
PHYSICAL REVIEW B VOLUME 51, NUMBER 12 15 MARCH 1995-II

Modification of growth kinetics in surfactant-mediated epitaxy
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The inhuence of Sb, As, Ga, and In as surfactants on the Si/Si(111) homoepitaxy is studied using scan-
ning tunneling microscopy. The nucleation of two-dimensional (2D) Si islands on the surfactant-
terminated surface was studied as a function of temperature. The island densities and depleted zones
show Arrhenius behavior. Surfactants modify the Si epitaxy in quite a different way. Indium as surfac-
tant increases the diffusivity of the Si atoms, whereas Sb and As drastically decrease the diffusion length
of Si. When we apply these results to CJe epitaxy on Si the reduction of the diffusion length is shown to
be essential for the suppression of 3D islanding in surfactant-mediated CJe/Si heteroepitaxy. Cienerally,
elements of group III and IV as surfactants that enhance the diffusivity in Si homoepitaxy lead to 3D is-

landing in Cxe/Si heteroepitaxy. Elements of group V and VI reduce the diffusion length in Si homoepi-
taxy and give rise to a suppression of 3D islanding in Cxe/Si heteroepitaxy. The temperature dependence
and rate dependence of the nucleation of 2D islands in Si/Si(111) homoepitaxy can be described in the
framework of classical nucleation theories yielding a critical nucleus size of 6 and an activation energy of
diffusion of 0.75 eV. Experimentally no indication for a rejective potential barrier for step-down motion
of diffusing Si atoms (Ehrlich-Schwoebel barrier) was found.

INTRODUCTION

Recently, the use of additional surface species (surfac-
tants) which modify the epitaxial growth has attracted a
lot of interest. ' In surfactant-mediated epitaxy a
monolayer of surfactant material, which Aoats at the
growth front inAuences the epitaxial growth. Especially
it has been shown that the normally occurring three-
dimensional (3D) islanding of Ge on Si (Stranski-
Krastanov growth) can be suppressed by the use of suit-
able surfactants. '

This method of surfactant-mediated growth is current-
ly used in device oriented research to improve the quality
of strained Si/Ge superlattices. ' Additionally Aat, re-
laxed Ge layers on silicon substrates which can be grown
with surfactant-mediated epitaxy could be used to im-
prove the quality of Ge buffer layers, which are often
used in GaAs epitaxy on Si. While surfactants are al-
ready used to improve the quality of Ge layers on Si the
question why certain surfactants suppress 3D islanding in
Ge/Si heteroepitaxy while others do not is not yet
answered. One necessary requirement for a surfactant to
work is the Aoating of the surfactant during growth. The
reduction of surface free energy is the driving force for
the surfactant to Aoat during growth. However, this
modification of the surface free energy alone is not
sufficient to suppress 3D islanding. For instance, Pb
Aoats during Ge growth on Si but leads to 3D islanding
in an early stage of growth.

Besides the fact that the surfactants inAuence the ener-
gies during growth (by lowering the surface free energy),
they can also inAuence drastically the kinetics during
growth. In this paper, we focus on the modification of
growth kinetics by surfactants. If the Si adatoms would
diffuse rapidly on the surfactant passivated surface,
enhanced diffusion would lead to a step-flow growth

mode. If, on the other hand, arriving atoms are incor-
porated rapidly below the surfactant layer, the diffusion
is drastically curtailed. The study of the nucleation of
2D islands during submonolayer epitaxy by scanning-
tunneling microscopy (STM) can determine the island
density and diffusion length as a function of temperature
and rate. Scanning-tunneling-microscopy measurements
can provide a direct access to the growth kinetics and re-
veal the mechanisms in surfactant-mediated epitaxy.
Here, in particular, homoepitaxy offer the opportunity to
study solely the inAuence of surfactants on growth, while
other effects like strain which inAuence growth in
heteroepitaxy are not present.

We find that In enhances the diffusivity of Si, while Sb
and As are shown to drastically reduce the Si diffusion
length. If we carry over the results from Si homoepitaxy
to the Ge growth on Si, the reduction of the Ge diffusion
length in surfactant-mediated epitaxy is shown to be a
mechanism for the suppression of three-dimensional is-
landing in Ge/Si heteroepitaxy. More generally elements
of group III and IV as surfactants enhance the diffusivity
in Si homoepitaxy and lead to 3D islanding in Ge/Si
heteroepitaxy. Elements of group V and VI reduce the
diffusion length in Si homoepitaxy which leads to a
suppression of 3D islanding in Ge/Si heteroepitaxy.

