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Scanning-tunneling-microscopy study of Ge/GaAs(110). I. Initial nucleation and growth
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Scanning tunneling microscopy (STM) has been used to study the initial nucleation and growth of Ge
on GaAs(110) at 420'C. Multilayer islands of crystalline Ge with heights of four or more layers were

formed upon deposition of 0.2 and 0.4 monolayer. We show that the energetics are responsible for the
absence of thinner islands and that the energetics account for the Ge island shape. Analysis of the spa-

tial distribution of the islands on the surface demonstrates that there is a depletion zone around each is-

land, the size of which is a measure of the kinetics available during growth. Depletion zones are directly
evident in STM images when surface steps are present because they act as preferred nucleation sites. At
the same time, island formation at these same steps is not energetically favored, as demonstrated by the
movement of Ge islands away from the steps when the surface is annealed at 550'C.

INTRODUCTION

The initial nucleation and the growth modes are of cru-
cial importance for thin films or overlayers because they
determine the properties that are related to "structure. "
These properties include interfacial goughness and the
density of dislocations and other defects. As a conse-
quence, they will affect the electronic properties of a junc-
tion. ' A fundamental understanding of the initial stage
of growth is essential to our ability to engineer new ma-
terials.

The deposition of atoms onto a substrate results in a
two-dimensional (2D) lattice gas. The subsequent con-
densation of this gas to form islands involves both kinet-
ics and energetics. Adatoms diffuse on the surface until
they meet and form clusters. Once such nucleation
centers are established, they are likely to grow to larger
islands, inhibiting nucleation in their immediate neigh-
borhood by acting as sinks for the diffusing atoms. The
competition between this growth and the nucleation of
new clusters depends on the temperature and the deposi-
tion rate. Such kinetic factors establish a correlation be-
tween the size and spatial distribution of the clusters.
Thermodynamics is also important because the overlayer
atoms will rearrange to form crystallites to minimize the
system free energy. Thus cluster shape is controlled by
the energetics during growth.

While this growth picture is generally accepted, direct
experimental confirmation is rather sparse. Several re-
cent studies have concentrated on surface diffusion, pro-
viding important insight into growth kinetics. In con-
trast, the role of energetics has received relatively little
experimental attention. Moreover, theoretical studies of
growth have often neglected the energetics while taking
into account only the kinetics. This state of affairs
motivated us to undertake a detailed experimental study
of the role of energetics in overlayer growth and its in-
teraction with the available kinetics.

In this paper, we report a scanning-tunneling-
microscopy study of Ge growth on GaAs(110) at elevated

temperature. The nearly perfect Ge-GaAs lattice match
makes this a good system for study because Ge can be
grown without significant strain (lattice mismatch
-0.1% at 300 K) (Refs. 10 and 11) and the energetics of
the system can be easily modeled. Our experiments at
low coverages [ ( 1 monolayer (ML)] show that Ge forms
islands with flat tops at 420'C and the island density is
dictated by nucleation events. By analyzing the shape of
the islands, we demonstrate that island formation is
driven by the thermodynamics of the system. In con-
trast, the growth kinetics determine island sizes, an effect
demonstrated by the formation of depletion zones around
the islands and near steps. An interesting interplay be-
tween kinetics and energetics is observed near steps. In
particular, Ge islands nucleate at step edges during
growth but move away from the steps upon annealing.
Hence steps can play quite different roles in the nu-
cleation and energy minimization processes. We will
show that the results can be explained via a simple model
that focuses on the energetics of the overlay.

EXPERIMENT

The experiments were performed in an ultrahigh-
vacuum chamber equipped with a commercial scanning
tunneling microscope (STM) (Ref. 12) and low-energy
electron diffraction (LEED) optics. The system operating
pressure was -5X10 "Torr. Clean GaAs(110) surfaces
were obtained by cleaving 2X3 X8 mm posts that were
Zn doped at 3 X 10' cm . Heating was achieved by ra-
diation from a tungsten filament behind the sample hold-
er. The temperature of the sample was monitored with
an infrared pryometer. Ge, evaporated from W baskets,
was condensed on hot GaAs substrates. One monolayer
is defined as the surface atom density of GaAs(110),
8.86X10' cm, corresponding to 2.01 A for Ge. Ge
depositions were determined by timed exposures to the
source after a stable evaporation rate had been estab-
lished. The deposition rates were determined with a
water-cooled quartz-crystal thickness monitor. The
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heater was shut off immediately following deposition, and
the sample was cooled quickly to room temperature for
STM imaging. The images were acquired in the constant
current mode with a typical tunneling current of 0.2 nA.
The STM images reproduced here are oriented so that
the [110] direction of the (110) surface runs from the
upper-left to the lower-right corner.

