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Importance of the additional step-edge barrier in determining film morphology
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A model of epitaxial growth based on steady-state assumptions is derived and shows that the decisive
quantity determining the film morphology is the additional energy barrier at the step edges, i.e., the barrier to
descend the step minus the surface-diffusion barrier. The model allows this barrier to be directly determined
from experimentally observed film morphologies. It is applied to homoepitaxy on Ag(111) and Pt(111) where
the additional barriers amount to ~150 and ~165 meV, respectively. In addition, this model provides new
understanding of more complex processes, such as the surfactant effect of Sb on Ag(111) and reentrant growth

on Pt(111).

There has been continued interest in epitaxial growth
with the parallel goals of obtaining both a more funda-
mental understanding of the growth and improving control to
obtain new materials with desirable properties.! While ho-
moepitaxial growth has limited prospects for the latter, its
simple thermodynamics makes it useful for the former. In
spite of the apparent triviality of homoepitaxial systems, re-
cent experiments have show a surprising variety of behav-
iors, including reentrant layer-by-layer growth? and the
change in growth morphology with surface active species.>~®
Although it was immediately recognized that the energy
barrier for adatoms to move over step edges and the shape of
the island perimeter gla_?' an important role in determining
the film morphology,>*’ an analytic model capable of ex-
plicitly showing the relative importance of these factors has
not been presented. Here we develop such a model which
allows the energy barrier for adatoms to move over descend-
ing step edges to be calculated directly from STM (scanning
tunneling microscopy) or LEEM (low-energy electron
microscopy) observations. An accessible experimental deter-
mination of this decisive barrier is of obvious importance
for learning to control epitaxial growth and for comparing
results from simulations and first-principle calculations.
We demonstrate the use of this model by analyzing homo-
epitaxy on Ag(111) and Pt(111) and obtain step edge barriers
of 150 and 165 meV in excess of the terrace diffusion barri-
ers, respectively. Additionally, this model is used to analyze
the associated problems of the role of Sb additives on
Ag(111) homoepitaxy® and reentrant growth in Pt(111)
homoepitaxy.”
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The onset of vertical growth, i.e., the nucleation of the
second layer, can occur in three different stages of the first-
layer growth process: (i) in the transient regime where the
first-layer island density builds up, (ii) in the region of satu-
rated island density, or (iii) in the coverage domain above the
onset of coalescence, where the density of first-layer islands
decreases. The actual situation is largely determined by the
amount of interlayer transport and hence by the relative size
of the barrier for diffusing over island edges. In the absence
of an additional repulsive barrier at island edges, second-
layer islands will not occur until the onset of first-layer is-
land coalescence and layer-by-layer growth results. In con-
trast, the observation of second-layer nucleation for Ag/
Ag(111) (Ref. 8) and Pt/Pt(111) (Ref. 7) before the onset of
coalescence indicates a significant additional barrier at steps
for these systems.

For modeling the growth with an additional edge barrier
we assume that at time ¢ deposition has led to the build-up of
three-dimensional (3D) islands consisting of a number of
concentric circles with decreasing radius R, . Following the
notation of Cohen et al.,’ the occupancy of the nth layer 6,
as a function of time at deposition rate 1/7 obeys the set of
differential equations

d@,,_l—a,,_l ® ® a, ® )
dt '—7( n—-1" n)+7( n_ n+1)' (1)

a, represents the amount of interlayer transport; it de-
notes the fraction of atoms which diffuse over the step and
attach to this level after landing on top of level n. Its value,
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in the work by Cohen et al,” was defined as a,=A[d,/
(d,+d,+1)]; A is an adjustable parameter between O and 1
and d,, the perimeter of the nth-layer island. We derive this
expression explicitly here as follows. First, all adatoms land-
ing on the topmost layer move over the island edge and
attach to it. This continues as long as the coverage 6, of that
layer is smaller than some critical value 6, . That is, «,, is set
to 1 for 6, < 6. . A next-higher-layer island is created as soon
as 6, is reached.® 6, is directly available from STM or
LEEM images. Second, after a next-higher-layer island has
nucleated, «, is calculated using steady-state assumptions.
As in the work of Stoyanov and Markov,'? the adatom den-
sity p(r) at a distance r from the center of a layer is given by
equations which relate the number of atoms impinging on the
surface between R, .; and r to the sum of the number of
atoms diffusing outward past r and of those being attached to
level n+1:

1 dp(r)
— (P =R} ) =27R, 1 p(Ry )= 27k — = .