EXPERIMENT

The STM measurements were performed in an ul-
trahigh vacuum chamber (base pressure (10 ' mbar).
The Si(111)7X 7 substrates ( = 1 X 10' Sb atoms/cm
doping) were prepared by degassing for 12 h at 600'C
and short Aash to 1200 C. The STM images were taken
in the constant current mode at sample bias voltages be-
tween 2.7 and —2.7 V and a tunneling current between
0.1 —1 nA.
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Si was grown using an electron-beam evaporator
equipped with electrostatic plates to deAect Si ions from
the sample. Si was evaporated at a rate of 0.2 ML/min (1
ML=7. 8 X 10' atoms/cm ). A quartz-crystal balance
and the STM images were used to measure the deposited
Si amount. Sb was evaporated on the silicon at a sample
temperature of 670 C to terminate the surface by 1-ML
Sb [(&3X&3)R30' LEED structure]. An effusion cell
was used to evaporate As. During As evaporation the
sample was held at 700'C. After the furnace was shut off
the sample temperature was lowered to 500 C until the
pressure was below 10 mbar. Then the sample was
cooled to room temperature. A sharp (1X1)LEED pat-
tern was observed indicative of a 1-ML As-terminated
surface. Using Ga as a surfactant —,'-ML Ga was eva-

porated with the sample held at 650 'C. Scanning-
tunneling-microscopy images of this surface show that
the Si(111) terraces are covered by a (v'3X v'3)R30'
structure. The In terminated surface was prepared by
evaporating —,

' ML of In at 580 C. This resulted in broad
terraces of a ( +3 X +3)R 30' In structure.

(n )i), which cannot decay. Additionally, the nucleation
depends on the binding energy E,(i) to form a critical
cluster from i single adatoms.

Figure 1(a) shows an area of about 0.6XO. 6 pm of the
Si(111) surface. The three terraces visible in this region
are separated by 3.2-A-high steps. About 15% of a
Si(111)double layer was evaporated at 500'C. Triangular
2D islands nucleate on the terraces. Apart from homo-
geneous nucleation on the terraces, preferred nucleation
occurs at the (7 X 7) domain boundaries [rows of islands
in the upper right and lower left of Fig. 1(a)]. The scan
range of this image is too large to resolve the (7X7)
reconstruction present on the terrace. Zones depleted
from islands are observed near step edges. These results
agree with previous measurements. '

Figure 1(b) shows that, at a higher growth temperature
(550'C), the island density decreases and the depleted

GROWTH OF Si ON Si(111)
I laddSgP—

Before we turn to the inAuence of surfactants, we study
the Si/Si homoepitaxy as a reference. Silicon homoepi-
taxy proceeds in nucleation, growth, and coalescence of
2D islands. Here, we focus on the rate and temperature
dependence of the density of 2D islands, which grow dur-
ing submonolayer Si evaporation. In the framework of
classical nucleation theories, quantities such as the
diffusion energy of Si on Si(111) and the number of Si
atoms that form a stable cluster can be determined.

Nucleation of new islands and growth of existing is-
lands are competing processes. The contribution of both
processes is determined by the diffusion length, on the
one hand, and the number of atoms and the energy to
form stable nuclei, on the other hand. ' '" The depen-
dence of the island density on the diffusion can be ration-
alized as follows: Arriving atoms from the vapor provide
a certain adatom density on the surface. When a critical
value of the adatom density is reached, stable nuclei are
formed which grow to 2D islands. Around an existing is-
land the adatom density is reduced by adatom diffusion
to and incorporation in an existing island. No further
stable nuclei can form in a zone around existing islands.
If we take the mean distance between islands as a charac-
teristic length for the diffusion, this length R is related to
the island density N by R = I /&N. When the diffusivity
is increased (e.g. , by increasing the temperature), the
characteristic length for diffusion will increase and corre-
spondingly the island density will decrease. Another
length characteristic for the diffusion is the width of the
depleted zone at step edges, which is analogous to the
mean distance between islands. The process competing
with diffusion, the nucleation of new islands, is described
by a critical nucleus size i and a binding energy E, (i)."
Clusters with a size up to the critical size can grow and
decay by attachment and detachment of diffusing atoms,
respectively. If the cluster has grown to a certain critical
size i, attachment of further atoms forms a stable cluster

FIG. 1. Scanning-tunneling-microscopy images of 2D Si is-
lands on a Si(111)terrace. Preferred nucleation occurs at (7 X 7)
domain boundaries and depleted zones exist near step edges. (a)
Area: 5800X 5800 A, T =500 C. (b) Epitaxy at higher temper-
ature results in wider depleted zones and smaller island densities
(area: 9100X8600 A, T =550'C).
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The first term of Eq. (1) describes the rate dependence of
the island density. The second term which will be dis-
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FIG. 2. (a) Island density for submonolayer Si coverage
shows Arrhenius behavior. Island densities higher than in pure
Si homoepitaxy (Sb,As) indicate small diffusion length and low
island densities (In) indicate high diffusivity. (b) Island density
in Si/Si epitaxy as function of rate ( T =410 'C). A power-law
behavior with a slope of 0.85 is observed. From classical nu-
cleation theories the size of the critical nucleus (E' =6) and a
diffusion energy of 0.75 eV can be determined.