ISLAND FORMATION ON FLAT TERRACES

Figures 1(a) and 1(b) show 1400X 1400 A STM images
taken following depositions of 0.2 and 0.4 ML of Ge on
freshly cleaved GaAs(110) at 420'C. The deposition rate
was —1 ML/min. The bright protrusions in the images
correspond to Ge clusters. From the images, it is clear
that Ge growth in this low coverage region proceeds
through nucleation because the cluster density increases
with the amount of material deposited. The Ge clusters
are stable, as demonstrated by the fact that annealing at
the growth temperature, 420'C, for 4 h produced no ob-
servable change in the cluster density. When annealed at
500'C for 30 min, however, the clusters were larger and
their density was greatly reduced, as shown in Fig. 1(c).

Figure 1(d) shows a closeup of a typical Ge cluster
grown by the deposition of 0.2 ML at 420'C with no fur-
ther annealing. These clusters have flat tops. The cluster
shown in Fig. 1(d) exhibits two ordered rows along [110].
The row separation of 5.6 A coincides with the unrecon-
structed unit cell of Ge. The island height is —10 A or 5
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ML and its diameter is -45 A. The island shape and
surface ordering demonstrate the crystalline character of
the cluster. ' Dual images that probed filled and empty
states (+1.67 V) revealed the same appearance, ensuring
that the STM results approximated the surface morphol-
ogy. Quantitative measurements of island heights and
sizes from dual images gave identical results, within ex-
perimental uncertainty.

Thermodynamics: Island height-to-radius distribution

The importance of thermodynamics is widely recog-
nized as far as its influence on growth modes is con-
cerned. Island growth (Volmer-Weber) results when

a, &oo+0.; where 0., and ciao are the surface free energies
for the substrate and the overlayer and o, is the interfa-
cial free energy. The energetics of the system are also im-

portant in determining the shape of the islands. This can
be seen by considering a cylindrical island of constant
volume V= mR H on a surface with area A, as depicted
in the inset of Fig. 2. The free energy of the system can
be written

E=mR oo+2mRHcr2+mR o';+(3 mR )o,— '

=mR o &+2mRHo. 2+ Ao, ,

where 0.
2 is the surface free energy for the side of the

cylinder and o.
&

=O.o+ 0.
,
—o, While this is an

oversimplified model, the way that the energetics control
the growth mode and island shape can be easily demon-
strated utilizing Eq. (1). In o. , (0, the first term is nega-

tive and the system free energy E decreases with increas-
ing R (decreasing H for constant volume). Hence lateral

growth is favored and the system will grow in the layer-
by-layer mode (Frank —van der Merwe). For island

growth, 0. , )0 and the minimization of E under the con-

straint of constant cylindrical volume gives
H /R =0

&

/o. z. For a more general island shape, such as
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FIG. 1. (a) and (b) 1400X1400 A images showing the sur-

face morphology after deposition of 0.2 and 0.4 ML of Ge at
420 'C. The [110] runs from the upper-left to lower-right

0

corner in all of the images presented here. (c) 1400X1400 A
scan showing the morphology of regrowth for 0.4 ML Ge after
annealing at 500 C for 30 min. (d) A closeup of a typical Ge is-

land at 0.2 ML showing the shape and the flat top with surface
0

order. The image size is 80X 80 A.
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FIG. 2. Measured height-to-radius distributions for 0.4 ML
Ge deposited at 420'C and after annealing at 500 C for 30 min.

The ratio is independent of island height for the annealed sur-

face but it increases with increasing height for the as-deposited
surface. The inset serves to define the island height and radius.
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a truncated cone, energy minimization results in

H/R =O.~sin8/(o 2
—0ocos8) where cr2 is the surface free

energy for the side of the cone and 0 is the angle between
the base and the side. Therefore the ratio between the is-
land height and its lateral dimension should be a con-
stant, if the energy is indeed minimized during island
growth.