2

A similar equation applies for the region between r and
Ry,

1 dp(r
— m(R:=r?)=2mrh p( )+27TR,,p(R,,)S. 3)
T dr

All radii are given in lattice constants. The terms

h=exp(—E,/kT) and s=exp(—E,/kT) denote the probabili-
ties for hopping on flat terraces and over descending step
edges, respectively. Using conservation of number of atoms
landing on level n,

1
— w(R; =R} ) =27R,+1p(Rys)h+27R,p(R,)s,

allows p(R,) and p(R, ;1) to be calculated. The fraction of
atoms which attach to level n is proportional to sp(R,)R,
and the fraction attaching to level (n+ 1) is proportional to
hp(R, +1)R, +1. With these boundary conditions, integration
of (2) and (3) yields «,,:

R,Z,— r*? (4a)
Xy=77 _pz s 4
" R,—R;.,
where r) is defined as the intermediate radius where the
adatom density is maximum,

*2__p2
i~ _Rn+1+Rn+1

R R
2_p2 . |l _p2 _~n
(Ry R"+1)(Rns+2) Risaln R,,J
Rn +Rn+1 fl_
Rn+1 Rn s

Note that when the barrier to move over a step edge be-
comes very large, r =R, which gives @, =0 and the layer
distribution expected for Poison growth. In «,,, the hopping
rates 4 and s appear only in a ratio. This demonstrates that it
is the difference between the hopping barriers on the terrace

X

1+R, qIn

(4b)
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FIG. 1. Layer completion as a function of coverage calculated
for an additional barrier of As=150 meV. The layer occupancies
indicated by the symbols are taken directly from STM images.

and the step edges (the “additional barrier” defined as
As=E,—E ;) which determines the amount of interlayer
transport and thus the smoothness of the growing film. As
shown below for Ag(111) and Pt(111) this model allows the
direct determination of this barrier from STM images. Per-
haps more importantly, however, is the philosophical impli-
cation of this result in that it shows that an increase in dif-
fusion barrier simultaneously on all growing layers leads to
more transport between layers and hence a smoother film.
This perhaps somewhat counterintuitive result has not been
formulated previously, to the best of our knowledge, and
contrasts the description recently put forth by Zhang and
Lagally, which predicts that growth will become rougher
with increasing diffusion barrier on the terraces and a con-
stant total barrier at steps.'

The layer coverage as a function of deposited material is
obtained by numerically solving Eq. (1), using «, from (4),
and can be fitted to the experimentally observed values. In
Fig. 1, this is demonstrated for the case of the homoepitaxy
of Ag/Ag(111). With 6,=0.55 ML, as obtained from STM
images,®!? the best fit to the layer occupancies as observed
using STM is obtained with an additional barrier
As=150=20 meV."

We now modify the model to consider the onset of
second-layer nucleation. This simplified analysis provides a
readily applicable estimate of the additional barrier at step
edges and allows the effect of different diffusion barriers on
different layers to be assessed. The latter may be expected to
be important for systems with surfactants and also for het-
eroepitaxial systems.'* A second-layer island nucleates when
a first-layer island reaches a critical size R, .8 This is
equivalent to the condition that the 2D adatom density
reaches a critical value p.. The density on top of a first-layer
island before second-layer nucleation occurs is found by us-
ing Eq. (2) with R, ;=0 and replacing 4 with A, the hop-
ping probability on a first-layer island:

dp
7Tr2=—27rr7h1£—17 . 5)

