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Kinetic Role of a Surfactant in Island Formation
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Diffusion in the presence of a surfactant on islands is investigated usingab initio molecular dynamics.
We introduce a double layer step on the Si(001) surface that emulates theh311j facet of an island and
show how the diffusion barrier varies with introduction of an Sb surfactant at the step edge. In co
with the role of surfactants on a flat surface, where diffusion of adatoms is suppressed by site exc
we find that the surfactant significantly reduces the Schwoebel barrier near the step edge su
island formation is severely suppressed and thus layer-by-layer growth is promoted. We show
the surfactant favors the step edge site and is replaced by adatoms via a pushing-out mechanis
repeating the step growth until the island is flattened.

PACS numbers: 61.50.Ah, 61.50.Lt, 64.70.Kb, 81.10.Aj
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Fabrication of quantum electronic devices requires
general atomic layer-by-layer growth for high quality d
vices. One may reduce the growth temperature to supp
diffusion of surface adatoms and thus prohibit island fo
mation. However, this causes less crystalline structure
and sometimes dislocations [2]. One alternative is to int
duce a surfactant, for instance, group V materials such
As, Sb, and Bi during GeySi growth. The surfactant lower
the surface free energy and thus reduces the Ge segreg
in GeySi growth [3]. For instance, the surface free ener
of the AsyGeySi system is lower than that of the GeyAsySi
system by 1.7 eVydimer. The site-exchange mechanis
has been suggested both experimentally [3] and theo
cally [4] in order to explain the suppression of Ge seg
gation by a surfactant. The presence of a surfactant in
front growingflat surface suppresses diffusion of surfa
adatoms using the site-exchange mechanism, prohibi
island formation. (Hereafter we call the suppression of
adatomic diffusion on aflat surface type-I diffusion.)

On the other hand, it was shown that the island grow
rate induced by the strain on the GeySi(100) system is
faster than the suppression rate of islands by a surfac
and therefore the islands are grown first and subseque
the island “smoothing out” and island coalescence with
highly twinned structure occur [5]. It was also shown th
postgrowth annealing in Sb drastically flattens theh311j
facets of Ge islands [6]. It seems that the presence of a
factant on anislandenhances diffusion down to the lowe
terrace such that islands are flattened (hereafter ca
type-II diffusion). This observation seems to be cont
dictory to type-I diffusion where the surfactant suppress
diffusion of adatoms on a flat surface. However, this b
havior has not clearly been understood yet. This pheno
non involves not only the energetics but also the kinet
on the island. A reliable calculation is required to unde
stand type-II diffusion.

In this Letter, we investigate the effect of a surfacta
on an island usingab initio molecular dynamics (MD)
0031-9007y96y76(5)y776(4)$06.00
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calculations. The Sb favors the site at the step edge. T
drastically reduces the diffusion barrier near the step ed
enhancing anisotropic diffusion along the dimer row
the upper terrace. The islands are flattened via a push
out mechanism rather than a rolling-over mechanism, su
that the Sb atoms are always pushed out to the step e
until the islands coalesce with each other.

In this calculation we introduce a rebonded double lay
step (DB) on the Si(001) surface to emulate theh311j facet
of the island which is composed of consecutively rebond
DB steps [7]. Therefore we expect that the diffusio
phenomenon on theDB step is similar to that on islands
with experimentally observedh311j facets. We choose a
triclinic cell with lattice vectors$a (

p
2, 0, 0), $b (2

p
2y4,

9
p

2y4, 1y2), and $c (
p

2y4, 2
p

2y4, 3y2) in units of a
lattice constant to have a smaller supercell. In this way
choose 54 Si atoms where the bottom layer is saturated
18 H atoms. The number of layers of the upper and low
terraces is kept equivalent to prevent any unnecess
effects on both terraces. A detailed description of th
structure can be found elsewhere [8].

We adopt in this calculation the Car-Parrinelloab initio
MD approach [9]. We use a plane-wave basis set with
kinetic energy cutoff of 8 Ry and Bloch functions only a
the G point of the supercell surface Brillouin zone. Th
interaction between ionic cores and valence electrons is
scribed by a fully nonlocal pseudopotential withsp nonlo-
cality. We fix the two bottom Si and H layers to preven
any spurious forces. We first search for the electron e
ergy minimization using a steepest decent approach. I
are moved by a fast relaxation scheme [8]. The energy a
forces are converged to0.5 3 1025 Ry and 0.005 RyyÅ,
respectively.

