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Atomic-scale mechanisms for surfactant-mediated layer-by-layer growth in homoepitaxy are investi-
gated theoretically. Starting with minimal assumptions on relative bond strengths, we demonstrate that
four possible mechanisms can be operative in enhancing layered growth: (1) a high density of islands at
the initial growth stage of each layer, (2) a reduced activation barrier for atoms to cross steps, (3) incor-
poration into a growing island, and (4) an effective increase in the migration rate on top of the island.
We assess the relative importance of these processes by computer simulations.

PACS numbers: 68.55.Bd, 68.35.Bs

Over the last few years, there has been an increasing
interest in surfactant-mediated layer-by-layer growth for
both semiconductor and metal systems in heteroepitaxy
and homoepitaxy [1-10]. In these studies, the term “sur-
factant” refers to a monolayer or a submonolayer of
foreign atoms on the surface. The classical definition of
surfactant is “a substance that lowers surface tension,
thereby increasing spreading and wetting properties”
[11]. Indeed, it has been observed that the preadsorption
of suitable surfactants such as As, Sb, and Te can change
the mode of Ge growth on Si(100) from 3D cluster
growth to layer-by-layer growth [1-4]. It has also been
demonstrated that the presence of Sb on Ag, or O on Pt,
can induce layer-by-layer homoepitaxial growth at condi-
tions typical for island growth in the pure system [8,10].
Particularly in the case of homoepitaxy, these studies pro-
vide new opportunities for a better understanding of the
mechanisms controlling growth kinetics.

In this Letter, we address surfactant-mediated layer-
by-layer growth beginning at the fundamental level by
analyzing the effects of the different atomic interactions
in a given system. We restrict our discussion to metal-
on-metal homoepitaxial growth, where we denote the ad-
sorbed atoms by A and the surfactant atoms by S. We
propose that, if the effective bond strengths satisfy the
inequalities V4.4 > V4.s> Vs.s, then a submonolayer of
S atoms can act as a good surfactant in enhancing lay-
ered A-on-A growth. We will reach this conclusion by
analyzing various local bonding geometries in searching
for possible processes that are likely to enhance layered
growth, then verifying the effects of these processes by
direct simulations.

To facilitate the discussion we first establish some use-
ful relationships from dimensional analysis. We consider
a typical deposition process in the island growth regime,
in which the diffusion length of the adatoms is insufficient
for all atoms to reach steps. Islands therefore nucleate
and grow, and additional atoms from the deposition beam
may fall on top of these growing islands as well as onto
the original substrate or other intermediate layer. As has

gy will roughen if interlayer transport is insufficient to al-
low atoms to leave the tops of islands or clusters as fast as
they are arriving. We introduce a determinant factor,
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F = Nmexp{ kT}' n
where t; is the average time separation for two consecu-
tive adatoms, A, landing on a given island, to the
residence time of an adatom spent at each site on the is-
land, N, the number of sites along the perimeter of the
island, Ny the total number of sites on the island, V, the
activation barrier for an adatom to step down from a site
belonging to Np, and kT the thermal energy. So far all
sites are defined on top of the island. The first ratio in
Eq. (1) gives the total number of hops made by the first
atom landed on top of the island before being joined by a
second atom; the second ratio gives the fraction of hop at-
tempts to step down. To a good approximation, F mea-
sures the probability that an adatom A landing on an is-
land will hop off to a lower layer before a second adatom
lands on the same island. We assume that the value of
V 4.4 is large enough to make an 4-A dimer an effective
nucleation center. Therefore, nucleation on top of an is-
land before the layer defining the island is completed will
be prohibited if F is large enough. Likewise, one expects
to observe improved layer-by-layer growth behavior
whenever the value of F is quantitatively enlarged.

If the growth starts on a two-dimensional substrate,
t1=1/RA~1/RL? where R is the number of particles
deposited per unit area per unit time and L is the dimen-
sion of the island. The inverse residence time can be
written as (7o) ~' =voexp{—V,/kT}, where vy and V,
are, respectively, the attempt frequency and diffusion bar-
rier of an A atom on top of the island. We can approxi-
mate Np/Niu~1/L, and further identify [14] L ~°
~[R/0%a2voexp(—V,/kT)1'2, where V; is the activa-
tion barrier for diffusion in the lower layer, a is the sur-
face lattice constant, and 6 is the coverage. Equation (1)
can then be rewritten as