Figure 2 summarizes the measured H/R ratios as a
function of Ge island height for 0.4 ML deposition at
420'C and after annealing at 500'C. For the annealed
surface, the ratios approached a constant with an average
value of 0.68+0.04, independent of island size. This
demonstrates that island formation and island shapes are
indeed controlled by thermodynamics when the system is
allowed to approach equilibrium. For the as-deposited
surface, the ratio H/R increases as the height increases
so that the energy minimization is not fully realized.
While this is not a surprise, what is interesting is that the
values of H/R are centered around 0.68, the value for the
equilibrium surface. This indicates that the energetics of
the system still play an important role in shaping the is-
lands even though the energy of the system is not mini-
mized during growth. This argument becomes more con-
vincing if we take into account the fact that island sizes
before and after annealing are very different, as shown in
Figs. 2(b) and 2(c). In fact, as we will show below, the en-
ergetics of the system are, in part, to blame for the ob-
served large variations in H/R for as-deposited Ge is-
lands.

Thermodynamics: Island height distribution

To further examine the surface morphology, we mea-
sured the island height distribution for depositions of 0.2
and 0.4 ML at 420'C and for 0.4 ML annealed at 500'C.
For 0.2 ML, the distribution shown in Fig. 3(a) is very
narrow and it reaches a maximum at an island height of 5
ML. For 0.4 ML, the distribution width increases and
the peak shifts to 7—8 ML, Fig. 3(b). This increase
reflects the fact that the islands are larger. Islands with
heights of 3 ML or less are not present for 0.2 or 0.4 ML
deposition. After annealing at 500'C, the island size be-
comes much larger, and this is reflected in the height dis-
tribution of Fig. 3(c) for 0.4 ML. The distribution shape
after annealing is very similar to that before annealing,
but the peak has increased to 12 ML.

The analysis of the island height-to-radius distribution
shows that the driving force for island formation is the
system energetics, even though the free energy is not fully
minimized. Inspection of Fig. 3 reveals that the width of
the height distribution increases with increasing Ge depo-
sition and that small height islands are not observed. The
question, then, is whether these effects are due simply to
kinetics or whether energetics are partially responsible.

From Eq. (I), it is clear that there is an energy
minimum as a function of island height H that gives the
equilibrium configuration if o. , & 0. However, the rate at
which the system approaches that configuration and the
morphological deviations from it during growth depend
on the magnitude of the force that drives the system to-
ward equilibrium. Figure 4 makes it possible to examine

such an energetic behavior by plotting the system energy
E calculated from Eq. (I) as a function of island height
for two fixed volumes that give minimum energies at
H;„=5and 7 ML. While it is not realistic to expect
quantitative agreement between the simple model and the
experimental results, the two island volumes were chosen

0 ~ 6 I I I I I I I I I I I I I I I

C0
N

CL 0.40
Q.

(a) 0.2 ML
Ge/GaAs(110)
T = 420'C

N
0.2

E
0
Z

I I I I I I I I I I I I I I I

3 5 T 9 11 13 15
Island Height (ML)

0.6 I I I I I I I I I I I I I I I

Ca
~~
CO

0 ' 4
O

CL

(b) 0.4 ML
Ge/GaAs(110)
T = 420'C

W

N

0.2
E
0
X

I I I I I I I I I I I I I I I

1 3 5 7 9 11 13 15
Island Height (ML)

0 ' 6 I I I I I I I I I I I I I I I

C0
~~
lO

~ 0 ~ 4
O

CL

9.4 ML
Ge/GaAs(110)
Annealed 500'C

N

e 0.2
E
O
K

I I I I I I I I I I I I IWIWI
1 3 5 7 9 11 13 15

Island Height (ML)

FIG. 3. (a)—(c) Measured island height distributions for 0.2
and 0.4 ML deposition of Ge at 420'C and 0.4 ML of Ge an-
nealed at 500'C for 30 min. The width of the distribution in-
creases with Ge deposition and islands that have heights less
than or equal to 3 ML are absent.
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FIG. 4. Calculated energy versus island height for the cylin-
drical island model for two island volumes. The energy in-
creases very sharply with decreasing island height while the en-

ergy change in the vicinity of the minimum is very small. The
horizontal line represents the energy that is 4% higher than the
minimum energy.

