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Local Dimer Exchange in Surfactant-Mediated Epitaxial Growth
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While the effectiveness of surfactants in suppressing islanding in Si/Ge heteroepitaxial growth has
been demonstrated in previous studies, the atomic scale growth processes have remained unknown. Here
we present images of the growing Si(001)/Ge surface obtained with in situ low-energy electron micros-

copy. From our observations we conclude that sufactant-mediated growth of Ge on Si(001) proceeds by

highly local Ge incorporation with minimum surface diffusion. %e propose a new two-dimer correlated
exchange mechanism to explain this unusual growth mode, as well as the absence of islanding at high Ge
coverage.

PACS numbers: 6l.14.Hg, 61.16.0i, 68.35.Bs, 68.55.Bd

Fabrication of many state-of-the-art electronic devices,
both in elemental and compound semiconductors, re-
quires heteroepitaxial growth of one material onto anoth-
er. Efforts to grow such structures are frequently compli-
cated by islanding of the growing material due to a
mismatch in surface energies, bulk lattice constants, or
both. It was shown recently that islanding in the Si/Ge
system can be suppressed effectively by use of a surfac-
tant monolayer adsorbed on the sample during growth
[I]. Suitable surfactants such as As and Sb strongly
reduce the surface free energy of both Si and Ge surfaces
[2], and float at the surface during growth. As or Sb ter-
mination of the sample is energetically favorable, and the
growing species (Si or Ge) will therefore be rapidly incor-

porated in a subsurface site, thus preventing islanding.
Thus, while the thermodynamics of surfactant-controlled
growth is clear, not much is known about the details of
the growth process. For instance, one may envision

growth to proceed by rapid diffusion to and incorporation
at step edges, giving rise to a step-flow mechanism. Al-

ternatively, incorporation may occur through a much

more local mechanism on the terraces, unrelated to the
presence of steps. In this case one ~ould like to know

how 2D island nucleation takes place, and what the
minimum stable 2D island size is. In both cases, the dis-

tance over which Ge atoms may diffuse is of relevance. A
clear understanding of these basic issues is required to
further our knowledge of the role surfactants may play in

epitaxial growth.
In this Letter we present the results of an in situ low-

energy electron microscopy (LEEM) study of surfac-

tant-mediated growth of Ge on Si(001). Somewhat
surprisingly, we find that Ge incorporation on the As-
covered surface occurs in a highly local process, without
significant step flow, unlike growth on the bare Si(001)
surface. While incorporation of a single dimer on an As-
covered terrace is energetically not favorable, we propose
a new two-dimer correlated exchange process which elim-
inates four dangling bonds, resulting in a minimum stable
2D is1and size of two dimers. This explains both the ob-
served growth mode and the suppression of 3D islands at
high coverage.

LEEM was developed only recently by Bauer and

Telieps [3,41. In our microscope a 15-keV electron beam
is focused in the back focal plane of a magnetic
immersion-type objective lens, held at ground potential.
Sample and electron source potentials diff'er by only a few

volts, so that the electrons are dece1erated to a few eV be-
fore they strike the sample. There they undergo low-

energy electron difl'raction (LEED), and are accelerated
back into the objective lens, forming a focused LEED
pattern in the back focal plane. A Gaussian image at
magnification 20x is formed at a distance of 30 cm. This

image is further magnified onto a channel-plate
intensified phosphor screen, to a final magnification of
10000&. As in transmission electron microscopy, one

may select a given diffracted beam with an aperture for
dark-field or bright-field imaging. In this study all im-

ages were formed using a ( —,',0) beam at 3.5-eV electron

energy. The beam was incident at glancing angle, such

that the ( —,',0) beam exited along the electron optical

axis to optimize image resolution.
Si(001) samples (n type, 2 mQ cm) were mounted in a

