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Sb-enhanced nucleation in the homoepitaxial growth of Ag„111…
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The effect of Sb on the homoepitaxial growth mode of a Ag~111! surface has been studied by scanning
tunneling microscopy. In a previous paper we reported on the effect of Sb on the interlayer diffusion barrier of
Ag~111!. Here we describe in more detail the effect of Sb on the island nucleation and surface diffusion. We
find a homogeneous effect of the Sb on the Ag~111! surface, while heterogeneous nucleation and sticking can
be excluded. The surface diffusion barrier appears to be linearly dependent on the Sb concentration. This
shows that Sb has an effect not only locally at the step edges, but also on the terraces where it decreases the
mobility of the Ag atoms. Further, we show that the Sb segregates efficiently during growth.
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I. INTRODUCTION

In a previous x-ray-diffraction study1 we showed that the
deposition of small amounts of Sb can change the gro
mode of Ag~111! from three-dimensional into layer-by-laye
Using scanning tunneling microscopy~STM!2 we found that
the main origin of the change in growth mode is a decre
of the additional diffusion barrier at step edges that hind
atoms to descend at step edges~Ehrlich-Schwoebel
barrier!.3–5 In addition, the interlayer transport is increas
by the dendritic island shape and the partial incorporation
the Sb during growth, but these effects were shown to
small.

Because the Ehrlich-Schwoebel barrierEa is the differ-
ence between the total barrier at the stepEb and the barrier
for diffusion on the terraceEd (Ea5Eb2Ed), the decrease
of the Ehrlich-Schwoebel barrier can be caused by eithe
decrease of the total barrier at the edgeEb or by an increase
of the surface diffusion barrierEd ~see Fig. 1!. We have
shown that the latter is the case for the Ag growth with S2

which implies that the main effect of the Sb is not local at t
step edge.

In this paper we will describe in more detail the effect
Sb on the nucleation of the Ag islands and on the surf
diffusion on the terrace. Furthermore, we present the res
of an Auger electron spectroscopy~AES! study that shows
that the Sb segregates efficiently during the growth.

II. EXPERIMENT

The experiment was performed in an ultrahigh vacu
system operating at pressures,1028 Pa. The Ag~111!
570163-1829/98/57~7!/4127~5!/$15.00
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single crystal was cleaned by repeated sputter~600 K! and
anneal~700 K! cycles and prolonged high-temperature tre
ments~1000 K for 10 h! to obtain a surface with terraces u
to 1 mm in size. The surface was chemically clean accord
to the Auger electron spectra. The STM images show t
less than 1025 of the surface was covered by contaminan

FIG. 1. Schematic surface potential at a step edge with
Ehrlich-Schwoebel barrier. The Ehrlich-Schwoebel barrier on
clean surface~a! can be decreased in two ways:~b! by a local
decrease of the total barrier at the step or~c! by a global increase of
the surface diffusion barrier.Ed denotes the surface diffusion ba
rier, Eb the total barrier at the edge, andEa the additional~Ehrlich-
Schwoebel! barrier.
4127 © 1998 The American Physical Society
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FIG. 2. A series of STM images showing the influence of an annealing treatment on the subsequent Ag growth.~a! 0.12 ML Sb on clean
surface; 22 nm323 nm,~b! 0.08 ML Sb10.5 ML Ag, 400 nm3400 nm,~c! 0.08 ML Sb annealed, 30 nm325 nm,~d! 0.08 ML Sb annealed
10.13 ML Ag, 600 nm3500 nm.
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Ag was evaporated by heating a Ag droplet positioned i
coiled tungsten basket. Sb was deposited from a Knud
cell with water cooling. The deposition rate was in bo
cases approximately 1 ML/min and the pressure dur
evaporation was below 1028 Pa. The deposition and imag
ing were done with the substrate at room temperature.

