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Surfactant effect on the surface diffusion length in epitaxial growth
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It is shown that Te and Pb, which segregate at the surface during the epitaxial growth of GaAs, re-
spectively, decrease and increase the surface diffusion length. This indicates that under the generic term
"surfactant, " there are two types of surface segregating species which have opposite effects on the sur-
face diffusion. It is suggested that the key parameter which imposes the surfactant-induced modification
of epitaxial growth kinetics is the reactivity of a given pair of surfactant and growing material. Follow-
ing this approach, it is concluded that surfactants occupying interstitial surface sites (nonreacting surfac-
tants) increase the surface diffusion length whereas surfactants in substitutional sites (reacting surfac-
tants) decrease it.

It has been recently demonstrated that the use of sur-
factants can improve the epitaxial growth of strained ma-
terials such as Ge on Si (Refs. 1 and 2) or (In, Ga)As
(Refs. 3 and 4) on GaAs. The concept underlying the
term "surfactant" comes from the thermodynamical
foundation of epitaxial growth. ' Strictly speaking, a
surfactant is simply a species which when added to a
given surface lowers its surface free energy. When used,
the energetic balance of surface and interface free ener-
gies of the materials involved in the growth is changed,
allowing possible control of the growth mode. This was
indeed the original idea underlying the first experimental
work in this area. ' However, it was soon recognized that
the important effect of a surfactant is the modification of
the epitaxial growth kinetics. ' Even if there is now a
consensus on this point, as well as on the fact that a sur-
factant should segregate to be efficient, the situation is
still confused, at least at first sight, as to how it changes
the incorporation kinetics of the growing material. Con-
vincing experimental results have been reported which
prove that a surfactant decreases ' or conversely in-
creases ' the mean surface diffusion length of incor-
porating atoms, which in fact controls the growth. This
contradiction is only apparent and comes mainly from
the fact that the term "surfactant" is mainly used to
specify a segregating species which improves the growth
of the material under consideration. Considering in more
detail the published data, it appears that surfactant
species which are found to be efficient in improving
homoepitaxial growth are useless for heteroepitaxial
growth of strained materials. "' One easily understands
that to improve homoepitaxial growth, a surfactant
should increase the surface diffusion length, while, on the
other hand, the opposite effect is desired in the case of
lattice mismatched epitaxial growth, in order to avoid the
formation of three-dimensional (3D) islands which corre-
spond to the equilibrium situation. The question which
clearly remains now is how to predict the effect of a given
segregating impurity on the growth of a particular ma-
terial system.

The aim of the present paper is to extract from the
comparison of the effect of different segregating species
(namely, Te and Pb), on the same growth material

(GaAs), a simple rule to help in choosing a surfactant
adequate for the desired purpose.

Experiments have been carried out in a molecular-
beam-epitaxy system equipped with a standard in situ
reflection high-energy electron diffraction (RHEED) fa-
cility and coupled to an analysis chamber where x-ray
photoelectron spectroscopy (XPS) can be performed.
After the growth of a GaAs buffer layer ( —1 pm) at
580'C on a GaAs(001) substrate, the sample was exposed
to a Te or Pb flux at -400 C. Then the temperature was
increased in order to obtain a 3 X 1 and a 1X3 recon-
structed GaAs(001) surface for Te and Pb, respectively.
These reconstructions appeared at —580'C for Te and
-420'C for Pb and correspond to a surface coverage (es-
timated from XPS measurements) of 0.6 monolayer (ML)
and 0.5 ML, respectively, which agree well with previous-
ly reported values. ' ' The surface segregation of these
two different species during the growth was checked by
XPS. Growth rates were precisely measured by using
RHEED specular beam intensity oscillations. The
RHEED pattern was recorded using a high-sensitivity
charge-coupled device camera and a video system. A
precise determination of diffraction intensity was per-
formed by image acquisition and dedicated analysis
software.

It has been already reported that Te acts as a surfac-
tant for highly strained material growth such as
In Ga& As/GaAs (Refs. 3 and 4) or Ge/Si. 's As 3D is-
land formation is avoided, the conclusion was that Te
reduces the surface diffusion length (SDL). A more
straightforward proof is however to compare, for a fixed
set of growth parameters, the temperature for which the
growth mode with and without Te changes from 2D nu-
cleation to step propagation. This transition is linked to
the disappearance of RHEED intensity oscillations and
can be easily attained by using vicinal surfaces. ' For this
purpose we have performed GaAs growth as a function
of temperature with and without the Te surfactant layer
on 5' misoriented surface toward the (111)Ga plane
(which corresponds to a mean terrace length of 32 A).
The growth rate was fixed at 1 ML/s with a flux of As4
corresponding to a maximum As incorporation rate of
2.5 ML/s. The variation of the specular beam intensity
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as a function of the growth temperature is reported in
Fig. 1. The transition temperature where RHEED oscil-
lation disappears is found to be around 580 C for stan-
dard growth and 600 C for Te mediated growth. The
fact that the growth by step propagation is more rapidly
obtained in standard growth when increasing the temper-
ature clearly indicates that the SDL is, for a given tem-
perature, larger than in the case of Te mediated growth.

