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The influence of surfactants on semiconductor thin film growth is studied by means of a mesoscopic
model combined with first principles calculations. We introduce a new kinetic mechanism that explains
how surfactants induce layer-by-layer growth. The experimentally observed high density of 2D islands
is a natural consequence of the chemical passivation of step edges, as well as flat surfaces, by the
surfactant. In heteroepitaxial growth, we take strain effects into account, which leads to layer-by-layer
growth at low temperatures and three-dimensional growth at high temperatures, in agreement with

experiments.

PACS numbers: 68.55.—a, 68.35.Bs

One of the goals of cutting-edge technology in electronic
devices is growth of smooth, defect-free layers of one semi-
conductor on top of a different substrate. This technologi-
cally driven desire stumbles on a fundamental physical
limitation: The lattice mismatch between the overlayers
and the substrate introduces strain into the film. The film
then grows in the Volmer-Weber or Stransky-Krastanow
modes, in which three-dimensional (3D) islands are formed
that relax the strain, but at the same time introduce an un-
acceptable number of defects and imperfections. The re-
sulting material is useless for technological applications.
Overcoming this limitation is of crucial practical impor-
tance, and represents a unique challenge to our understand-
ing of the fundamental processes of growth. A simple
solution would be to limit the tendency of the system to
form 3D islands by lowering the temperature so much that
diffusion is greatly reduced, preventing the atoms from
finding energetically preferred positions. Suppression of
diffusion, however, also leads to a high density of defects.

A significant breakthrough was achieved recently by us-
ing surfactants [1-4]: Before growing material A on top of
a substrate of material B (a process called heteroepitaxy),
a layer of a third material, the surfactant, is deposited on
the substrate. With the appropriate choice of this third
material, the surfactant layer floats on top of the growing
film during deposition of material A, without significant in-
corporation of surfactant atoms into the film. Moreover,
growth now proceeds in the layer-by-layer (Frank—van der
Merwe) mode at relatively high temperatures, leading to
films of high epitaxial quality. More recently, the method
has been applied to the growth of material A on a sub-
strate of the same type (homoepitaxy) [S—7]. In spite of
several years of intensive research, the physical mecha-
nism by which the surfactant alters the mode of growth
remains unresolved. In this Letter we propose a simple
model that captures the essential features of surfactant me-
diated growth, both for heteroepitaxy and homoepitaxy.

Surfactant atoms saturate surface dangling bonds and
chemically passivate the surface. As a result, the energy
of the system is lower when the surfactant layer is on top
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rather than buried under newly deposited A atoms. The
surfactant therefore tends to float on top of the film. To
understand how this happens, we have to consider the
kinetic exchange process between surfactant atoms and
newly deposited atoms. Two parameters control the ex-
change process: The energy barrier for exchange, E.,
and the barrier for diffusion of A atoms on top of the sur-
factant layer, E;. Models of surfactant mediated epitaxy
[8—11] distinguish between two limiting cases (in either
case, A atoms cannot diffuse once they have been buried
under the surfactant, following an exchange event): In
the first case, scenario I, the probability of an exchange is
much smaller than the probability of a diffusion hop (i.e.,
E; < E¢). In this case an atom diffuses a long distance
before it exchanges, and hence the diffusion length is very
large. The second limiting case, scenario II, occurs when
the exchange probability is comparable to the probability
of ahop (i.e., E; = E<). This would lead to a small dif-
fusion length where an A atom exchanges with a surfactant
atom near its point of impact on the surface.