been stressed previously [9,12,13], the decisive process 12 1
. . Vo 1 Ve+Vu 2 Vl
controlling the smoothness of the growth front in F~|— —exp| ————— (. ?)
homoepitaxy is interlayer mass transport: The morpholo- a’R 0 kT
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It is clear from Egs. (1) or (2) that there exist muitiple
possibilities to enhance the value of F. In a pure system,
V.=V, and V.+V,— +V;>0; therefore, the most
efficient way to enhance the value of F is to increase the
growth temperature. Because low-temperature layer-by-
layer growth is often desired, the next choice is to reduce
V, or V, [8,10]. Farther down on the list is to increase V;
[3]. One can also deliberately prepare the initial growth
conditions to make the cluster dimension L smaller [9],
therefore enhancing both factors 7,/tg ~1/L? and Np/
N~ 1/L. Finally, when the temperature is lowered to
‘the regime of diffusion limited aggregationlike growth,
the increase in the factor N,,/Nmt alone could overcome
the decrease in the exponential factor (assuming none of
the activation barriers is affected), leading to reentrant
layer-by-layer growth [12].

Using these relationships, we discuss the influence of a
surfactant satisfying V4.4 > V 4.5>> Vs.s on the modes of
A-on-A growth. We first look at the morphology of the
substrate before the deposition of A4, but with a low cov-
erage of the surfactant S on it. Because Vs.s is very
small (in the sense that Vs.s < kT), the S atoms do not
aggregate to form clusters. Instead, they wander freely
on the substrate. Because V4.4> V4.5, and because
diffusion barriers generally quantitatively scale with V,
the corresponding activation barrier for such S-on-A4
diffusion is smaller than that for 4-on-A diffusion.

Next we start depositing 4 atoms onto such a surface.
We work in the regime where the surface temperature is
not high (such that the pure A-on-A growth would be
three dimensional), implying that both V4.4 and V,.s
are large compared with k7. Therefore, as soon as an A
atom encounters an S atom, the A4-S dimer would behave
as an effective nucleation center for approaching S (if
reaching the A side of the dimer) or 4 atoms. In the ear-
liest stages of growth the number of clusters thus formed
is proportional to the number of 4 atoms deposited. The
density of nuclei far exceeds that formed by only the A
atoms without the presence of the surfactant [6,9]1, mak-
ing the effective island dimension L much smaller for a
given dose. Therefore, even without any other modifi-
cations on the various hopping rates, the presence of the
surfactant will at least enhance the layered growth of the
first layer if judged by the number of incomplete layers
[91.

Of course, a “smooth” layer of A4-S mixture is rarely
the desired structure. What is vital is for the surfactant
atoms to live up to their name, that is, to float on the sur-
face as growth proceeds. It is the inequality V4.4 > V4.5
that - makes such a requirement possible. Specifically,
whenever an S atom is about to be buried in a layer by an
A atom on top, incorporation of the 4 atom into the layer
by exchanging with the S atom is highly probable. This
process can be illustrated using Fig. 1. In Fig. 1(a), an 4
atom diffuses on an island containing an S atom. As the
A atom attempts to hop to the right, it lifts the S’ atom
out of the layer [Fig. 1(b)], then itself takes the position
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FIG. 1. An illustrative example showing how an adatom A

lifts a surfactant atom S by an exchange process. The 4 atoms
are represented by solid circles and the S atom by open circles.
(a) Before the exchange; (b) the transition state; (c) after the
exchange.

originally occupied by the S atom, leaving the S on top
[Fig. 1(c)]l. We recall that for metal-on-metal self-
diffusion, exchange processes similar to the one shown
here have been observed on both the fcc (110) and the
(100) surfaces [15). The additional energy favoring an
A-S exchange in comparison to an A4-A exchange is pro-
portional to n(V 4.4 —V 4.s), where n= 2 is the number
of nearest-neighbor bonds that must be stretched or bro-
ken in reaching the transition state [Fig. 1(b)]. We stress
that even if self-diffusion by such A4-4 exchange does not
take place on a pure surface, when the surface is contam-
inated with S atoms within its top layer, the 4-S ex-
change may become possible when an 4 atom diffusing
on the surface migrates to the close vicinity of an S atom.
It should be noted that if before the exchange the in-layer
S atom has another in-layer S neighbor, the 4-S ex-
change is kinetically even more favorable, because of the
replacement of a strong Vs.4 bond by a weak Vs.s bond.
It is also important to note that, because the con-
figuration shown in Fig. 1(c) is energetically much more
stable if compared with Fig. 1(a), the reverse S-A ex-
change cannot take place, leaving the S atom floating on
top of the island. For metal systems, we speculate that
the A-S exchange mechanism as described here is the
dominant process through which the surfactant atoms are
lifted to avoid being buried. Similar exchange processes
can also take place at a semiconductor interface [16].
For surfactant-mediated heteroepitaxial layer-by-layer
growth in semiconductor systems, the exchange processes
involved can be more complicated [3,7,17].