Integration shows that the adatom density on top of the
island has a parabolic radial dependence. Employing conser-
vation of number of atoms yields for the density at the center
of the first-layer island:
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R? R,
arh, 2rs

p(0)= (6)

The critical 2D gas density p. can be estimated from the
first-layer island density. Immediately after the saturated
first-layer island density is reached, the 2D gas density be-
tween first-layer islands will be just below p.. Thus, an ap-
proximation is obtained by starting with Eq. (6) and replac-
ing (i) both s and A, with A (the hopping probability on the
substrate) and (ii) R; . with Ro., a measure of the spacing
between the centers of first-layer islands:

2
— RO,c RO,c
Pe= 4thy " 27hy

M

Ry, is difficult to determine analytically with precision
due to the lack of symmetry of the first-layer islands. We
estimate that it is between D/2 and D, with D the average
distance between first-layer islands. Equating (6) and (7)
with p(0)=p, for R;=R, . and rearranging yields

(RO,C) (ho " 2h0 )1/2 (h0+26XP(AS/kT) 12 8
Ry, hy  Ryes hy Ry, - ®
This equation yields an estimate of the additional barrier at
the edges (As) from the radii, Ry, and R, ., observed at the
onset of second-layer nucleation. Their ratio Ry /R;. is
close to 1.0 for smooth growth and larger than roughly 1.5
for cluster growth. This has a meaning similar to the “F
factor” in the model of Zhang and Lagally.!!

We apply Eq. (8) to determine the additional barrier
As for the cases of Ag(111) and Pt(111). The error in
these results is dominated by that in the approxima-
tion D/2<R,.<D. For Ag(111), we obtain values for
Ry .=D/2=200 nm and R, =100 nm from STM 1mages8 12
or Ry./R;,~2.0. Equation (8) (with the radii converted to
lattice units) yields the additional step edge barrier As,
which amounts to 150 *3 meV, in good agreement with
the result found above. For Pt(111), we use the data as given
in Ref. 7. Growth at 425 K [see Fig. 2(b) in Ref. 7] yields
islands with average separations of ~54 nm and widths of
~22 nm. We obtain from Eq. (8) an additional barrier of
165+50 meV, in fair agreement with values obtained by
effective-medium calculations.'!3

We now consider the possible effects of Sb on the growth
of Ag(111). Previously pubhshed explanations of the surfac-
tant effect for this system™ 61620 have all relied on two as-
sumptions; (i) that the mobility of Ag is limited by Sb and
(ii) that Sb is not transported to the (rn+1)th layer until
coalescence of the nth layer. This would indeed constitute a
simple explanation: A higher mobility on top of islands
would increase the interlayer transport through an increase in
the attempt frequency and lead to smoother morphologies.20
However, STM results show explicitly that this second as-
sumption is false and that instead the Sb is transported con-
tinuously and with ~95% efficiency during growth, leading
to a practically homogeneous distribution of Sb on all grow-
ing layers.>'? This result clearly indicated that previous at-
tempts at modeling this system have been oversimplified and
inadequate.
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The model developed above allows a more complete and
quantitative understanding of the workings of Sb on this sys-
tem. Specifically, we analyze the relative importance of three
possible surfactant effects, (i) the increasing Ag diffusivity in
higher layers due to partial incorporation of the Sb in the
growing film,31? (ii) the formation of irregular island
shapes,g‘12 and (iii) the increased Ag diffusion barrier on the
terraces.>%12:1

(i) On the basis of the partial incorporation of Sb during
growth, a decrease in island density with coverage is ex-
pected. Comparison of island densities observed in different
layers, however, shows that the change from each layer to
the next is small, indicating that this is not a strong effect.
This can be quantified as follows. The observed exponential
increase in the Ag island density with Sb coverage'? implies
a linear relation between Sb coverage and Ag diffusion bar-
rier. Assuming a critical island size i=1 we estimate'”!® an
increase in the Ag diffusion barrier of 15 meV per percent of
a ML of Sb. Furthermore, our STM and Auger electron spec-
troscopy data show an Sb incorporation rate of 5% per ML of
added Ag. Thus, for an Sb precoverage of 0.08 ML the de-
crease in the Ag diffusion barrier in moving from the first to
the second layer is ~6 meV. This corresponds to a lowering
of Ry./Ry. by less than 5% [Eq. (8)] and an onset of
second-layer nucleation which is changed to a coverage less
than 9% higher as compared to the clean case. This does not
suffice to explain the change in growth mode.