to give H,„values that correspond to the most probable
heights observed for 0.2 and 0.4 ML Ge deposition, as
shown in Figs. 3(a) and 3(b). The ratio 0, /cr2 is assumed
to be 0.68. A striking characteristic of the energy versus
island height plot of Fig. 4 is that the system free energy
for a given volume increases sharply with decreasing
height. This represents a large driving force that in-
creases the height of the vertically impaired islands. Our
simple model then reveals the energetic reason for the ob-
served absence of such islands.

When the island heights approach their equilibrium
value, the picture is much different because the change of
E is very small in the vicinity of the minimum (Fig. 4).
Hence the driving force toward energy minimum is small
and the evolution toward equilibrium is expected to be
slow. As expected, equilibrium is not obtained for 0.4
ML deposition of Ge at 420'C, as rejected by the large
variation in H/R in Fig. 2. Annealing at 500'C for 30
min provides suScient kinetics that the system is able to
reach the equilibrium configuration, as shown by the
height-independent distribution of H/R in Fig. 2.

The solid horizontal line in Fig. 4 represents an energy
that is 4/o higher than the minimum value. The intersec-
tions of this line with the curve for H;„=5ML occur at
3.5 and 7.5 ML while the intersections with the curve for
H;„=7ML give 4.5 and 10.5 ML. Hence the range of
height for small islands is less than for larger islands for
the same energy deviation from the minimum. Accord-
ingly, morphological deviations from the equilibrium
configuration have decreasing effect on the change of sys-
tem energy as the volume of this island increases. This
thermodynamic property of islands is consistent with the
observation that the height distribution for 0.2 ML is
much narrower than for 0.4 ML where the islands are
larger. In reality, of course, not all islands at a given cov-

Kinetics: Nearest-neighbor distance distribution

8'„,„d, (r, hr)=2mrn exp( mnr )dr . — (2)

From the STM images, we can measure the distribution

W „,„„d(r,br)=n(r, br)/N, (3)

where n(r, Ar) is the number of clusters with nearest-
neighbor distance between r and r +b r and N is the total
number of clusters counted. Figures 5(a) and 5(b) com-
pare the measured distributions to the random distribu-
tion for Ge depositions of 0.2 and 0.4 ML (420'C), show-

ing that the measured distributions are shifted to larger
distances, as expected if there is a depletion zone around
each cluster.

From Fig. 5, it is evident that the measured distribu-
tions are narrower than the random distributions and
that the widths decrease with increasing coverage. These
effects are easy to understand in terms of cluster-cluster
interactions. For a random distribution, the nucleation
of a given cluster is independent of all others. For Ge
cluster growth on GaAs(110), the depletion zone implies
that cluster nucleation is strongly influenced by the prox-
imity of existing clusters. Effectively, there is a repulsive
interaction among the clusters and the clusters tend to
have equal separation. The observed narrowness of the
measured distributions rejects this tendency. As the

The above has shown that thermodynamics is largely
responsible for the observations related to the island
shape, if the size of the island is given. The island size
distribution, however, is determined by kinetics during
growth. The absence of islands with heights smaller than
4 ML (Fig. 3) demonstrates that Ge islands smaller than a
certain volume are not present on GaAs(110) at 420'C.

During growth, an adatom impinging on the surface
will diffuse until it is incorporated into an existing island
or it combines with other adatoms to form a cluster.
Which process accounts for the monomer disappearance
depends on the growth temperature, the deposition rate,
and, most importantly, the local environment where the
atom lands. In general, there is a zone around each is-
land known as the depletion zone within which it is more
likely for an adatom to find the island than to find other
adatoms and nucleate a new cluster. This implies that
small clusters will be few in number and, conversely, the
absence of small clusters suggests that a depletion zone
should be evident in the surface morphology. While such
zones are not obvious in Fig. 1, their existence can be
demonstrated through simple modeling and measure-
ments of the distance distribution of nearest-neighbor is-
lands.

