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The topography of Ag grown on Ag~111! measured with scanning tunneling microscopy reveals three-
dimensional, layered islands for film thicknesses below 500 Å. For thicker Ag films, the layered structures can
no longer be observed. The induced surface roughness increases with increasing film thickness and corresponds
to the formation of self-similar surfaces with roughness exponentsH close to 1 for thicknesses up to 5000 Å.
Our results are compared to the relevant theoretical models.@S1063-651X~96!11307-6#

PACS number~s!: 05.40.1j, 61.16.Ch, 68.35.Bs, 68.55.2a

I. INTRODUCTION

In deposition processes used to fabricate thin solid films,
one observes a very strong dependence of the film micro-
structure and the surface roughness on the growth conditions.
A study of this microstructure and of the surface roughness
might help to reveal the underlying growth mechanisms.
This is important since the film structure as well as the sur-
face roughness have a profound influence on the physical
properties of the film.

The growth of vapor-deposited films has been extensively
studied. Growth models have been developed that take into
account different physical processes. Films deposited under
nonequilibrium conditions have recently also been the sub-
ject of many atomic-scale computer simulations and applica-
tions of the scaling theory@1–5#. In many cases, interfaces
growing under nonequilibrium conditions~which is the case
for most thin-film deposition processes! evolve into self-
affine surfaces@1,6–14#. In this case, the root-mean-square
~RMS! roughnesss increases with the sizeL of the surface
as s(L)}LH, where the scaling exponentH ~0<H<1!,
called the roughness exponent, is indicative of the topogra-
phy of the surface. This regime of self-affine scaling is valid
for length scales smaller than the correlation lengthj. At
length scales exceeding the correlation length, the roughness
reaches a saturation valuest . In dynamic processes, the
roughness also changes as a function of the growth time
@8–15#. Often, the saturated roughnessst increases in time
as s t}t

b, until a certain maximum roughness value is
reached.b, which is called the dynamic scaling exponent, is
related to the temporal evolution of the roughness. The tem-
poral and spatial behavior of the roughness can then be de-
scribed by the dynamic scaling relation@18#:

s~L,t !5LHf ~ tL2H/b!,

where f is a scaling function. For many growth models the
characteristic scaling exponents have been calculated.

We have used the scanning tunneling microscope~STM!
to study the topography and the evolution of the surface
roughness during the growth of Ag on Ag~111!. With the
invention of various scanning probe microscopes, techniques
became available to measure the surface roughness directly
down to the nanometer scale. The surface roughness and the
scaling exponents will be compared to exponents obtained
from growth models in order to reveal the underlying growth
mechanism.

II. EXPERIMENTAL PROCEDURE

Our STM ~WA Technology Ltd., Cambridge! is installed
in an ultrahigh vacuum~UHV! chamber~10210 mbar! to
which a deposition chamber is attached~1027 mbar during
the evaporation!. In between the thermal evaporation of the
different Ag layers, the sample can be transferred to the STM
chamber without exposing the surface to air.

It is well known that the thermal evaporation of Ag on top
of freshly cleaved mica at a temperature of 275 °C produces
flat Ag~111! surfaces@16#. The mica substrate is introduced
into the evaporation chamber in the vacuum system immedi-
ately after cleaving. Before evaporation of Ag, the mica is
annealed at a temperature of 400 °C. The heating of the mica
is obtained with an electron beam directed into a hole in the
substrate holder towards the back side of the substrate. In
order to obtain a uniform heating of the substrate, a silicon
wafer is placed directly under the mica substrate. The sub-
strate temperature is calibrated with a thermocouple attached
to the front side of the mica substrate during a test evapora-
tion. After deposition of the Ag~111! layer, the sample is
cooled down to room temperature and transferred to the
UHV chamber, where the surface topography and roughness
are studied with STM.