While for the growth of In„Gat „As (x)0.25) on
CxaAs the 2D-3D growth mode transition is delayed
when using Te as surfactant and the critical thickness is
significantly increased, ' no such improvements are ob-
served with Pb. Actually the critical thickness is even
lower than for the standard growth. This seems to indi-
cate that in fact Pb increases the SDL. Unfortunately, it
is not easy to verify this hypothesis by using the same ap-
proach as above (i.e., the determination of the critical
temperature of the 2D nucleation-step propagation tran-
sition) because Pb is desorbed from the surface for tem-
peratures as low as 450 C. However, in the low-
temperature range another phenomenon can be used to
evaluate the effect of surfactant species on the SDL. For
low enough temperature, there is no long-range atomic
diffusion, and a surface roughness develops during
growth which may be easily detected in RHEED. In or-
der to investigate the inAuence of the Pb segregating lay-
er on this kinetic roughening, we have compared the
growth behavior of GaAs at low temperature (400'C)
with and without Pb. The results deduced from RHEED
analysis are reported in Figs. 2 and 3. In Fig. 2(a), corre-
sponding to the standard growth, it may be noted that
the mean specular beam intensity during the growth is
higher than the static level before growth. This is well
known to occur because the static surface reconstruction
at this temperature is c (4X4) while during growth it be-
comes 2X4. ' The important point is that growth oscil-
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lations are very weak and rapidly damped, indicating that
at this temperature the SDL becomes too low to sustain
the pure 2D layer-by-layer growth. This results in a
growth front roughening evidenced by the intensity rein-
forcement of the 3D Bragg diffraction feature on the
RHEED pattern. This can be seen in Fig. 3(a) where the
RHEED profile intensity of the 00 streak is displayed as a
function of the growth time (the specular and Bragg posi-
tions are labeled S and 8, respectively): the Bragg intensi-
ty increases rapidly when the growth starts. The SDL is
not enough to allow an adatom impinging on the top of a
2D nucleus to migrate to the step edge and consequently
the growth front becomes rougher. When the growth of
GaAs is performed on the surface which has been previ-
ously exposed to a Pb Ilux [Figs. 2(b) and 3(b)], no such
growth front roughening occurs and the variation of the
specular beam intensity is similar to the one observed at

Grawfh flee
FIG. 2. RHEED specular beam intensity variation as a func-

tion of time recorded during the growth of GaAs at 400 C on
GaAs(001): (a) standard growth conditions and (b) Pb mediated
growth.
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FIG. 1. RHEED specular beam. intensity behavior during the
growth of GaAs on a 5 misoriented surface (mean terrace
length 32 A) toward (11 1)Ga plane (e beam along [110])as a
function of the growth temperature: (a) standard growth condi-
tions and (b) Te mediated growth.

FIG. 3. 3D analysis of the temporal evolution of the 00
RHEED streak intensity during the growth of GaAs at 400 C
on GaAs(001): (a) standard growth conditions and (b) Pb medi-
ated growth. The specular beam and 3D-Bragg intensities are
labeled S and 8, respectively.
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standard growth temperature (580'C) [it is worth noting
that, as usually observed for standard growth tempera-
ture, there is a clear phase opposition between S and 8
(Ref. 19)]. We therefore conclude that Pb enhances the
surface diffusion length. At this point it is important to
mention that the same conclusion has been recently
drawn for the effect of Sn, also a column-IV element, at
the growing surface of Si (Refs. 9 and 10} as well as of
GaAs and A1 Ga& As.