Both scenarios have been considered in order to account
for experimental results in surfactant mediated homoepi-
taxy. In Sihomoepitaxy on Si(111) with Sn as a surfactant,
step flow growth is observed [5], in which Si atoms diffuse
long distances on top of the surfactant layer until they ex-
change preferentially at edges of surface steps, in accord
with scenario I. On the other hand, in Si homoepitaxy
on Si(111) with Sb as a surfactant, high density of small
2D islands is observed during growth [6]. This could be
interpreted as evidence for scenario II, where the surfac-
tant reduces the diffusion length considerably. It is gen-
erally believed (see, e.g., [8,9]) that surfactants that lead
to layer-by-layer growth in heteroepitaxy act according to
scenario II, suppressing diffusion which would lead to the
energetically favored 3D islands. The purpose of this work
is to point out that theoretical considerations and first
principles calculations make scenario II implausible. In
fact, as we demonstrate below, a reduced diffusion length
is not necessary in order to explain either the high density
of small 2D islands or the suppression of 3D islanding.
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There is a basic conceptual problem with scenario II.
It requires that the exchange barrier be comparable to the
diffusion barrier (see above), which is presumably very
small because of the chemical passivation of the surface
by the surfactant. On the other hand, exchange processes
involve interlayer atomic motion and breaking of chemical
bonds. It is difficult to imagine a situation where the bar-
rier for such a process is as small as the diffusion barrier.
At present, there is essentially a complete lack of informa-
tion on exchange barriers. In order to obtain some reliable
numbers that can lend credence to the above arguments,
we performed first-principles quantum mechanical calcu-
lations for a hypothetical exchange barrier. We considered
the case of a Si(111) substrate with a bilayer of deposited
Ge and a layer of Sb as the surfactant in a (2 X 1) chain
reconstruction. It has been established that this is the op-
timal structure for this particular system [12], consistent
with experimental observations [7]. A monolayer of Ge
was next deposited on top of the surfactant. We then de-
termined an exchange pathway that allows the entire layer
of newly deposited Ge atoms to exchange positions with
the surfactant layer. Since this is a concerted type of ex-
change mechanism, the calculated barrier will be a lower
bound for any realistic process. We find that this lower
bound is 0.8 eV, while the activation energy for diffusion
of Ge atoms on an unpassivated Ge(111) surface is 0.5 eV
[13]. Thus, the true exchange barrier is significantly higher
than the diffusion barrier.

Assuming the above results are representative, they rule
out the possibility that the surfactant suppresses diffusion,
and support the ansatz that enhanced diffusion is a univer-
sal feature of surfactant mediated growth on semiconduc-
tor surfaces. The following question now arises: How can
this be compatible with the high density of small 2D islands
observed in certain experiments [6,8]? To address this
question, we introduce a detailed atomistic model of sur-
factant mediated growth kinetics. We propose that the dif-
ference between surfactants that lead to step flow and those
that lead to a high density of 2D islands is in the way they
bond to surface steps. If surfactant atoms bond weakly to
step edges, they do not passivate the steps. Hence, the ex-
change barrier at step edges is significantly smaller than
the barrier on the flat surface. This case is similar to sce-
nario I. If, however, the surfactant atoms bond strongly to
step edges, these are passivated as much as the flat surface
is. Accordingly, the two exchange barriers are compara-
ble. Since exchange kinetics is controlled by the energy
barrier, exchange at a step edge is not a priori preferred
over exchange on a flat surface. Thus, although diffu-
sion on top of the surfactant is enhanced, the atoms do not
“see” the step edges and may still exchange on the flat part
of the surface creating more 2D islands. Note that step
edges are still preferred for exchange a posteriori, in the
sense that the energy gain is larger for exchange at a step
edge than on a flat surface. Such a step edge effect is, in
fact, very plausible from a microscopic point of view. On

the Si(111) substrate, it is possible to construct fully passi-
vated step edges with Sb atoms, which are pentavalent and
naturally prefer threefold coordination. This is compatible
with STM experiments on this system. Contrary to this, it
is not possible to construct fully passivated steps with Sn
atoms, which are tetravalent, same as the substrate atoms.
Thus, the two surfactants, Sn and Sb, will exhibit different
behaviors on the same substrate.