For randomly distributed clusters of density n, the
probability of having no clusters within a circle of radius
r is exp( nmr ) an—d the probability of having a cluster
outside the circle within a distance of dr is n2m. rdr.
Therefore the combined probability, termed the distance
distribution of nearest neighbors for randomly nucleated
clusters, is '
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of Fig .6(a} shows Ge island nucleation near steps follow-
ing 0.2 ML deposition at 420'C. The left side of the im-
age shows two steps separated by -600 A that are
decorated with Ge islands. The macroscopic step direc-
tion is at 62 with respect to [110]which runs from the
upper left to lower right of a given image. The surface
steps downward from left to right in the image. As a re-
sult of preferred nucleation, there are depletion zones on
either side of a given step. The right side of Fig. 6(a}
shows another pair of steps separated by -200 A. In this
case, there are no Ge islands on the terrace between the
steps, establishing a lower bound on the size of the de-
pletion zone of —100 A.

To better estimate the size of the depletion zone, we
measured the cluster density as a function of distance
away from the bottom and the top of the steps. The in-
terval width of 70 A was chosen to ensure reasonable
counts of clusters while being small enough to reflect
changes in cluster density as a function of distance. The
results are shown in Fig. 6(b} where the error bars corre-
spond to the square root of the number of clusters. As
shown, the cluster density increases with distance from
the step and saturates at 400 A. If we define the size of
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FIG. 5. (a) and (b) Comparisons of measured nearest-

neighbor distance distributions and the distributions predicted
from a random nucleation model for 0.2 and 0.4 ML deposi-
tions.

, ~„. II se:a:.

overlayer deposition increases, the cluster density in-
creases and the interactions among the clusters become
stronger. This change in strength is responsible for the
sharpening of measured distribution as the coverage in-
creases.

In principle, a kinetic theory could be developed so
that the depletion zone width could be deduced by fitting
to measured distributions. Such a fitting has been per-
formed for Au clusters on NaC1. ' However, this fitting
is complicated and the value of the zone size cannot be
determined unambiguously. In fact, depending on
whether small clusters were assumed to be mobile, in ad-
dition to rnonomers, the zone sizes between 225 and 450
A were obtained. Therefore we feel that until better
theory is developed such an estimate is not very rneaning-
ful.

ISLAND FORMATION NEAR STEPS

Through comparison of measured nearest-neighbor
distance distributions with the random distributions, we
have demonstrated the existence of depletion zones
around stable clusters. Surface steps can also act as nu-
cleation centers and depletion zones in this case can be
readily seen from STM images. ' The mosaic image
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FIG. 6. (a) Ge cluster nucleation showing decoration at steps
for 0.2 ML of Ge deposited at 420'C. (b) Measured cluster den-
sities as a function of distance away from the step edge on both
the top and the bottom of the steps.
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the depletion zone as the distance at which the density is
then half of the saturation density, we obtain 150 A.

Figures 7(a) —7(d) show a sequence of STM images near
a step with different magnification. Common features
have been labeled for easy identification. The step edge
resembles a sawtooth, as shown in Figs. 7(c) and 7(d),
with step edges along [001] and roughly along [110],as
depicted in Fig. 7(e). From Figs. 7(a) —7(d), the Ge clus-
ters nucleate preferentially at the [001] step edges and
most of the volume of a given cluster is found on top of
the step. Preferential nucleation at [001] edges can be un-

derstood in terms of the number of dangling bonds at

~h0

o

step edges. At [110] step edges, there is one dangling
bond per atom. This is the same as any atom on a
GaAs(110) terrace so that such edges offer little advan-
tage for cluster nucleation. In contrast, one extra dan-

gling bond per atom is introduced upon creation of a step
along [001] (total two dangling bonds per atom). Hence
[001] edges present sites that have much stronger bond-
ing than [110]edges or the terraces.

In Fig. 7(d), where the substrate atomic structure is
clearly resolved, there are small dark and bright features
on the surface in addition to large Ge clusters. Similar
features have also been observed in our STM studies of
the annealing effect on clean GaAs(110). Therefore we
associate these features with defects on GaAs(110). It is
evident that these defects do not affect the nucleation of
Ge clusters.