zone at the step edges widens due to the increased
diffusion at higher temperatures. The temperature-
dependent island density shows an Arrhenius behavior
[Fig. 2(a)]. Apart from the temperature, the growth
kinetics is also influenced by the evaporation rate of the
incoming silicon. At a higher evaporation rate nu-
cleation events become more probable. More Si atoms
diffusing on the surface lead to more nucleation events
and hence to higher island densities and smaller depleted
zones. Figure 2(b) shows that a power-law behavior is
observed for the island density as function of the rate.

For further quantitative analysis we used the nu-
cleation theory of Venables, Spiller, and Hanbucken, "
where rate equations describing the nucleation and
growth are used to derive an equation for the island den-
sity. In the regime of complete condensation (no reeva-
poration to the vacuum), the island density (X) can be ex-
pressed as

1'/(l +2) '

E ( E )
exp

cussed below describes the temperature dependence of 1V

(v is the atomic vibration frequency =10' Hz). The
dependence of the island density as function of the rate
(R) is a power law as observed experimentally [Fig. 2(b)].
From the exponent the critical nucleus size i can be
determined to 6. The dashed lines in Fig. 2(b) are drawn
for i =1, 3, and 6. This means that very small critical
clusters, e.g. , with i =1 as proposed for Si/Si(100) epi-
taxy' are excluded on Si(111). Critical cluster sizes be-
tween 5 and 8 are compatible with the experiment. This
is reasonable because on Si(ill) a bilayer of silicon is
formed during growth requiring larger critical nuclei
than for single-layer growth. %'ith the critical nucleus
size known from the rate dependence, the diffusion ener-

gy (Ed ) can be estimated from the temperature depen-
dence of the island density [second term in Eq. (1)].
E,(Eb,i) is the binding energy that is gained when i single
adatoms form a cluster of the size i. Eb is the energy of a
single Si-Si bond ( —1.7 eV). ' In the simplest model E,
is just Eb times the number of bonds gained by forming a
cluster from i adatoms. The formation energy of the crit-
ical nucleus infIIuences the island density in the following
way: With increasing energy (E, ) cluster formation be-
comes energetically more favorable and the island density
increases. For the activation energy of diffusion we ob-
tain Ed =0.75 eV. The largest uncertainty in the deter-
mination of Ed is the assumption Eb —1.7 eV. An in-
dependent estimate of the binding energy from the sub-
limation energy' results in Eb &2.3 eV. An error in Eb
of 0.5 eV corresponds to 0.2-eV error for Ed. So we ob-
tain Ed =0.75+0.2 eV.

When we analyze the depleted zones at both sides of a
step edge, we find a wider depleted zone at the upper side
of the step than at the lower side [Fig. 1(a)]. This asym-
metry can be explained simply by the diffusion of ada-
toms to the steps on both sides of the terraces, upper and
lower. The incorporation of these adatoms at the step
leads to a motion of the step towards the lower terrace.
This causes an asymmetry in the depleted zones. For a
known Si coverage (from the images) the asymmetry of
the depleted zones can be estimated quantitatively and
compared to the measured values. All of the observed
asymmetry can be explained by the effect of step motion
with coverage.

Recently, a reflective potential barrier (Ehrlich-
Schwoebel barrier) for step-down diffusion was discussed
in metal on metal epitaxy. ' ' Such a barrier should
also lead to an asymmetry in the depleted zones at the
step edges. However, in this case, the asymmetry should
have the opposite direction than for pure step motion. Si
atoms are deposited isotropically and diffuse on the sur-
face. If they are refIected at the upper step edges due to a
potential barrier for a jump in step-down direction, this
would lead to an increased adatom density at the upper
step edges and hence to an increased nucleation probabil-
ity. This would result in a smaller denuded zone at the
upper side of the step.

Based on such a comparison of island-free zones on the
upper and lower terrace near a step, we find no indication
for a reAective potential barrier for the adatom motion in
step-down direction. This means that the height of a pos-
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sible barrier is smaller than kT. So the interlayer mass
transport which is promoted by surfactant-mediated
growth in metal epitaxy' is already possible in silicon ep-
itaxy without surfactant. The use of surfactants in Ge/Si
hetero epitaxy is to suppress the thermodynamically
stable 3D-island growth.