Before addressing the effect of strain we consider
another process, which, according to our first principles
calculations, cannot be ignored. This is the process of
deexchange in which an A atom buried underneath the
surfactant layer exchanges with a surfactant atom and
floats on top of the surfactant. The barrier for this process
within our calculation (see above) is Egex = 1.6 ¢V when
the atom underneath the surfactant has a minimal number
of neighboring A atoms. The process of deexchange
can be suppressed if additional A atoms exchange at
neighboring sites creating lateral A-A bonds under the
surfactant layer, since the cost of breaking these bonds
will be high. In order to form structures that involve
several A-A bonds, a relatively high external flux of A
atoms is required. This is an issue of competing time
scales; with a typical flux of 0.2 layers/min, the time it
takes to grow a layer is 300 sec. Assuming the time scale
associated with deexchange can be expressed as Tgex =
v exp(Egex /kT) with v ~ 10'3 sec™!, our estimate for
Taex at T = 600 °C is 0.0002 sec. Hence a deexchange
process typically occurs before other A atoms from the
flux bind the buried atom permanently to the substrate.

To investigate the interplay between the processes de-
scribed above, we carried out kinetic Monte Carlo simu-
lations of growth on a square lattice with one layer of
surfactant, which keeps floating during growth. With each
lattice site (i,j) we associate a variable h(i,j), which
we define as the height of the surfactant atom at that
site. Throughout the simulation we maintain the relation
|k(i, j) — h(i’,j")| < 2 for all pairs of nearest neighbor
sites; this is a restricted solid-on-solid (RSOS) condition
[14]. Within the simulation, atoms land on the surface
with a flux of F = 0.005 atoms per site per second. They
diffuse on top of the surfactant with a diffusion barrier
E; = 0.6 eV. They can exchange with surfactant atoms,
and the barrier for this process is E.x = 1.0 eV, indepen-
dent of whether the atom is at a step edge or on a flat
surface (i.e., the surfactant in this case is of the type that
passivates the step edges). An A atom of the layer be-
low the surfactant can deexchange with a surfactant atom
with energy barrier Egex = 2.0 eV, provided it does not
have lateral A-A bonds prior to deexchange. Neither ex-
change nor deexchange can occur if they violate the RSOS
condition. All processes have the same basic time scale
1/v = 10713 sec. This simulation mimics homoepitaxial
growth since no strain effects are taken into account. The
energy barriers are such that, for the system sizes and tem-
peratures we studied, at most one A atom is exposed on
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top of the surfactant at any given time. This simplifies the
simulation considerably, but does not impose significant
physical constraints in the system.

Figure 1 shows configurations of a system of 300 X
300 sites after growth of 0.15 of a monolayer, starting
from a flat surface. Growth at two different temperatures,
T = 600°C [I(a)] and T = 850 °C [1(b)], clearly shows
a high density of islands that decreases when the tempera-
ture is raised. The islands are two dimensional, and their
edges are very rough in agreement with STM observations
on the system Si/Sb/Si(111) [6]. Thus our model repro-
duces the qualitative behavior of the density of islands
observed in experiments without suppressing diffusion.

Strain may affect any of the energy barriers of our
model. Most significantly, however, it makes a new
process possible. This is the process of deexchange of an
A atom that does have a lateral A-A bond when it is still
underneath the surfactant layer. Breaking of this bond
becomes probable because it is weakened in the presence
of strain. We incorporate this additional deexchange
process in the RSOS simulations with an energy barrier
that depends on the shape and size of the island on top of
which the exchanging atom resides:
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FIG. 1. Configurations of a 300 X 300 system after surfactant
mediated homoepitaxial growth of 0.15 of a monolayer at
(a) T = 600°C and (b) T = 850 °C.
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ly and [, are the lengths of the island in the X and
Y directions, respectively, along lines that cross at the
position of the A atom. The strain term in (1) is analogous
to the expression found by Tersoff and Tromp [15] for the
elastic energy gain due to strain relaxation in a rectangular
island of side lengths /; and /. This is a very crude
way of taking strain effects into account. However, it
captures the essential physics (at least for growth of a few
layers), namely, that strain relaxation is more effective in
small islands. It also incorporates the correct functional
dependence of the strain energy on the linear island size
(Inl/l). We also considered strain-induced changes in
barriers for exchange and deexchange, but these had no
significant effect on the growth mode, and are therefore
ignored in the following.