On the Ag~111! surface at room temperature, gradually
more and more Ag is evaporated. In between the evaporation
of the different Ag layers, the sample is transferred to the
STM chamber. The morphology as well as the RMS rough-
ness as a function of the length scale have been determined
for the various layer thicknesses. The procedure, which was
followed to determine the roughness exponent, has been de-
scribed elsewhere@17#. Briefly, a variety of scans~5–10
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typically!, each of sizeL, are recorded at random locations
on the surface. The RMS roughness values, given by the
instrument software for the individual scans, are then aver-
aged. As soon as the average roughness at that length scale
does not change by more than 10%, when more images are
averaged, data recording is stopped. This procedure is re-
peated for numerous different scan sizes, generating a set of
averages values as a function of the length scaleL. The
obtained data are then plotted in a log10~s! versus log10(L)
graph and a least-square fit to the data points is performed.
The slope of the fitted curve determines the roughness expo-
nentH.

III. EXPERIMENTAL RESULTS

The STM measurements on the original Ag~111! surface
@shown in Fig. 1~a!# indicate that the maximum size of the
atomically flat islands is about 2000 Å. The islands are sepa-
rated by deep valleys. On top of the islands atomic steps as

well as dislocations can be observed@see arrows in Fig.
1~a!#.

After evaporation of Ag on the Ag~111! surface at room
temperature, circular, three-dimensional~3D! islands are
growing on top of the atomically flat Ag~111! terraces. In
Fig. 1~b! a typical image of the surface is shown after evapo-
ration of 31 Å of Ag. The island size at the base line is
500–1000 Å. The steps between the terraces are one unit cell
in height and the top layers become increasingly smaller,
leading to a pyramidal-like structure. On some of these 3D
islands, a screw dislocation can be observed@Fig. 1~c!#.
When evaporating more and more Ag, the islands are grow-
ing higher. In Fig. 1~d!, an island with a diameter of 1500 Å,
which is comparable to the size of the underlying Ag~111!
grain, is shown. The evaporated Ag thickness is 62 Å. A
similar behavior is observed up to a Ag thickness of about
250 Å. At a thickness of around 500 Å, the surface topogra-
phy has changed: the surface becomes more irregular and
cloudy. Sometimes, in between this cloudy areas, the under-

FIG. 1. STM pictures show-
ing the Ag surface topography at
various stages of the growth pro-
cess.~a! Ag grown on mica at a
temperature of 275 °C reveals
large Ag~111! grains with atomi-
cally flat surfaces. On the grain
surfaces atomic steps~see upper
arrow! and growing defects~see
lower arrow! can be found. The
evolution of the topography of
the Ag film evaporated at room
temperature on top of the flat
Ag~111! area is given for an av-
erage layer thickness of~b! 31
Å, ~c! 31 Å, ~d! 62 Å, ~e! 483 Å,
and ~f! 1997 Å. In ~c! a screw
dislocation appearing on top of a
Ag island grown on the Ag~111!
surface is shown. The vertical
scales~black to white! are~a! 22
Å, ~b! 30 Å, ~c! 25 Å, ~d! 29 Å,
~e! 40 Å, and~f! 141 Å.
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lying islands with atomic steps can still be observed@Fig.
1~e!#. In Fig. 1~f!, the topography of a layer with a thickness
of about 2000 Å is presented: the underlying topography is
completely mimicked.

In Fig. 2, log10-log10 plots of the RMS roughnesss as a
function of the length scaleL are shown for the different Ag
layer thicknesses. The roughness increases with increasing
length scale, but it is clear that the saturation valuest could

not be reached because of the limited scan range of our STM.
Consequently, the dynamic scaling exponentb cannot be
determined. On the other hand, we observe that the rough-
ness values increase with increasing layer thickness. This
increase is not very pronounced for the smaller thicknesses
below about 250 Å~i.e., in the regime where the layered 3D
island growth occurs!, but becomes more evident for the
thicker films showing the cloudy topography.

