEIS experiment

1.0 12 75 13 0 0

1.4 0 64 24 12 0

20 0 31 41 19 9

23 0 21 44 17 18

STM data

14 0 69 24 4 3
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3.2. 3D islands

At ~1 ML fingers have started to grow from
the steps (fig. 1a) and above 2 ML anisotropic 3D
istands are observed (fig. 1c).

The shape, the size and the density of these
islands are directly measured from the images.
The length, the width and the average height of
the islands versus their size are displayed in fig. 2.
All of these parameters are increasing with the
islands size while the length /width ratio is about
constant (between 5 and 8). The island density is
about 10!° /cm?. Atomic resolution images of the
islands [12] show clearly that the islands are elon-
gated along the direction of the [110] close-packed
rows. Thus, the rectangular shape of the islands
reflects the anisotropy of the (110) substrate. One
can imagine several causes for this anisotropic
shape: anisotropic diffusion, anisotropic accom-
modation coefficient or anisotropic interactions.
Simulations based on modified DLA models are
still in progress but they suggest that anisotropic
diffusion alone cannot account for the island
shape. Such a conclusion was found for semicon-
ductor Si islands on Si(100) [15]. The distinction
between anisotropic accommodation coefficient
and anisotropic interactions is made in order to
distinguish between a kinetically limited growth
shape and the equilibrium growth shape respec-
tively. The issue could be adressed for example
by studying the island shape versus annealing
temperature.

At the coverage of 1.4 ML (fig. 1b), 3D struc-
tures are observed which reveal the transition in
growth modes from 2D fingers to 3D islands. The
top of these structures consists of a simple finger
grown from the step whereas the bottom is always
a multi-atomic step. Therefore correlated growth
of 2D fingers from one terrace to another is
responsible for these 3D structures.

4, Conclusion

The first stage of the equilibrium growth of
gold on the open fcc (110) silver surface is the
formation of two intermixed layers: below 1 ML
atomic exchange leaves almost all Au atoms in
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Fig. 2. Island shape parameters versus island size: (a) average

height defined by maximum lawight / \/2_ - the monatomic step
height 4, is 1.45 A; (b) width; (c) length.

the second laver under a top layer of Ag. This
behavior is attributed to the open structure of the
(110) substrate. 2D alloying has alsoc been ob-
served on W and Mo bee (100) substrates while
not on densely packed bee (110) surfaces [2]. By
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modifying the surface energetics of Au/Ag(110),
the intermixing process then gives rise to a SK
growth mode rather than the expected FM mode,
and 3D islands of gold are formed on top of the
intermixed layers. The transition from 2D to 3D
growth is shown to be due to the growth of
correlated fingers at step edges.
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