Typical configurations from our simulations including
strain effects are shown in Fig. 2. Here we used E; =
04 eV, Ex = 08¢V, Egx = 1.6¢eV, and € = 3.0 eV
with a flux of F = 0.005 atoms per site per second. These
numbers are very close to theoretical estimates (see earlier
discussion and [16]). In all four pictures the coverage is
one layer. The different colors correspond to different
heights of the surface (green is the initial surface). At
T = 350°C [Fig. 2(a)] a smooth layer grew on top of
the initially flat surface. Small 2D islands and holes are
observed on the layer, with rough edges similar to island
shapes in homoepitaxy (see Fig. 1). The same behavior
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FIG. 2 (color). Configurations of a 300 X 300 system after
surfactant-mediated heteroepitaxial growth of 1 monolayer at
(@) T =350°C,(b) T = 400°C,(c) T = 450°C,and (d) T =
600 °C. Different surface heights are represented by different
colors; green is the initially flat surface.
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is observed at T = 400 °C [Fig. 2(b)] with 2D islands of
larger size. In both cases growth occurs in a layer-by-
layer mode with 3—4 layers exposed. This morphology
remains the same after growth of more than 10 layers.
The morphology of the surface is dramatically different
for growth at T = 450 °C [Fig. 2(c)]. Here a very large
portion of the initial surface remains exposed. The islands
are much taller than at lower temperatures (about 5 layers
tall compared to 1), and they have a square shape with
smooth edges. We conclude that at a critical temperature
Tsp (with 400 °C < T3p < 450 °C) a transition in the
growth mode has occurred from layer-by-layer to 3D
islanding. Figure 2(d) demonstrates growth at an even
higher temperature (7' = 600 °C) with fewer and taller
islands (10—12 layers). These results are qualitatively very
similar to experimental observations. For example, in the
system Ge/Sb/Si(111) a transition of the type we find was
observed [17] at T3p = 650 °C.

The behavior of our system can be understood very
simply. At low temperatures it is impossible to break
a lateral A-A bond even on top of the highly strained
initial surface, and there is no difference between growth
on top of a completed layer and a small island. The
critical nucleus size is 1 everywhere on the surface. The
equilibrium tendency to form 3D islands is thus kinetically
suppressed, and the crystal grows in the layer-by-layer
mode. When the temperature is raised, it becomes possible
to break A-A bonds on top of large islands (or a completed
layer), but not on top of small islands, which are strain
relaxed. The critical nucleus size changes to 3 on top
of large islands, but remains 1 on top of small ones.
Hence nucleation of stable islands occurs much more
frequently on top of small islands than on a completed
layer, and the equilibrium tendency towards 3D islanding
is restored. Our model is not detailed enough to produce
realistic critical nucleus sizes. Nevertheless, we believe
the qualitative dependence of the critical nucleus on island
size and on temperature is reproduced correctly.

While our simple lattice model does not address the
material-dependent strain relaxation due to dislocations
that appear in thick layers [3,4,18], it explains very
successfully how and under what conditions a surfactant

may prevent strain relaxation via 3D islanding at the
initial stages of growth.
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FIG. 2 (color). Configurations of a 300 X 300 system after
surfactant-mediated heteroepitaxial growth of | monolayer at
(a) T =350°C,(b)T =400°C, (c) T =450°C,and (d) T =
600 °C. Different surface heights are represented by different
colors: green is the initially flat surface.