FIG. 2. log10~s! vs log10(L) plot for the growth of the Ag film shown in Fig. 1, withL the scan size ands the average RMS roughness:
for ~a! the Ag~111! substrate and for Ag layers with an average thickness of~b! 31 Å, ~c! 62 Å, ~d! 123 Å, ~e! 243 Å, ~f! 483 Å, ~g! 963 Å,
~h! 1997 Å, and~i! 5001 Å. The values of the roughness exponentsH, indicated in each plot, are determined via a least-square fit restricted
to the linear regime.
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For all the plots shown in Fig. 2, the roughness increases
with increasing length scale. For the flat Ag~111! substrate
@Fig. 2~a!#, no linear regime can be detected, indicating that
the surface is not self-affine. After evaporation of Ag, a lin-
ear regime gradually develops@Figs. 2~b!–2~f!#. At the
smallest length scales, deviations from the linear regime are
observed. The tip shape and size impose a lower cutoff for
the application of the scaling laws. Therefore, the roughness
exponentH is determined via a least-square fit restricted to
the data points belonging to the linear regime.

In order to emphasize the gradual increase of the rough-
ness exponentH with increasing thickness, we have plotted
the exponentH as a function of the total layer thicknesst
~see Fig. 3!. For the smaller thicknesses~t<250 Å!, where
3D island growth occurs, the exponent varies between
H50.8860.03 ~for t531 Å! andH50.9360.06 ~for t5123
Å!. For the thicker and more irregular films, the roughness
exponent varies betweenH50.9560.03 ~for t5483 Å!
andH51.0660.03 ~for t55001 Å!. At larger length scales,
the error on the RMS roughness values is larger than the
presumed 10%, since the roughness values could only be
determined for a limited number of independent locations on
the surface. Indeed, the atomically flat Ag~111! islands, on
which the 3D islands grow, have a limited size of about 2000
Å. Consequently, the uncertainty on the roughness exponent
H is larger than might be expected from the least-square fit
to the data points and is estimated to be60.1. This implies
that most values forH are close to 1 within the experimental
error.

IV. DISCUSSION

In model calculations, the observed 3D island growth for
film thicknesses below 500 Å has been predicted for epitax-
ial growth when there exists a barrier at the step edges that

prevents the atoms from diffusing across downward steps
@18–21#. On top of the flat terraces, the incoming atoms can
move to the upper step edges where they become incorpo-
rated in the Ag layer.

The scaling exponents have been estimated for several
growth models.H51 has been found for a model describing
molecular beam epitaxy~MBE! growth, where the relaxation
process proceeds via surface diffusion@18,22#. This corre-
sponds to the atomistic model where the atoms are allowed
to relax via surface diffusion to positions with a maximum
number of nearest neighbors@23#.

Our results can also be interpreted in terms of a growth
instability introduced by Villain@18#, by Johnsonet al. @24#,
and by Siegert and Plischke@25#. In their models, mounds
are formed, which increase both in height and lateral size,
until only one mound on the order of the system size remains
@24#. As soon as the islands have reached this size, a rough
surface starts to develop. In our experiment, the growth is
clearly limited by the size of the underlying Ag~111! islands.
A roughness exponentH51 ~as in our case! was reported by
Siegert and Plischke@25# for MBE growth where a growth
instability is developing. In their model, the exponentH is
only an effective exponent and does not describe the scaling
anymore.

Experimentally, structures similar to ours have been ob-
served for GaAs films grown by MBE methods on
GaAs~100! substrates@24#. Furthermore, Ernstet al. @26#
have observed unstable growth, resulting in a pyramidal-like
surface profile, for Cu vapor deposited on a Cu~100! crystal
at 160 and 200 K. In the latter case, exponentsH>1 were
found, in agreement with our results.

V. CONCLUSION

We have studied the growth of Ag vapor deposited on
Ag~111!. For thicknesses below 250 Å, the growth proceeds
via 3D island growth. For thicker layers, the surface becomes
irregular. Roughness exponentsH close to 1 have been ob-
tained, in agreement with other experimental results as well
as with theoretical models.
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