III. ANTIMONY-INDUCED ISLAND NUCLEATION

A. Sb position and growth morphology

In Ref. 2 we discussed STM results showing the effec
predeposited Sb on the growth of Ag~111!. Figure 2 shows in
a
en

g

f

more detail the difference between as-deposited and
nealed Sb on the growth of the first monolayer of Ag. T
first image@Fig. 2~a!# shows the surface after 0.12 ML S
deposition. The Sb atoms are present at the surface in
different forms. Part of the Sb is sitting on top of the surfa
and at step edges in ordered clusters with a ()3))R30°
superstructure6 ~Sb clusters are white in this image!. The rest
of the Sb is embedded in the surface, shown as dark ‘‘hol
in the image. If on such a surface Ag is deposited, the
islands act as nucleation centers, see Fig. 2~b!. Due to the
contrast between the Sb~dark gray! and Ag ~light gray! at-
oms, we see that no Ag islands without Sb are formed. Fr
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57 4129Sb-ENHANCED NUCLEATION IN THE HOMOEPITAXIAL . . .
the second layer on, the Sb is always embeddedin the top
layer, no heterogeneous nucleation occurs, and the isl
grow with a dendritic shape.2,7

When an Sb precovered surface is annealed~;0.1 ML
Sb, 475 K for 10 min! we find that the Sb clusters are di
solved in the top layer of the surface@Fig. 2~c!# and no
ordered Sb clusters or single Sb atoms are present on to
the surface. The embedded position is thus the equilibr
position, which is in agreement withab initio calculations.8

We also see that all the step edges are covered with S
oms. When we deposit Ag on this surface, we observe
dendritic morphology already in the first layer@Fig. 2~d!#, as
in the higher layers of the growth without annealing. Th
indicates that the heterogeneous nucleation around the
clusters in the first layer is a special case that is not esse
for the induced layer-by-layer growth.

B. The nucleation mechanism

Since it is the Sb in embedded form that causes
change in growth mode in the higher layers, we have u
surfaces with annealed Sb to study the nucleation mecha
in more detail. In order to relate the amount of embedded
to the density of Ag islands we deposited various amount
Sb and subsequently annealed these surfaces~10 min at 475
K!. In this way we obtained surfaces with different conce
trations of embedded Sb atoms. On the annealed surface
then deposited Ag~Fig. 3! and determined the density of th
Ag islands. The result of this experiment is given in Fig.
We see that the island density increases exponentially
the amountu of Sb. In the following, we will discuss differ-
ent mechanisms that could increase the nucleation dens

According to standard theory for homogeneo
nucleation9 the island density at a given coverage outside
transient region is given as function of deposition rate a
diffusion constant by

N}~R/D ! i /~ i 12!, ~1!

with R the deposition rate,D5D0e2Ed/kT the diffusion con-
stant, andi the critical nucleus size. Since the deposition r
was not varied and the critical nucleus size is not expecte
change, the Sb must affect the diffusion constant. If we
sume that Ag adatoms have a larger probability to stick
embedded Sb atoms than to the Ag substrate atoms, th
land density should increase only linearly with Sb covera
~for low coverages! in contrast with our observation. Geo
metrical site blocking is another way to increase the isla
density. The Sb atoms could exclude a number of sites
cannot be occupied by Ag atoms. This can be considere
an increase of the effective deposition rate because ther
fewer sites available for the arriving atoms. The increase
the deposition rate will be linear with the amount of S
Another effect of site blocking is that, assuming a rand
walk of the Ag atoms, the average time to walk from o
position to another is longer because a number of pathw
is blocked by the Sb atoms. This reduces the diffusion c
stant linearly with the amount of Sb. So the joint effect
the deposition rate and on the diffusion constant cannot
count for the observed exponential increase in island den

The simplest explanation for the experimental relat
ln(N)}u is to assume that the diffusion barrierEd increases
ds
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linearly with the Sb coverage. This is a surprising res
since it means that all sites experience a reduction in di
sion constant. Using Eq.~1! with i 51, the best fit to the data
is obtained for

Ed5Ed011.7u ~2!