The incorporation of A4 into an A-dominant layer by
A-S exchange effectively enhances the diffusion coeffi-
cient on top of the growing layer. That is, after the ex-
change, the initial 4-on-A diffusion is replaced by S-on-4
diffusion, whose motion is faster overall. Therefore, the S
atom will reach the island edges more frequently. If the



VOLUME 72, NUMBER 5

PHYSICAL REVIEW LETTERS

31 JANUARY 1994

fast-moving S atom reaches the S-terminated portion of
the step edge, it may be harder for it to jump down by
rollover than the 4 atom by exchange. But if it reaches
the A-terminated portion, it should jump down faster
than the A atom (if both by rollover). When the islands
are small, effectively all S atoms will reach the steps and
go down. If, on the other hand, the layer underneath the
S atom is (nearly) completed so that the island is very
large, the S atom will additionally act as a nucleation
seed, initiating the growth of a new layer. The function-
ing of an § atom located at a kink site of the step edge
will be discussed in the following paragraph.

Now we focus our attention on the step-down process.
It has been observed experimentally that for an 4 atom
stepping down at an A-terminated step, a push-out ex-
change process shown schematically in Fig. 2 can be
favored over a direct “rollover” process [18]. The likeli-
hood of an exchange process will be greatly enhanced if
the step is S terminated. The additional energy favoring
this A-S push-out exchange in comparison to an A-A
push-out exchange is proportional to 2(V4.4 —V4.5) for
the one-dimensional picture shown in Fig. 2. If the
difference V4.4 — V4.5 is large enough, the step-down
barrier V, 4.s corresponding to an A-S push-out process
can be considerably lower than the barrier V, 4.4 corre-
sponding to either an 4-A4 push-out or a direct 4-on-A
rollover process. As shown in Eq. (2), a reduction in V,
will enhance layered growth. For completeness, we note
that if an S atom terminating a step is pushed forward all
the way to reach another island, then its next likely fate is
again to be lifted by an A4 atom through the process
shown in Fig. 1.

In order to assess the relative importance of the factors
discussed above in influencing the growth morphology, we
have carried out various model studies with and without a
surfactant, using kinetic Monte Carlo simulations. The
details of the simulation will be published elsewhere.
Briefly, it is done in (1+ 1) dimensions, with a deposition
rate of 1 ML/sec, where ML is monolayers. The hopping

A
S
(a)
A
S
®) 883..
AS
(c)

E

FIG. 2. A schematic picture showing how a surfactant atom
attached to a step edge helps to lower the barrier for an adatom
to step down.

rate of move i of either an 4 or an S atom is given by
Ri=Roexp(—V;/kT), where Ro=2kT/h. We choose
the activation barrier for diffusion of an 4 atom on top of
an A island to be 1.0 eV, and the corresponding rate to be
the reference rate. All other rates are expressed in units
of the reference rate. Such a choice of reference rate im-
plies that an S atom moving on an A terrace will have a
rate higher than 1. To account for this result we let
an isolated S atom make mg random hops whenever it
is selected to move, where ms =expl(V 4.4 —V4.s)/kT],
with V4.4 —V4.s=0.1 eV. The barrier for either an A4
or an S atom to cross an A-terminated step edge is taken
to be 1.2 eV. We assume that at the low growth temper-
atures of interest the strengths of both V4.4 and V4.5 are
large enough, so that an A or S atom located at a kink
site is stable if it has two strong bonds. In models where
either the lifting of S to an upper layer (Fig. 1) or the
push-out exchange (Fig. 2) is operative, the correspond-
ing rate is set equal to the reference rate. We impose the
restriction that neither type of exchange is allowed unless
the process is favored both kinetically and thermodynam-
ically by an energy difference 8V =n(V4.4—V 4.5), with
n= 2. Finally, we neglect the value of Vs.g in computing
configuration-dependent hopping barriers.

The simulation results for different models are shown
in Fig. 3, where we plot the interface width £(¢) as a
function of the mean film thickness (h(z)), with £()
=[Kh2(x,0))—<h())*1'2, h(x,1) being the surface
height at the point x. The surface temperature is 375 K.