Considering the present experimental results and those
previously reported, it clearly appears that there are two
families of so-called surfactants. One results in an in-
crease in the SDL and is effective in improving homoepi-
taxial growth; the other decreases the SDL and is there-
fore suitable for the growth of highly strained materials
for which the main objective is to avoid the formation of
3D islands. Keeping the example of IV and III-V semi-
conductors, which includes most of the published work in
the field, we can classify the different segregating species
experimented up to now as follows: column-III and
column-IV elements, such as Ga, Sn, and Pb, belong to
the first family while column-V (As, Sb) and column-VI
(Te) belong to the second. In order to understand, at
least qualitatively, the opposite behavior of these different
surfactant species, let us now consider the models which
have been previously proposed in two typical cases.
Enhancement of the SDL by the presence of Sn at the
growing GaAs surface is explained by Petrich, Dabiran,
and Cohen by considering that Sn is only slightly bond-
ed to the semiconductor surface and located in
interstitial-like sites as schematically shown in Fig. 4(a)(i),
where for sake of simplicity the growing species is
group-IV semiconductor (SC) type. This hypothesis is
strengthened by the fact that van der Veen et al. ' have
previously concluded from synchrotron photoemission
spectroscopy that there is no significant chemical interac-
tion between Pb and GaAs. We suggest that this type of
surfactant forms a surfactant SC complex at the surface
which, even though weak, is sufficient to decrease for
some extent the SC-SC bond strength. This in turn
reduces the energy barrier for hopping of the SC atoms at
the surface in their way to be incorporated. As a conse-
quence the SDL is increased. Finally, the surfactant fol-
lows the growth front rather than being incorporated in
the semiconductor [Fig. 4(a)(ii)] because it is more easily
complexed at the surface, where dangling bonds are
present and where relaxation of the induced strain is
easier. The prototypical case of surfactant action of the
second type is As on Si or Ge. It has been clearly demon-
strated that As significantly reduces the SDL following a
mechanism which is summarized in Fig. 4(b). Here the
surfactant forms strong bonds with the semiconductor
[substitutional sites, Fig. 4(b)(i)]. The segregating process
imposes an exchange reaction between adatoms of the
growing layer and the surfactant, resulting into subsur-
face incorporation [Figs. 4(b)(ii) and 4(b)(iii)]. To mi-
grate, atoms have thus to break their existing bonds (in-
cluding those with the surfactant species) and this leads
to a higher barrier for hopping. The net result is that the
SDL is reduced.

The two mechanisms described above lead us to sug-
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FICJ. 4. Schematic representation of atomic mechanisms
which differentiate the two different types of surfactants: (a)
rionreactive surfactant increasing the surface diffusion and (b)
reactive surfactant decreasing the surface diffusion.

gest the separation of segregating species termed as sur-
factants into nonreactive surfactants occupying intersti-
tial surface sites, which result in the increase of the sur-
face diffusion length, and reactive surfactants, in substitu-
tional sites, which have the opposite effect. This may be
a guideline for choosing a surfactant suitable for a given
purpose. If it is desirable to smooth the growth front in
case of homoepitaxial growth, then a nonreactive surfac-
tant should be chosen. On the other hand, when the
strain induced 2D-3D growth mode transition should be
avoided in lattice-mismatched epitaxial growth, a reac-
tive species must be preferred. We think that taking into
account the reactivity of a given couple of segregating
species and growing material is essential to correctly pre-
dict the resulting effect on the growth kinetics. As a
matter of fact, while Sb has been found to decrease the
surface diffusion length for Ge/Si growth, ' it has the
opposite effect for the homoepitaxial growth of Ag. ' In
the first case Sb is reacting whereas in the second it is not.
However, the crude categorization we propose should be
somewhat refined in the light of the results very recently
reported by Falta et al. Indeed these authors have ob-
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served that Ga on Si(111) behaves differently depending
on the surface coverage. While at first sight Ga may be
considered for Si as a nonreactive surfactant, at high cov-
erage (1 ML) and low temperature it decreases the sur-
face diffusion length. In fact it has been shown that the
(6.3 X6.3) surface reconstruction observed in these con-
ditions corresponds to Ga in substitutional surface sites,
as expected for a reactive surfactant. This reconstruction
is however metastable and is replaced above 500'C by a
classical (v'3X&3) (surface coverage —

—,
' ML) (Ref. 22)

for which Ga atoms occupy interstitial sites, the usual
bonding situation of a nonreactive surfactant as described
above. Indeed, Ge islanding growth on Si(111) is ob-
served at standard growth temperature ( )500'C), even if
a Ga Aux is continuously supplied. These recent results
indicate that the a priori distinction between potential
surfactant species may be not so simple as suggested
above, even if our crude categorization can be a useful
guideline at least for usual (i.e., "high" temperature)
growth conditions. It is clear that a more strict criterion
to predict the resulting effect of a given segregating
species on the surface diffusion length is the actual bond-
ing configuration at the surface.

In summary, it is shown that Te and Pb, which segre-
gate at the surface during the epitaxial growth of GaAs,
have opposite effects on the growth kinetics. While the
surface diffusion length is reduced by the presence of Te
at the growth front, it is enhanced when Pb is the segre-
gating species. These experimental results, as well as
those previously published, lead to the conclusion that
there are two types of surfactants. It is suggested that
the difference in their resulting effect is linked to their de-
gree of interaction with the growing material: reacting
surfactants occupying substitutional surface sites de-
crease the surface diffusion length while nonreacting sur-
factants, in interstitial sites, increase it. This can serve as
a guide to choose among various segregating species
those which can be effective in improving epitaxial
growth of a given material system.
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