with Ed0 the diffusion barrier on the clean surface and t
energies given in eV. This fit is shown in Fig. 4 as the so
line. From this expression it follows that the barrier for su
face diffusion has increased by;520 meV in case of 0.3 ML
annealed Sb, assuming a critical nucleus sizei 51. A lower
limit for the change in the barrier is obtained when we c
culate the barrier fori 5` which yields 170 meV. It is not
clear what the critical nucleus size at room temperature
Up to 200 K it has been shown thati 51,10,11 at room tem-
perature the same value has been assumed.12 The derived
change in diffusion barrier can be compared with the av
able values for the surface diffusion barrier for the cle

FIG. 3. STM images of the Ag island density as a function
the Sb predosing.~a! 0.15 ML Sb annealed10.36 ML Ag,
95 nm360 nm, ~b! 0.3 ML Sb annealed 10.3 ML Ag,
15 nm315 nm.
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Ag~111! surface: 60–120 meV~Refs. 13–15! found by cal-
culations and 100–180 meV~Refs. 10 and 11! determined
experimentally. The change in diffusion barrier as given
Eq. ~2! is plotted versus the amount of Sb in Fig. 5.

In a previous paper,16 we derived a method to calculat
the Ehrlich-Schwoebel barrier from the measured isla
sizes and interisland distances, and found a value of
meV for the clean surface. Smilauer and Harris17 used a
similar method, using slightly different assumptions, and
rived a value around 200 meV. Since our conclusions do
depend on the exact values, we will, in the following, co
tinue to use the method from Ref. 16. Using this, also
effective Ehrlich-Schwoebel barrier in the case of an Sb p
covered surface can be estimated. For 0.08 ML Sb we
Ea5125 meV and for 0.3 ML Sb,Ea512 meV. Since we
now know bothEa and the change in surface diffusion ba
rier Ed , the change in the total barrier at the step edge ca
calculated usingEb5Ed1Ea . The results of these calcula
tions are shown in Fig. 5. We see that even thoughthe total
barrier at the step edge increases, the Ehrlich-Schwoe
barrier decreases because the surface diffusion barrier
creases even more. The Sb has a global effect and the pictu
of an Sb atom attached to the step edge reducing the ba
locally @Fig. 1~b!#, is therefore not valid.

The observation of the second-layer nucleation in an e
stage for Ag deposition on the surface with 0.3 ML annea
Sb @Fig. 3~b!# also supports the idea that the effect of Sb
not local. If the only effect of Sb would be to lower th
barrier at a step edge, it is expected that a larger Sb con
tration yields a smoother growth. However, when the m
effect of the Sb is to lower the mobility on the terraces a
so indirectly reduce the additional barrier at the step ed
the second-layer nucleation can be explained. In this cas
0.3 ML Sb coverage the mobility on the surface is reduced
the extent that atoms deposited on top of islands will not
able to reach the island edges before more atoms hav
rived and the critical nucleation density is exceeded. T
Ehrlich-Schwoebel barrier has decreased almost to zero~12
meV!, but this decrease is not enough to prevent nuclea
with the given reduced surface mobility. This clearly sho
that both the height of the Ehrlich-Schwoebel barrier and
mobility on the surface determine the growth mode.16 The

FIG. 4. The natural logarithm of the Ag island density as
function of the amount of predeposited, annealed Sb. The solid
is a fit using Eq.~2!, see text. The Ag coverages for which th
island densities were determined were 0.5 ML for Sb coverage
0.06 and 0.08, 0.36 ML Ag for an Sb coverage of 0.15 ML, and
ML Ag for an Sb coverage of 0.3 ML.
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early second-layer nucleation also shows that 0.3 ML Sb
too much for smooth growth. The optimum amount of S
lies between 0.1 and 0.2 ML.

Recently, Markov18 proposed an alternative effect of su
factants. He suggested that the surfactant is attached to
step edge and instead of lowering the Ehrlich-Schwoe
barrier, it hinders atoms arriving from the low side to atta
to the step. This mechanism, however, cannot explain
occurrence of second-layer nuclei on top of small islands
observed for larger annealed Sb amounts~Fig. 3!.