Sb AND As AS SURFACTANTS

Using the results of the pure Si homoepitaxy as a refer-
ence, we studied the modification of growth kinetics and
morphology by different surfactants. First the Si(111)
surface was terminated with 1-ML Sb~rior to the Si
growth. The Si surface exhibits a (&3X&3)R30' Sb
reconstruction, which consists of Sb trimers on top of a
complete Si(111)bilayer. ' Figure 3(a) shows a STM im-
age of 975 X 620 A after a submonolayer deposition of Si.
The island density increases drastically in the Sb mediat-
ed growth. At 530'C the island density is 100 times
larger than in pure Si/Si(111) homoepitaxy. This in-
creased island density can be explained by a drastically
reduced diffusion length in Sb-mediated epitaxy. The al-
ternative explanation that the higher island density can
be explained by nucleation at defects in the Sb overlayer

can be excluded. Temperature-dependent measurements
show an Arrhenius behavior [Fig. 2(a)]. Such a tempera-
ture dependence is not expected for nucleation at defects.
We prepared the starting surface at higher temperature
(670 C) than the temperature used during Si evaporation.
So the defect density in the (&3X &3)R 30', Sb layer was
the same in all experiments and the Arrhenius behavior
can only be explained by the temperature dependence of
the diffusion length.

The reduced diffusion length in the Sb-mediated Si epi--
taxy is also shown by other characteristic features of the
growth morphology: The island shape and the form of
the steps are irregular compared to the triangular island
shape and the straight steps in pure Si/Si homoepitaxy.
The atomic structure resolved in Fig. 3(b) shows that the
surface is Sb terminated. We do not find the (7X7)
reconstruction typical for pure Si(111)but on the terrace
between the 2D islands, we observe the (+3X+3)R30
structure of Sb trimers typical for the Sb terminated
Si(111)surface. ' On top of the 2D islands, we find three
different types of atomic structure which can also be at-
tributed to a Sb-terminated structure. Apart from areas
of (&3X&3)R30' structure, we find areas of (1X1)
structure which can be explained by Sb incorporated into
the upper half of the Si bilayer and occasionally areas
with a (2X1) zigzag structure. The (1X1) and (2X1)
Sb structures were also previously observed on a Sb ter-
minated Ge(111) surface. By assigning all of the ob-
served atomic structures to a Sb-terminated surface, we
conclude that the island surface is completely Sb ter-
minated. The Sb(1 X 1) structure occurs preferentially at
the step edges of the 2D islands. This shows that the
surfactant-mediated growth on Si(111) is a two step pro-
cess which involves first incorporation of Si into a
Sb(1 X 1) domain [i.e., Si in the lower part and Sb in the
upper part of the (111)bilayer]. With further incorpora-
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FIG. 3. Antimony-mediated epitaxy of Si on Si(111)
( T =530 C) increases the island density drastically and reduces
diA'usion length. (a) Area: 975X620 A; (b} higher-resolution
scan of upper right in (a), area: 325X290 A. The surface is
completely covered by Sb. On the silicon terrace and on top of
the 2D islands a (&3X&3)-Sb structure is observed. The flat
areas at the edges of the islands are Sb(1 X 1).

FIG. 4. Arsenic-mediated epitaxy of Si on Si(111)
(3000X3000 A, 530 C). Substrate step lines are running from
the lower left to the upper right. Nucleation of irregular
formed 2D islands with a high island density compared to pure
Si homoepitaxy occurs.
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tion of Si a complete Si bilayer forms with Sb trimers
residing on top. This two step process is unlike the
growth in pure Si/Si(111) epitaxy where a complete bi-
layer is formed directly.

As a second surfactant in Si/Si(111) homoepitaxy we
used arsenic. On the (1 X 1) As covered surface one
monolayer of As coverage is incorporated into the upper
part of the Si(111)double layer. Figure 4 shows 0.1-ML
Si evaporated onto the As covered Si(111) surface. Step
lines running from the lower left to the upper right are
visible. Nucleation of irregular islands on the terraces
occurred. A quantitative analysis shows that also As as
surfactant leads to an increased island density in Si/Si
homoepitaxy. An Arrhenius behavior for the island den-
sity is found [Fig. 2(a)].