Curve a is for pure A-on-A growth. The interface be-
comes increasingly rough as growth proceeds.

In curve b, the preadsorbed surfactant atoms have a
coverage 65 =0.1, but none of the processes shown in
Figs. 1 or 2 are turned on. As expected [9], the surfac-
tant enhances the layered growth of the first layer as sig-
naled by the dip in £(¢) at 8,4+ 65 =1, but after the first
layer the growth becomes rough, because most of the sur-
factant atoms have been buried within the first layer.
Similar results are obtained if the step crossing processes
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FIG. 3. The interface width as a function of the average film
thickness, (h)=0,, for different models. The surface tempera-
ture is 375 K for every case, and for b-d the surfactant cover-
age Os =0.1. For details, see text.
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(Fig. 2) are switched on but not the lifting processes (Fig.
1).

In curve c, the lifting of S atoms by the A4 -S exchange
(Fig. 1) is turned on, but step crossing (Fig. 2) is not al-
lowed. It is clear that this joint mechanism (incorpora-
tion of A into a growing layer through exchange followed
by faster motion of S on top of the layer) is quite
effective in enhancing layer-by-layer growth. The inter-
face width is increasing, but very slowly initially, with
clear oscillations from layer to layer. For the deposition
rate and potentials used here there are typically two in-
complete layers at 64 =35, three at 6,4 =10, and four at
04 =15. Changing the parameters will obviously change
the details of the curve, but the principle is illustrated.

Curve d results if both the lifting and the step crossing
processes (Figs. 1 and 2) are allowed. Here nearly per-
fect layer-by-layer growth is achieved: When the total
coverage 6,4+ 05 is an integer, there are always only two
incomplete layers, one close to complete and the other
containing a few atoms. When 64+ 6s is equal to a half
integer, in many cases only the top layer is incomplete.
We stress that in a real system several mechanisms can
be operative, but the most important of all is the one
shown in Fig. 1: Without this exchange process or a close
analogy the S atoms cannot act as a good surfactant.

Finally we discuss the distribution of the surfactant
atoms after depositing fifteen layers of 4 atoms. In mod-
el d, only about half of the preadsorbed 10% of S atoms
remain on the top two layers and thus unburied, while the
other half are scattered throughout the lower layers, re-
sulting in an impurity concentration of =< 0.4%. Thus,
while layering is enhanced, we have a metallically sig-
nificant concentration of impurities in the film. We have
also investigated the question of optimal surfactant cover-
age [9]. Clearly, if the surfactant coverage is too low, the
processes enhancing layered growth as discussed here
may not take place sufficiently frequently. On the other
hand, if the surfactant coverage is too high, some of the S
atoms will move up to the top of a growing layer and ini-
tiate the growth of a new layer well before the lower layer
is filled mainly by the 4 atoms. Indeed, simulations at
both 65 =0.05 and 0.4 result in interfaces rougher than
that shown by curve d in Fig. 3. Furthermore, at 65 =0.4
more S atoms are buried in inner layers: The S atoms
that move up to the top of a growing layer too early can
bury the S atoms left underneath. In order to minimize
the residual impurity concentration one needs to search
for surfactants with sufficiently large bond strength
differences (V4.4 —V4.s): If this is true the exchange
processes shown in Figs. 1 and 2 will take place more fre-
quently, thus enhancing the floating ability of the surfac-
tants.

To summarize, we have identified various competing
processes that are likely to enhance layer-by-layer growth
in the presence of a surfactant. Our results show that if
the relative bond strengths satisfy the relations V4.4
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>V ,4.s> Vs.s, then the S atoms can act as a good sur-
factant for layered A-on-A4 growth. Of all the competing
processes, the one lifting the S atoms to the top layer of
the growing interface by 4-S exchange is most impor-
tant. Our results suggest the existence of an optimal sur-
factant coverage and provide a criterion to minimize the
concentration of surfactant atoms remaining as impuri-
ties in the film. In most cases of technological interest,
this impurity concentration will likely be too high to
make this a viable method of film growth. Nevertheless,
the use of surfactants in film growth investigations will
allow us to develop a better understanding of atomic-
scale mechanisms in growth kinetics.
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FIG. 1. An illustrative example showing how an adatom A

lifts a surfactant atom S by an exchange process. The A4 atoms
are represented by solid circles and the S atom by open circles.
(a) Before the exchange: (b) the transition state; (c) after the

exchange.
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FIG. 2. A schematic picture showing how a surfactant atom
attached to a step edge helps to lower the barrier for an adatom
to step down.