Liu et al. recently showed19 that the diffusivity of the Ag
adatoms on the terrace is reduced when the Sb atoms a
repulsive impurities, as proposed by Oppo, Fiorentini, a
Scheffler.8 In this case the repulsion is not only present at
step edges, as Markov18 proposed, but everywhere on th
terrace. The simple scaling relation@Eq. ~1!# has then to be
replaced by a more complicated one. It was shown that fo
repulsive action extending up to three lattice sites away fr
the impurity, the island density can increase to values co
parable to the values found in our experiment. This agr
with our conclusion that Sb affects the diffusion on the t
race in a nonlocal way. For an Sb coverage of 0.3 ML,
average distance between two Sb atoms is approxima
1/A(0.3)51.8 lattice constants. Therefore, all Ag atoms
the terrace will experience the repulsion of the Sb atoms
at all positions the diffusion constant has decreased. In
experiment, we find the change of the effective diffusi
constant. It is clear that in case of the repulsive Sb atoms,
all positions on the surface are equivalent and that the di
sivity changes with the actual distance to the surrounding
atoms. This point requires further investigation, since it
not clear that the theory of Liuet al. yields the relation
ln(N)}u over the full range investigated here.

IV. THE SEGREGATION OF Sb

The observation of many intensity oscillations in the
ray-diffraction experiment already showed that the segre
tion of Sb is quite efficient, because only on the starti

e

of
3

FIG. 5. Surface diffusion barriers as a function of the amoun
predeposited, annealed Sb.Ea is the additional barrier at a ste
edge,DEd is the change in the activation barrier for surface diff
sion andDEb is the change in the total barrier at a step edge;DEd

andDEb are given with respect to the values for a clean surfac
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57 4131Sb-ENHANCED NUCLEATION IN THE HOMOEPITAXIAL . . .
surface a small amount of Sb was deposited.1 Intensity oscil-
lations were observed from 225 to 375 K, indicating that t
segregation is not very sensitive to the temperature. In o
to investigate the segregation of Sb during growth quant
tively, we have performed AES. First we deposited 0.5 M
of Sb on the clean substrate and subsequently we meas
the intensities of the Ag and Sb Auger peaks as a function
Ag deposition. The result is shown in Fig. 6. We see that
Sb segregation is rather efficient: after 15 ML of Ag dep
sition, the Sb peak has reduced to 40% of the original int
sity. This implies an Sb incorporation of;5% for each ML
of Ag deposition.

We also counted the Sb atoms visible on the STM ima
at different stages of the growth, for a precoverage of 0
ML Sb ~as deposited!. The Sb concentrations determined
this way are also shown in Fig. 6. From both methods
follows that incorporation is largest during deposition of t

FIG. 6. The amount of Sb at the surface determined by A
~solid circles! and STM~triangles! as a function of the amount o
subsequently deposited Ag. The amount of Sb is normalized to
value before Ag was added~0.5 ML for AES, 0.08 ML for STM!.
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first Ag layer, but that after this, the Sb concentration is o
slowly decreasing. It could well be that in the first layer ex
Sb is left behind at defects present at the starting surfac20

The systematic higher amount of Sb detected with AES
be explained by the larger probing depth of this techniq
When the embedded Sb is covered by Ag, a place excha
mechanism puts the Sb again in the top layer.7 Ab initio
calculations indeed find that incorporation of Sb in the fi
layer has a lower energy than in the second layer.8 On the
basis of the efficient segregation one can conclude that
mobility of the Ag adatoms is hardly affected by the decre
ing Sb concentration.16

V. CONCLUSIONS

In conclusion, we have shown that heterogeneous nu
ation occurs only during growth of the first layer and is n
essential for the change in growth mode. The main effec
Sb is an increase in the surface diffusion barrier of Ag, le
ing to a concomitant reduction of the additional step ed
diffusion barrier. We showed that the effect of Sb on t
diffusivity on the terrace cannot be explained by site blo
ing or sticking and therefore, the effect must extend fart
than the nearest-neighbor sites. This agrees with a re
proposal of a repelling action of embedded Sb atoms exte
ing to three lattice units away from the Sb atoms. Further
showed that the segregation of Sb during growth is v
efficient. Therefore, only a small amount of Sb on the st
ing surface is needed for a long lasting effect on the gro
mode. The optimum amount of Sb is 0.1–0.2 ML.