Ga AND In AS SURFACTANTS

A necessary condition to study the Si diffusion on a
surfactant-covered surface is the preparation of large, fiat
terraces of the surfactant-covered starting surface. In the
case of Ga and In as surfactant this turned out to be
more difficult than for Sb and As, where saturation cover-
ages were used. For Ga and In as surfactants we used the
—,
' ML covered (&3X &3)R 30' structures as starting sur-

faces, which are not saturation coverages.
Two different methods to prepare a —,

' ML
(V3X v'3)R30' Ga structure exist. First —,

' ML of Ga is
evaporated at 400—500'C (or evaporated and annealed
afterwards). ' The second method is to evaporate first
the saturation coverage of 1 ML of Ga and then anneal to
650 C to evaporate excess Ga. ' While in both cases a
clear (/3 X &3)R 30' LEED pattern is observed, only in
the case where —,

' ML of Ga is evaporated, large Rat ter-
races appear. When 1 ML of Ga is evaporated about

0
one-half of the surface is covered by up to 2000-A-large
vacancy islands [Fig. 5(a)]. The occurrence of these va-
cancy islands when 1 ML of Ga is evaporated can be ex-
plained as follows: The Ga structure with 1 ML of Ga
adsorbed is a (1 X 1) like structure, 1 ML of Ga is in-
corporated into the upper part of the Si(111) double lay-
er. During annealing and evaporation of excess Ga, 1

ML (=—,
' bilayer) silicon is transported over the surface

to form a complete Si(111) bilayer (=2 ML), which is
covered by —,

' -ML Ga all over the surface
[(&3X&3)R30' structure]. As a result of this mass
transport process, which occurs over quite large distances
(up to 1000 A) the vacancy islands are formed. Only in
the case where —,'-ML Ga is evaporated from the begin-
ning large Rat terraces of (&3X &3)R 30 structure occur
which are necessary for our nucleation and diffusion ex-
periments. Even on Bat terraces the nucleation can be
inAuenced by (&3X&3)R30 domain boundaries of the
Ga structure. We observed that Si preferentially nu-
cleates at these domain boundaries. Since we want to ob-
serve homogeneous nucleation in regions free from
domain boundaries, we optimized the preparation in or-
der to obtain large (&3X&3)R30 domain boundaries.
The domain boundaries appear in large area STM scans
as 6ne lines. We rejected images where nucleation at
domain boundaries occurs. Figure 5(b) shows homogene-

ous nucleation of Si on a Ga V3 surface and denuded
zones at the step edge. The scale (2. 1X1.6 pm) shows
that the diffusion length of Si on the Ga-covered surface
is much larger than for Sb or As. Si has about the same
diffusion length on the Ga-covered surface as on the
clean surface.

Finally, we used the In (V3Xv'3)R30' structure as
surfactant layer. Here —,'-ML In resides on top of a
Si(111) bilayer. ' For In as surfactant the Si diffusion
length turned out to be even larger than in pure Si epi-
taxy. To measure extremely large diffusion lengths, very
wide Si terraces are required. Otherwise the wide denud-
ed zones at both step edges terminating the terrace over-
lap and no nucleation of islands occurs. Since we had no
highly oriented wafers available, we had to use the fol-
lowing in situ preparation to produce large terraces: Step
bunching is observed when during dc heating (1200 C)
the current Aows along step up direction. Between the
step bunches (lower left in Fig. 6) wide terraces occur
(middle of Fig. 6). Up to I-pm-wide terraces can be pro-

FIG. 5. (a) Ga (&3X&3)R30' surface with vacancies that

occurred during transformation of the 1-ML Ga surface to the

(+3X &3)-Ga surface by evaporation of access Ga. Mass trans-

port of 1-ML Si leads to this vacancies. {b) Nucleation of 2D Si

islands on the Ga (&3X&3) terminated surface. A step edge

runs in the middle of the image from the top to the bottom.
Zones depleted from the island occur on both sides of the step

edge (2. 1 X 1.6 pm, T =630 ).
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FIG. 6. Indium as surfactant in Si/Si(111) epitaxy
(8000X 6700 A). A step bunch is imaged in the lower left of the

0

image. The large distance of several hundred A between the 2D
Si islands at a low temperature of only 350 C shows the in-
creased diffusivity of Si on the In covered surface.

duced with this method.
The In-terminated surfactant surface was prepared by

evaporating —,'-ML In at 580'C. Figure 6 shows silicon
nucleation at 350'C on the In (+3Xv'3)R30' surface
( 8000 X 6700 A ). Distances between the islands of
several hundred angstroms already at this low tempera-
ture indicate very large diffusion distances for Si on the
In covered surface. To observe homogeneous nucleation
also at higher temperatures extremely wide terraces on
the Si surface are required. If the terraces become too
narrow the growth proceeds in the step flow growth
mode. Arriving Si atoms diffuse to and are incorporated
into the step edges. No nucleation occurs on narrow ter-
races (Fig. 6).