Ta cap, at the end of an alumina tube isolating the sam-

ple potential (near 15 kV) from ground. A clean surface
exhibiting the characteristic two-domain (2X 1) LEED
pattern was obtained by repeated heating to 1250'C by

electron bombardment from behind. The sample was

then cooled to 630 C to perform the growth experiments
during observation. Ge was evaporated from a water-

cooled boron nitride Knudsen cell and As4 from a liquid-

nitrogen-cooled quartz Knudsen cell.
Figure 1 shows experimental results obtained for Ge

growth without an As monolayer. Image (a) is the clean
starting surface. Alternating terraces, separated by
single-height atomic steps exhibit (2x 1) and (1 X2)
reconstructions, respectively. Since only the ( —.',0) beam

was used for imaging, alternating terraces are black and

white. The surface height increases from right to left.
Images (b)-(d) were taken at increasing coverages.
Growth of the first monolayer [1 monolayer (ML)
=6.78X10' atoms/cm ) [image (b)) occurs by a step-
flow mechanism; i.e., image (b) develops smoothly from

image (a) by motion of the atomic steps, with full preser-
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FIG. I. LEEM images of Ge growth on clean Si(001). Ap-

proximate Ge coverages: (a} clean surface, (b) 1 ML, (c) 2

ML, and (d) 3 ML. Field of view is 4 pm. The inset in (d) is a

5-eY LEED pattern taken on this surface at 3-ML coverage.

vation of the terrace contrast at all times. The second

layer forms by nucleation and growth of 2D Ge islands

[image (c)] on the larger terraces, combined with step
flow. The third layer grows with much higher nucleation

density of 2D islands over the entire surface [image (d)].
The image contrast disappears as the terrace sizes be-

come smaller than the lateral resolution of the micro-

scope (150 A). Continued growth leads to formation of
3D islands. The inset in (d) shows a 5-eU LEED pattern
with bright (0,0) and half-order spots, as well as a broad,
weak diff'raction intensity in the (100) azimuths, resulting

from surface roughening (see arrow) This r. oughening is

driven by the 4.2% lattice mismatch between Si and Ge
and allows for some strain relief in the overlayer.

Ge was grown on an As-terminated Si(001) surface by
first saturating the surface with As to a coverage of 1

ML, followed by simultaneous exposure to Ge and As4

fluxes [1]. Results are shown in Fig. 2. Image (a) shows

the clean starting surface. Image (b) was taken after As

adsorption to saturation coverage, but before Ge growth

was started. One may notice that (b) is not simply the
contrast-inverted equivalent of (a), as one would expect
for adsorption of As dimers on top of the clean surface.
This is due to displacement of Si surface atoms by As,
even on the terraces far away from step edges. This
phenomenon has been discussed before and will be fur-

ther addressed in a separate publication [5]. Images
(c)-(j) were taken at Ge coverages of about 0.5, 1, 1.5, 2,
2.5, 3, 3.5, and 4 ML. Immediately, the qualitative
difl'erences from the growth modes observed in Fig. 1 are
obvious. In contrast to Fig. 1 step Aow is never observed,

FIG. 2. LEEM images of Ge growth on As-terminated

Si(001). (a) Clean surface and (b) As-terminated surface be-

fore Ge growth. Approximate Ge coverages: (c) 0.5 ML, (d) I

M L, (e) 1.5 ML, (f) 2 ML, (g) 2.5 ML, (h} 3 M L, (i) 3.5 ML,
and (j) 4 M L. Field of view is 4 pm.

nor do we see nucleation and growth of relatively large
2D Ge islands at any Ge coverage. Instead, we see the
contrast fade away at 0.5, 1.5, 2.5, and 3.5 ML, and
reappear at 1, 2, 3, and 4 ML, although it gets weaker
with increasing coverage. This alternation indicates that
the growth mode is layer by layer, inverting the contrast
with the completion of each ML of Ge by rotating the
domain structure on a given terrace back and forth be-
tween (2 x 1) and (1 x 2). The marked disappearance of
contrast between full monolayers is indicative of nu-
cleation of 20 Ge islands which are smaller than the
resolution limit of the microscope. At half a monolayer
coverage [image (c)] the surface is rough at a monolayer
height level, with 2D island sizes smaller than 150 A, ex-
cept near step edges where order is preserved somewhat
better. The surface then becomes relatively smooth again
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at 1 ML. This repeats for each additional monolayer, al-
though residual roughness slowly builds up with increas-
ing coverage. Beyond 4 ML the surface is permanently
rough, and contrast is not recovered.