ACKNOWLEDGMENTS

This work was part of the research program of the Sti
ting voor Fundamenteel Onderzoek der Materie~FOM! and
was made possible by financial support from the Ned
landse Organisatie voor Wetenschappelijk Onderz
~NWO!. J.V. acknowledges financial support from the Ale
ander von Humboldt Foundation.

S

the
s.

,

.

.

*Present address: Philips Semiconductors, Gerstweg 2, 6534 A
Nijmegen, The Netherlands.

1H. A. van der Vegt, H. M. van Pinxteren, M. Lohmeier, E. Vlieg,
and J. M. C. Thornton, Phys. Rev. Lett.68, 3335~1992!.

2J. Vrijmoeth, H. A. van der Vegt, J. A. Meyer, E. Vlieg, and R. J.
Behm, Phys. Rev. Lett.72, 3843~1994!.

3G. Ehrlich and F. G. Hudda, J. Chem. Phys.44, 1030~1966!.
4R. L. Schwoebel and E. J. Shipsey, J. Appl. Phys.37, 3682

~1966!.
5B. Poelsema, R. Kunkel, N. Nagel, A. F. Becker, G. Rosenfeld

and G. Comsa, Appl. Phys. A: Solids Surf.53, 369 ~1991!.
6T. C. Q. Noakes, D. A. Hutt, and C. F. McConville, Surf. Sci.

307-309, 101 ~1994!.
7J. A. Meyer, H. A. van der Vegt, J. Vrijmoeth, E. Vlieg, and R. J.

Behm, Surf. Sci.355, L375 ~1996!.
8S. Oppo, V. Fiorentini, and M. Scheffler, Phys. Rev. Lett.71,

2437 ~1993!.
9J. A. Venables, G. D. T. Spiller, and M. Hanbucken, Rep. Prog

Phys.47, 399 ~1984!.
10H. Brune, K. Bromann, H. Roder, K. Kern, J. Jacobsen, P
E

,

.

.

Stoltze, K. Jacobsen, and J. Norskov, Phys. Rev. B52, 14 380
~1995!.

11E. Z. Luo, J. Wollschla¨ger, F. Wegner, and M. Henzler, Appl.
Phys. A: Solids Surf.60, 19 ~1995!.

12J. Tersoff, A. W. Denier van der Gon, and R. M. Tromp, Phy
Rev. Lett.72, 266 ~1994!.

13W. Rilling, C. M. Gilmore, T. D. Andreadis, and J. A. Sprague
Can. J. Phys.68, 1035~1990!.

14P. Stoltze, J. Phys.: Condens. Matter6, 9495~1994!.
15G. W. Jones, J. M. Marcano, J. K. No”rskov, and J. A. Venables,

Phys. Rev. Lett.65, 3317~1990!.
16J. A. Meyer, J. Vrijmoeth, H. A. van der Vegt, E. Vlieg, and R. J

Behm, Phys. Rev. B51, 14 790~1995!.
17P. Smilauer and S. Harris, Phys. Rev. B51, 14 798~1995!.
18I. Markov, Phys. Rev. B50, 11 271~1994!.
19S. Liu, L. Bonig, J. Detch, and H. Metiu, Phys. Rev. Lett.74,

4495 ~1995!.
20H. A. van der Vegt, J. Alvarez, X. Torrelles, S. Ferrer, and E

Vlieg, Phys. Rev. B52, 17 443~1995!.