The Arrhenius plot [Fig. 2(a)] indicates how strong the
diffusion is enhanced with In as surfactant. The island
density in the In mediated epitaxy is 15 times lower than
in pure Si/Si epitaxy at 400 C. The form of the islands is
quite irregular which is unexpected for this large
diffusion length. This means that in spite of the high rate
of diffusion on the terraces the diffusion along the island
edges is small. For diffusion along the island edges more
bonds have to be broken than for diffusion on the free ter-
races. With In as a surfactant no preferred nucleation at
the (&3 X &3)R 30 domain boundaries occurred.

GROWTH KINETICS
IN SURFACTANT-MEDIATED Si/Si(111) EPITAXY

2 priori two opposite models for the kinetics of Si ada-
toms on the surfactant-terminated surface are possible.
First a model of easy diffusion is discussed. Diffusion of
atoms arriving on the surfactant passivated surface can
be rapid because all Si dangling bonds are saturated.
Enhanced diffusion and incorporation below the surfac-
tant layer at step edges leads to a step-flow growth mech-
anism. This model is supported by recent reflection elec-
tron microscopy experiments, which show enhanced

diffusion for surfactant-mediated growth of Si on
Si(111).' ' On the other hand, a model of hindered
diffusion is possible. An arriving atom will not diffuse
over large distances but the energetically favorable place
exchange with a surfactant atom happens fast. Once in-
corporated below the surfactant layer, the diffusion is
curtailed drastically. This model of reduced diffusion
gives rise to an increased island density. Recent low-
energy electron microscopy measurements for the system
Ge/Si(100) with As as a surfactant support this model.
From a contrast fade away, it is concluded that 2D is-
lands smaller than the resolution limit of the instrument
( —150 A) are present on the surface.

This shows that surfactant-mediated epitaxy may lead
to two opposing mechanisms of the growth kinetics,
which give rise to layer growth. The study of the nu-
cleation of 2D islands during submonolayer epitaxy by
STM gives a quite direct access to the growth kinetics
and can distinguish between different mechanisms in
surfactant-mediated epitaxy.

During the course of our experiments, we analyzed the
influence of four different surfactants on the growth
kinetics of Si on Si(111). The results are summarized in
Fig. 7, which shows the depleted zones (average between
step-up and step-down depleted zones) as functions of
1/T. As an operative definition of the diffusion length,
we take the width of the depleted zones or the distance
between the islands. This diffusion length is essentially
only an effective diffusion length which is influenced by
two factors: the generic diifusion length (determined by
the energy barrier to hop from site to site) and the ex-
change process of the difFusing Si below the surfactant
layer. Since this effective diffusion length is the main ac-
cessible experimental quantity describing the lateral dis-
tribution of nucleating Si on the surface, we will refer to
it in the following as the diffusion length.

This diffusion length is drastically decreased for Sb and
As as surfactants. This small effective diffusion length is
a product of the two factors mentioned above. First the
diff'usion energy (the energy barrier to hop from site to
site) can be higher on the surfactant covered surface than
in pure Si/Si homoepitaxy. On the other hand, also, the
site exchange process during surfactant-mediated epitaxy
can reduce the effective diffusion length. The diffusivity
to hop from site to site can be quite high, if, however, the
energetically favorable site exchange process between the
surfactant and the silicon occurs and silicon is incor-
porated below the surfactant layer, the diffusion is drasti-
cally curtailed. Once the Si is in the bulk position below
the surfactant layer a quite high diffusion barrier has to
be overcome to eject the Si on top of the surfactant layer
for further diffusion. Also, this mechanism can lead to
small effective diffusion length independent of the size of
the diffusion barrier. It is di%cult to separate these two
factors influencing the effective diffusion length. We
think that the exchange process is the dominant factor in
reducing the diffusion length. If this exchange process
would be a slow process, the experimentally observed
floating of the surfactant layer could not be explained.
Since the exchange process adds an unknown parameter,
which is not modeled by the nucleation theory, we did
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FIG. 7. Depleted zones at the step edges in Si/Si(111) epitaxy
as function of the temperature. - The width of the depleted zone
is a measure of the diffusion length for Si adatoms. The deplet-
ed zone varies drastically in surfactant-mediated epitaxy. The
depleted zone in In-mediated epitaxy is more than two orders of
magnitude wider than the zone in Sb mediated epitaxy.

FIG. 8. Perspective view of 5 ML of Si grown at 600'C using
Sb as surfactant (3000X3000 A). Step lines are running from
the lower left to the upper right. In spite of the small diffusion
distances the growth stays Aat. Mainly one layer participates in
the growth.

not apply classical nucleation theories to extract diffusion
energies from these data.

Si atoms diffusing on the gallium surfactant layer have
almost the same diffusion length as in the pure Si/Si epi-
taxy. Indium as surfactant induces a large Si diffusion
length, which leads to wide depleted zones (Fig. 6). Like
the other surfactants we studied, In is known to fioat up
during Si growth. Since an incorporation of diffusing Si
atoms below the surfactant layer results in a reduction of
the generic diffusion length the experimentally observed
large diffusion length is due to a reduction of the diffusion
energy for hopping from site to site.