Preferred grow'th on the tops of steps

Ge Cluster

Step Top Step Bottom

t11ol

FIG. 7. (a), (b), (c), and (d): A sequence of STM images of a
step region on GaAs{110) following 0.2 ML of Ge deposition at
420 C showing the details of the island morphology at the step
edges. The image sizes are 1400X 1400, 1100X1100, 560X 560,
and 350X350 A for (a), (b), (c), and (d), respectively. (e) A
sketch of Ge island formation at the step edge showing a
sawtooth step edge and preferential nucleation at [001] edge
with large percentage of the island volume on the step tops.

The observation that most of the Ge cluster volume ap-
peared on top of the step was surprising because nu-
cleation starts from the bottom of the step. One possible
cause of growth on the step top is that the kinetics, such
as diffusion and accommodation at a step, are different on
the two sides of a step. If this were the case, then the de-
pletion zones on the top and bottom of a step should be
different. From Fig. 6(a), it is not obvious that this is the
case. While examination of the density versus distance
plot of Fig. 6(b) shows that the density from the top of
the step increases with distance a little slower, the
difference is well within the error bars of the measure-
ment. Even if the difference is real, it is too small to ac-
count for the cluster morphology where —80% of a
given cluster volume is found on top of the step.

A more satisfactory explanation for preferred growth
on the step top lies in the energetics. In particular, we
postulate that it is energetically more favorable for a clus-
ter with a Hat top to be on the top of the step than on the
bottom. To show this, we consider two cluster
configurations at a step edge, as sketched in Figs. 8(a) and
8(b). Figure 8(a) depicts growth on the step top while
Fig. 8(b) depicts growth on the step bottom (or growth on
both sides). The main difference is whether the step edge
is exposed. If we neglect the interfacial free energy ' but
count the surface free energy, then one configuration has
a term associated with the GaAs step edge A while the
other has a term from a Ge face 8 having the same orien-
tation as the step edge [see Fig. 8(b)]. Thermodynamical-
ly, it is a matter of whether substrate step edge A or Ge
face B has the lower free energy. We notice that the
plane through a [001] step edge that is perpendicular to
the (110) surface is another GaAs(110) plane. The fact
that Ge forms clusters on GaAs(110) terraces demon-
strates that the surface free energy of GaAs(110) is lower
than Ge(110). Since [001] step edge atoms have the same
crystallographic structure as any of the linear atomic
chains in the (110) plane, it is reasonable to expect that
face B of Ge would have a higher energy than the GaAs
[001) step edge. In such a case, it is thermodynamically
preferable to have the substrate step edge exposed and
the top of the step is favored for Ge island growth. Note
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(a)

Ge Island

GaAs(110) Substrate

(b)

Ge Island

GaAs(110} Substrate

FIG. 8. (a) and (b) Sketches of island formation at a step edge
corresponding to an island on the step top and an island on the
step bottom.

that this is valid independent of step orientation so long
as the step edge has a lower free energy.

Within the framework of our simple model, there is no
thermodynamic difference between an island on top of
the step and an island grown far from the step. However,
the bottom of a step represents an energetically un-
favored location for growth. Therefore a question arises
as to why Ge clusters grow at steps if the steps offer no
advantage in terms of energetics. The answer is related
to the kinetics of growth. In particular, the extra dan-
gling bonds at step edges make them preferred sites for
nucleation and, once nucleated, these clusters trap in-
coming atoms. This kinetic effect is clearly demonstrated
by the depletion zones near step edges (Fig. 6). Thus
cluster decoration of step edges is a result of nucleation
kinetics. Thermodynamics serves to shape the islands, as
for Ge islands on terraces. The drive toward the equilib-
rium configuration depicted in Fig. 8(a} and the rear-
rangement of atoms within an island yield the observed
step edge morphology where most of the Ge volume is
found on the step tops. To reach this configuration, a
substantial number of Ge atoms must be transported
through self-diffusion from the step bottom to the step
top (Ge diS'usion on Ge). While this might seem to be a
dificult kinetic process, the very formation of multilayer
Ge islands ensures that it can occur.

then one should see fewer Ge clusters at step edges. Fig-
ure 9 shows a STM mosaic obtained after the deposition
of 0.8 ML of Ge at 350'C with annealing at 550'C for 50
min. The terrace on the right is lower than the one on
the left. The surface morphology following deposition
was similar to that of Fig. 7(a), with steps decorated by
Ge clusters. After annealing to 550'C, there were no Ge
clusters at the step bottom and there was only one cluster
at the edge of the step on the top. It is clear from the im-

age that the morphology at the step is not a statistical
coincidence as any straight line parallel to the step on the
terraces passes through at least one Ge cluster; only a line
coincident with the step itself passes through regions
without a cluster.