We first search for the stable Sb site at the stepped s
face. Two Si atoms on the surface are replaced by
atoms. Figure 1 shows possible sites of an Sb dimer. T
rebonded site in Fig. 1(a) is taken as the reference
ergy. The Sb atoms at the rebonded step edge incre
© 1996 The American Physical Society



VOLUME 76, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 29 JANUARY 1996

e
n
tu
r
i
e
V

n
e-
]
in
u
b

n
i
g
o
)
e

e
g
t
th

h

c
r

e
b
y
a

d
o

ng
he
e,

on
)
er
t

nce
an

as
es

ep.
so
ier
ar
ave
er

ht
eV,
o
s
n
f

ch
Si
FIG. 1. Various sites for an Sb dimer on theDB step. (a) is
taken as a reference energy.

slightly the symmetry of the Si dimer at the step edg
The Sb atoms do not favor the subsurface sites as show
Fig. 1(b), increasing the total energy by 2.48 eV. Substi
tion of an Si dimer by an Sb dimer at the step edge lowe
the energy by 0.63 eV although the next Si dimer site
also favorable with a similar energy gain of 0.57 eV. Th
energy difference between Figs. 1(b) and 1(c) is 3.11 e
as compared to the energy difference of 3.5 eVydimer
between SiySbyGeySi and SbySiyGeySi on flat surfaces.
The Sb dimer bond length in Fig. 1(c) is 2.98 Å with a
asymmetry of 0.21 Å. This is comparable with the pr
viously calculated value of 2.94 Å on the flat surface [10
The Si-Sb bond length ranges from 2.71 to 2.82 Å
Fig. 1(c), which is slightly larger than the values of pse
dopotential calculations [10]. We conclude that the S
dimer favors the site at the step edge.

In order to investigate the kinetics of Si adatoms o
a stepped surface we calculate the potential surface w
and without the presence of an Sb dimer at the step ed
We use a single Si adatom and move it along the top
the dimer row. The kinetics of a dimerized flat Si(001
surface is governed by anisotropic diffusion [11,12]. W
accordingly move the Si adatom along the dimer row. W
fix the y ([110]) direction and relax thex andz directions
of an adatom. The substrate atoms are fully relax
simultaneously. Once we determine the minimum ener
for the giveny value of an adatom, we move it to the nex
point and repeat the same calculation. Figure 2 shows
total energy variation along they direction. The dotted and
solid lines indicate the diffusion barriers without and wit
the Sb dimer at the step edge, respectively, as shown
Fig. 2(a). The dimerized Si surface without the presen
of the Sb dimer shows two additional (Schwoebel) barrie
with a diffusion barrier of 0.93 eV whereas with th
presence of the Sb dimer it shows a single Schwoe
barrier of 2.1 eV, increasing the barrier height significantl
The diffusion barrier with the presence of the Sb dimer
the step edge is increased because of the weak bon
of Sb to the Si atoms in the subsurface as the Si adat
.
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FIG. 2. Total energy variation and reaction pathways alo
the top of the dimer row. The circles (squares) indicate (a) t
total energy variations without (with) Sb dimer at the step edg
and (b),(c) the corresponding top views of the pathways
top of a dimer along the [110] direction. The triangles in (c
represent the pathway along the trough between two dim
rows. The filled circles in (a) indicate the energy withou
constraints given in the text.

approaches the Sb dimer. We note that the prese
of Sb at the step edge of the upper terrace creates
additional barrier at the lower terrace by about 0.62 eV,
compared to that without the Sb dimer. This suppress
the incorporation of a single adatom in the ascending st
Although an additional barrier at the lower terrace is al
suggested in previous work [13], an increase of the barr
for a single Si adatom to diffuse along the dimer row ne
the step edge at the upper terrace is not expected. We h
also tested diffusion along the trough between the dim
rows as shown in Fig. 2(c). The diffusion barrier heig
in the presence of the Sb dimer at the step edge is 2.21
similar to that on top of a dimer. This trend is similar t
Si diffusion on pure single [14] and double [7] layer step
without Sb. However, the local minimum energy betwee
two dimer rows is higher by 1.09 eV than that on top o
a dimer. With a reasonable thermal diffusion energy su
that adatoms reside in the lowest energy configuration,
adatoms would favor diffusion on top of a dimer row.
777
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We consider now diffusion of an Si dimer in the pre
ence of an Sb dimer at the step edge. This seems t
reasonable because an Si dimer can easily be forme
the surface or the Si adatoms can easily be accumu
near the step edge of an upper terrace due to the hi
diffusion barrier in the presence of an Sb dimer at the s
edge. We first test various stable sites of an Si dime
the presence of an Sb dimer at the step edge. The Si d
on top of a dimer row parallel to the two adjacent dimer
taken as a reference [Fig. 3(a)]. The Si dimer on top o
dimer row perpendicular to the two adjacent dimers gi
a higher total energy by 0.6 eV. One may also cons
an Si dimer which is similar to Fig. 3(a) but the dimer
pushed to the trough between the dimer rows. The t
energy in this case is higher by 0.84 eV. This is in contr
with the stable position of adatoms on theDB step with-
out an Sb dimer at the step edge where all three posit
are energetically favorable [8]. We therefore consider
dimer position of step (i) of Fig. 3(a) only.