Because the nucleation behavior is not governed by the
incorporation process the classical nucleation theory used
for Si/Si growth was also applied to the case where the
diffusion is modified by indium. The data can be de-
scribed by a critical nucleus size of three and a diffusion
energy of 0.45 eV.

When we look at the shape of the nucleating 2D is-
lands, we find that at a fixed temperature of 400 C for all
surfactants used the shape is irregular, whereas the shape
of 2D islands nucleating in pure Si/Si epitaxy is regular
(triangular). In the case of Sb and As as surfactants the
irregular shape can be explained by the reduced Si
diffusion length. In the case of indium as surfactant,
where increased diffusivity was observed on the terraces,
the irregular island shapes can be explained by a reduced
diffusion after the incorporation of the difFusing Si ada-
toms at the step edges, below the surfactant layer.

Since we performed all experiments at submonolayer
silicon cover ages the question arises how surfactants
inhuence the growth kinetics of thicker layers and wheth-
er the drastically reduced diffusion length leads to a
rough growth front for thicker films. We explored 5 ML

of Si grown with Sb as surfactant layer (600'C). In Fig.
8, four step lines are running from the upper right to the
lower left of the image (3000X 3000 A). These step lines
have a rough appearance since some of the islands that
nucleated on the terraces are connected to the step edges.
A high island density on the terraces is also observed for
this thicker layer. For pure Si epitaxy the depleted zone
is =2000 A at this temperature while the mean distance
between the islands in Fig. 8 is =300 A. This small
diffusion distance and high island density does not lead to
a rough growth. Still after 5 ML there is mainly one lay-
er growing on the terraces. This shows that the more lo-
cal growth due to the reduced diffusion length does not
preclude a Bat growth.

The four surfactants studied here have a quite different
infiuence on the growth kinetics during Si/Si(111) epi-
taxy. %'hile Sb and As decrease the diffusion length and
Ga leads to the same diffusion length as in Si homoepi-
taxy, In as surfactant increases the diffusivity of Si drasti-
cally. The depleted zone is almost three orders of magni-
tude larger for In than for Sb as surfactant (T =500'C)
(Fig. 7). This large diffusion length in the In mediated ep-
itaxy opens the possibility to grow Si in the desired step
Aow growth mode at much lower temperatures than in
pure Si/Si epitaxy. In-mediated epitaxy would be a
method to grow high-quality Si layers at extremely low
temperatures. In the following the results gained in
surfactant-mediated homoepitaxy are applied to the
modification of heteroepitaxial growth of Ge on Si(111)
by surfactants.

SURFACTANT-MEDIATED Ge/Si EPITAXY

One of the most tempting applications of growth
modification by surfactants is the suppression of normally
occurring 3D-island growth in Ge epitaxy on silicon.
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Since Si and Ge are very similar elements, we will now
carry over our results on the diffusion length in
surfactant-mediated Si homoepitaxy to the Ge epitaxy on
Si.

For the formation of large 3D Ge islands a mass trans-
port over large distances is required. Typical distances
between the Ge islands are several micrometers at tem-
peratures above 400'C. When we transfer the reduced Si
diffusion length found for Sb as snrfactant in Si homoepi-
taxy to the case of Ge/Si heteroepitaxy a reduced
diffusion length is also expected here. This reduced
diffusion of Ge hinders the mass transport of Ge, which is
necessary for the formation of 3D islands. This kinetical-
ly limited growth is expected to suppress the 3D islands
in Sb/Ge/Si(111) growth.

We tested this idea by increasing the diffusion in Sb
mediated Ge epitaxy. Increasing the growth temperature
increases the diffusion length above a certain limit, where
formation of 3D islands occurs again. We believe that
the reduction of the diffusion length is essential for the
suppression of 3D islanding in Ge/Si heteroepitaxy.
From our results we would predict that In, which pro-
motes the diffusion of Si and Ge, does not suppress 3D is-
landing.

In Table I the available data on the diffusion length in
surfactant-mediated Si/Si(111) epitaxy and on the promo-
tion or suppression of 3D islanding in surfactant-
mediated Ge/Si epitaxy are compiled. ' ' ' ' ' The
ratio of the width of the depleted zone in surfactant-
mediated epitaxy to the zone in pure Si homoepitaxy (g)
is a quantity that describes the change in diffusion length
due to surfactants. Values of g ) 1 indicate increased and
values of g &1 reduced diffusion length, respectively,
compared to the case of pure Si homoepitaxy. Elements
of group III and IV (Ga, In, and Sn) as surfactants in-
crease the Si diffusion length, while elements of group V
(Sb,As) lead to a reduced Si diffusion length.