The surface morphology shown in Fig. 9 can be under-
stood in the context of the model presented above. If
there were no steps, then the clusters would be distribut-
ed in a random fashion. Since the bottom of a step
represents a thermodynamically unfavored location for
cluster growth, there should be no clusters at the bottom
of the step. On the upper terrace (left of the step in the
image), there is no thermodynamic preference of Ge clus-
ters at the step or far away from it. Therefore the spatial
distribution of clusters should remain random and, sta-
tistically, there should be some clusters at the step edge.
Indeed, we find one Ge cluster on the top of the step
edge. This Ge cluster is completely on top of the step, in-
dicating that its presence does not involve any renu-
cleation at the bottom of the step.

Our thermodynamic model provides a basis for the ob-
served deficiency of Ge clusters at step edges following
annealing. However, the transformation from a mor-

phology where a large number of Ge clusters are found at
step edges (Fig. 7) to a morphology where there are al-

most none (Fig. 9) cannot be explained by thermodynam-
ics alone. Since there is no energetic difference between
clusters at the top of the step and far from the step, there
is no thermodynamic driving force that would move
them away from the step. Thus it is important to exam-
ine the kinetics responsible for the regrowth of the Ge
clusters when the system is annealed.

The effect of annealing to 550'C is to transform small

Cluster movement from step edges

The above discussion demonstrates that Ge clustering
at step edges is due to nucleation kinetics. Once formed,
the clusters cannot move away at the growth temperature
even though the steps are the energetically most unfavor-
able sites. According to our simple model, however, if
the system is driven toward equilibrium by annealing,

FIG. 9. Mosaic STM image of 0.8 ML Ge annealed at 550 C
for 50 min showing Ge island deficit at the step edge, reflecting
the unfavored thermodynamics for the formation of Ge islands
at the step edge. See text for detailed discussion.
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clusters into larger clusters. There are two possible pro-
cesses that might account for this. First, the small clus-
ters could become unstable at high temperature, increas-
ing the local 2D vapor pressure. This pressure is higher
in the vicinity of small clusters so that large clusters grow
at the expense of small ones. In this coarsening process,
a large number of monomers would be generated. Since
the step acts as a preferred nucleation site, some clusters
would nucleate and the regrowth would leave some clus-
ters at the step edge. This is not consistent with the ex-
perimental observation that no clusters appear at the bot-
tom of the step. The second possibility is that the small
clusters, as a whole, would become mobile at higher tem-
perature. In this case, there is no reason for the clusters
to stay at the step edge and the higher initial density of
small clusters at the step relative to the terrace would
provide a driving force for diffusion. In this picture, the
large clusters cannot be stabilized at the bottom of the
step edge due to unfavorable energetics. On the upper
terrace, small clusters will be immobilized when they
form large stable clusters and whether or not there is a
cluster at the step edge is simply a matter of statistical
probability. The observed Ge cluster morphology at the
step edge then suggests that small Ge clusters are mobile
at -550'C.

SUMMARY

Perhaps the most important aspect of this study has
been its ability to distinguish the effects of both energetics
and kinetics during the early stages of a growth process.
Through analysis of the surface morphology at low cov-
erage, we have shown that Ge island formation is driven
by thermodynamics, even though the minimum energy
configuration is not obtained at the growth temperature.
While the island shape is largely controlled by the ener-
getics, the island size and density are determined by the
kinetics during growth. On Hat terraces, postgrowth an-
nealing allows the islands to approach the equilibrium
configuration. However, a dramatic difference between
energetically favored configurations and growth struc-
tures is found for Ge island formation in the presence of
atomic steps. In this case, steps present favorable nu-
cleation sites due to local bonding configurations and
they are decorated with Ge islands. Upon annealing to
550'C, however, the islands are driven away from the
step edge by the unfavorable energetics for the island for-
mation at step edges.
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