Two pathways may be considered, as shown in Fig
Various pathways on a pure SiDB step have been trie
elsewhere [8]. We first consider the rolling-over mech
nism where an Si dimer rolls over the Sb dimer at the s
edge. Step (i) illustrates the stable site of an Si dimer
the dimer row, similar to anH site for single adatomic
diffusion [8,11]. The Si dimer rolls over the Sb dimer,
shown from step (ii) to step (vi), finally generating one s
further than the step edge to the left. The barrier exist
step (ii) with a barrier height of 1.55 eV, which is low
than the value of 2.72 eV for an Si dimer to roll over t
step edge without the presence of an Sb dimer as sh

FIG. 3. Two pathways for the migration of the Si dimer alo
the [110] direction. Path I is the rolling-over mechanism a
path II is the pushing-out mechanism.
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in Fig. 4. This energy difference again results from t
surface free energy difference between Si and Sb. A lo
minimum exists in step (iii) where the energy is lowere
by less bond angle distortion between the top Si dimer a
the Sb dimer.

We next consider the pushing-out mechanism, as sho
in Fig. 3(b). Unlike the rolling-over mechanism, the S
dimer is replaced by Si as shown in Fig. 3(b). Th
Sb and Si dimers keep the bondings with their adjac
atoms while moving, which is a significant difference fro
path I. Surprisingly, these pathways require an additio
Schwoebel barrier of 0.71 eV only, which is significant
lower than the barrier without an Sb surfactant at the s
edge, as shown in Fig. 4. The Sb dimer is pushed out to
step edge by generating one step further from the left a
finally a nonrebonded step edge is formed. We emphas
here that in order to reach step (i) of Fig. 3(b) over the t
of a dimer from the right direction the Si adatom shou
have enough thermal energy to overcome the surface a
vation barrier of 0.35 eV [8]. (This is not shown in Figs.
and 4.) Once they reach the step edge, the additio
Schwoebel barrier is significantly reduced to 0.71 fro
1.55 eV in the presence of an Sb surfactant. We ha
also tested the relative stability of Sb dimers at the non
bondedDB step. We find that the Sb dimer favors the st
edge over the inner Sb dimer on the surface by 0.41
similar to the general trend of the rebondedDB step where
the energy difference is 0.06 eV.

We now discuss how the island can be flattened by
Sb surfactant based on our calculations. In island form
tion theh311j facets always appear because the island
duces the surface free energy by minimizing the surfa
area [6] and theh311j facets composed of repeating re
bondedDB steps are known to be stable [7]. With the in

FIG. 4. The total energy variations for path I and path II
terms of the steps taken along the [110] direction indicat
in Fig. 3. The open (filled) circles and squares with dott
(solid) lines indicate the energy variations of the correspond
pathways without (with) Sb surfactant at the step edge.
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troduction of Sb on an island withh311j facets, Sb prefers
the site at the step edge. Sb creates an additional diffus
barrier near the step edge for a single adatom. Hence
adatoms can be accumulated near the step edge of an u
terrace and easily form a dimer. This Si dimer pushes o
the Sb dimer to form the nonrebondedDB step using the
pushing-out mechanism. The additional Schwoebel b
rier for this process is not appreciable compared to the th
mal energy of a conventional growth process. Theh311j
facets are reduced by this repeating process and fin
the islands are flattened. Therefore, unlike type-I diff
sion where diffusion of adatoms is suppressed by the s
exchange mechanism on a flat surface, type-II diffusi
plays an important role for the island, i.e., diffusion is e
hanced on the island and this eventually flattens the islan

In summary, we find a kinetic role of a surfactant fo
suppression of island formation on a Si(001) surface by
ing anab initio MD calculation. Sb favors the site at the
step edge. The additional Schwoebel barrier of 2.1 eV
the diffusion of a single Si adatom appears near the s
edge of an upper terrace in the rebondedDB step in the
presence of an Sb dimer. Therefore Si adatoms can
accumulated near the step edge of an upper terrace a
initial growth stage. When an Si dimer is formed on th
upper terrace, the Si dimer replaces the Sb dimer us
a pushing-out mechanism. The pushing-out mechani
requires an additional Schwoebel barrier of 0.71 eV on
at the step edge, whereas the rolling-over mechani
requires a barrier of 1.55 eV. Theh311j facets are reduced
by the pushing-out mechanism and ultimately islands a
flattened.
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