(ii) Irregular Ag island shapes also favor interlayer trans-
port, because the adatoms reach the island edges more easily
than for compact island shapes. For an annealed Sb precov-
erage of 0.08 ML and an Ag coverage of 0.6 ML, STM
images show irregular first-layer Ag islands without second-
layer nucleation, with spacings of 150 nm (R,.=75 nm)
and centers of 80 nm diameter (R;.,~40 nm). 12 Using

hq/hgy from above to include the effect discussed in (i), and
leaving the additional barrier unchanged, Eq. (8) would pre-
dict second-layer nucleation already on islands with a radius
of 20 nm. [The effect of irregular island shapes alone can be
considered by using 4, /hy=1 in Eq. (8).] Hence, these two
effects in combination are too small to solely explain the
transition to smooth growth.

(iii) It is the reduced mobility /4, as implied by an increase
in island density, which predominantly accounts for the ob-
servations of smoother growth. The Sb increases the effec-
tive diffusion barrier on terraces without affecting the total
barrier for moving over step edges equally strongly. At an Sb
coverage of 0.08 ML, the diffusion barrier has increased by
~120 meV.'? With an unchanged edge barrier s, the ratio
Ry /R, approaches unity and no second-layer nucleation is
expected until a coverage of 0.99 ML is reached, even with
relaxed island shapes. We conclude that the Sb-induced
change in growth mode of Ag(111) can be fully explained on
the basis of a decrease in addmonal barrier through an in-
crease in diffusion barrier.’® Irregular island sha 6pes or the
partial incorporation of Sb from layer to layer are not
sufficient to account for the observed change in growth.

Finally, for the reentrant layer growth of Pt on Pt(111) at
low temperatures,”’ we reach conclusions analogous to those
for Sb/Ag/Ag(111). First of all, with lower temperature epi-
taxial growth usually becomes rougher. In the present-model
this is reflected in that the derivative of the ratio R ./R1 .
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with respect to temperature is always negative. Hence, a
transition to smoother growth upon lowering the temperature
can occur only if either (i) the islands develop an irregular
shape or (ii) the effectiveness of the additional barrier is
decreased, for example, through small island sizes or kinks.?
To consider the role of irregular island shapes, we apply Eq.
(8) to the STM images taken at 205 K (Fig. 2a of Ref. 7).
Assuming an additional barrier of 165 meV, as derived
above, we find that second-layer islands would nucleate even
if the island arms are only a single atom wide. Thus, the
reported increase in interlayer transport at lower temperature
cannot be due to purely geometric effects. Again, we must
invoke a decrease in the effectiveness of the barrier at the
step edge (ii), in this case either through kinks, transient
energy,”>?! or downward funneling,?* to explain the smooth
growth.

In conclusion, we have given an analytic description of
epitaxial growth which brings to light the importance of the
additional step edge energy barrier. The most important
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qualitative result is that a decrease in the additional barrier,
through an increase in the diffusion barrier on terraces, will
increase interlayer transport and promote smoother growth
morphologies. This will have important general implications
for the choice of surfactant materials. Quantitatively, we
have provided a demonstration of how this important barrier
can be extracted from STM or LEEM images; for Ag(111)
and Pt(111) these amount to roughly 150 and 165 meV, re-
spectively. Finally, we have used the model to demonstrate
that both for the cases of Sb surfactants on Ag(111) and for
the reentrant smooth growth of Pt(111) at low temperature,
reduced additional step edge barriers are the main cause of
the smooth morphology.
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