In the lower part of each element box is indicated in
which cases 3D islanding in Ge epitaxy on Si occurs and
for which surfactants 3D islanding can be suppressed in
Ge/Si epitaxy. This table clearly indicates a correlation.
The elements of group III and IV which induce high
diffusion length in surfactant-mediated Si homoepitaxy
do not suppress 3D islanding in Ge/Si epitaxy. For the
elements of group V (and VI) which reduce the effective
diffusion length, a suppression of 3D islanding is ob-
served. Following Table I, we would predict that island-
ing occurs in In-mediated Ge/Si heteroepitaxy.

We can speculate on the reasons for the high diffusivity
of Si for elements of group III and IV as surfactants and
the reduced diffusion length for the elements of group V
and VI as surfactants. For elements of group III as sur-
factants all three valence electrons participate in the
bonds to the Si surface. The surface is completely pas-
sivated which may lead to a low barrier for hopping from
site to site and hence to a high diffusivity of Si on these
surfaces. Elements of group IV, V, and VI have one, two,
and three valence electrons more, respectively. For in-
stance, the elements of group V Sb and As have two
valence electrons which protrude out of the surface as a
lone pair orbital. With electrons sticking into the vacu-

increased diffusion (Si/Si)

islanding (Ge/Si)

III IV

reduced diffusion (Si/Si)

no islanding (Ge/Si)

V VI

g-5 ref. 12,31
g-1 this work

islanding
ref.26

In Sn

S

g-.05 this work

no islanding
ref.1

Sb Te
g-5 this work

g&1 ref.25
g&10 ref 23 g-.025 this work

islanding
ref.27

Pb

no islanding
ref.3

no islanding
ref. 29,30

islanding
ref.7

no islanding
ref.28

um, these elements as surfactants may be more reactive
to silicon and reduce the Si diffusion length this way.

In Ge/Si heteroepitaxy the reduced diffusion length
suppresses mass transport over large distances, which is
necessary for the formation of 3D islands. Also, in con-
ventional epitaxy without surfactants, the diffusion length
can be reduced by reducing the growth temperature.
However, in this case with decreasing temperature, the
formation of stacking fault defects degrades the epitaxial
quality of the films. The stacking fault defects arise due
to reduced bulk diffusion at low growth temperatures.
Surfactant-mediated growth opens the possibility to
selectively reduce the surface diffusion length without
sacrificing the epitaxial quality of the grown film. The
high growth temperature maintains a high bulk diffusion
length that prevents formation of stacking fault defects.
So it is possible to tune into the desired growth mode and
simultaneously retain high epitaxial quality.

CONCLUSIONS

We have shown that different surfactants influence the
kinetics in Si/Si epitaxy quite differently. Sb and As as
surfactants reduce the diffusion distances of Si adatoms,
while Ga as surfactant results in a similar Si diffusion on
Si(111) like in pure Si/Si homoepitaxy, and In, on the
other hand, increases the diffusivity of Si drastically.

When we apply these results to Ge/Si heteroepitaxy,

TABLE I. Part of the Periodic Table of elements frequently
used as surfactants in Si/Ge epitaxy. The value g defines the
diffusion length in surfactant-mediated epitaxy relative to the
pure Si/Si epitaxy. The diffusivity is increased for elements of
group III and IV as surfactants and reduced for elements of
group V and VI as surfactants. This behavior correlates with
the tendency to suppress 3D islanding in Ge/Si epitaxy. Ele-
ments of group III and IV as surfactants do not suppress 3D is-

landing while elements of group V and VI, which reduce the
diffusion length in Si/Si epitaxy suppress 3D islanding in
heteroepitaxial growth of Ge on Si.
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we see that the elements of group III and IV as surfac-
tants (Ga, In, Sn, Pb), which promote diffusivity facilitate
3D islanding in Ge/Si heteroepitaxy and the elements of
group V and VI (As, Sb,Bi,Te), which reduce the diffusion
length suppress 3D islanding. Due to decreased diffusion
length material transport over large distances which is
necessary for 3D islanding is suppressed.

The diffusion energy and the critical nucleus size in
Si/Si(111) epitaxy are determined in the framework of

classical nucleation theories. No indication for an
Ehrlich-Schwoebel barrier for step-down diffusion of Si
adatoms was found.

Note added in proof. From our results we predicted
that indium-mediated Ge epitaxy should lead to 3D is-
landing of Ge due to the large diffusion length measured
in indium-mediated epitaxy. Indeed, recently Minoda
et al. found 3D islanding of Ge in indium-mediated epi-
taxy.
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