Thus, Ge adsorption without As shows step-Aow
growth, with 2D islands forming in the second and third
layers to relieve some of the 4.2%%uo-lattice-mismatch

strain. Until the third layer is complete, the domain sizes
are suSciently large to be resolved. %ith As, however,
2D island formation starts immediately, with small, un-
resolved domain sizes. Apparently, the presence of an As
monolayer provides a large driving force for the Ge atoms
to incorporate in the surface very rapidly, with minimum
surface diffusion. At first sight this may not seem
surprising, since calculations show that the energy of
Si(001)/Ge/As is lower than Si(001)/As/Ge by 1.7 eV
per (2X 1 ) unit cell [1]. That is, it is energetically favor-
able to terminate a full Ge layer with As. However, since
growth does not proceed by instantaneous addition of full
monolayers, the relevance of these calculations is ques-
tionable. To understand the incorporation of Ge dimers
during growth we will consider Fig. 3 showing four rows
of dimers (I, II, III, and IV). Row IV depicts the As-
terminated starting surface. A Ge dimer can be adsorbed
by breaking two As dimers, and bonding the Ge dimer on

top, as shown in structure (a). Structure (b) shows what
we w111 refer to as "dimer exchange": Two Ge atoms have
changed places with two As atoms. In both structures
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FIG. 3. Dimer exchange mechanism on As-terminated

Silc00l). For a full explanation see text.

(a) and (b) all As and Ge atoms are threefold coordinat-
ed, leaving a lone-pair orbital on the As atoms and a
dangling-bond orbita1 on the Ge atoms. Since the num-

ber of dangling bonds remains constant upon single dimer
exchange there is no clear energy benefit, and no strong
driving force for subsurface incorporation of a single Ge
dimer. However, the situation is very different for t~o
dimers Ge dimers 1 and 2 in structure (c) have a total
of four dangling bonds, with all As atoms threefold coor-
dinated. Now, let these two dimers simultaneously un-

dergo a correlated exchange process, giving rise to 1' and
2' in structure (d). The four Ge atoms are now locally in

the second layer, and fourfold coordinated. All As atoms
are still threefold coordinated. Thus, the transition from
(c) to (d) eliminates four broken bonds and is therefore
energetically a highly favorable process that can occur lo-

cally, wherever two Ge dimers meet. Dimer 3' may also
undergo dimer exchange (as shown). Adsorption of an

additional Ge dimer at the position indicated by the cross,
accompanied by dimer exchange, results in structure (e)
and elimination of another four dangling bonds. Note
that 2' and 3" are identical and additional Ge dimer pairs
can be appended in a similar fashion, giving rise to nee-

dlelike growth similar to that observed during low-

temperature Si/Si(001) growth [6]. Indeed, we have ob-
served such a growth mode in recent scanning tunneling
microscopy experiments on this system [7]. Alternative-

ly, additional dimer pairs may form new growth nuclei of
type (c) elsewhere on the surface, as the two-dimer corre-
lated exchange mechanism provides a favorable pathway
for homogeneous nucleation of 2D islands.

1', 2', 1", and 3" are in effect single-height atomic steps
(albeit only one dimer row wide). These steps are As ter-
minated, not exposing any dangling bonds, and structur-
ally similar to 8-type steps observed on clean Si(001) [8].

We believe that the process described here explains the
high nucleation density of 2D islands on the As-
terminated growth system. It also explains why As is so
effective in suppressing islanding. Without As, there is

an equilibrium 2D vapor pressure of Ge dimers on the
surface, continuously adsorbed and reemitted by the step
edges. This equilibrium pressure of dimers on the ter-
races allows for nucleation of 3D islands when the critical
thickness for island formation (3 ML) is exceeded, and
also gives rise to Ostwald ripening of the islands [9].
When a dimer breaks away from a B-type step edge on
the clean surface, there is no increase in the number of
dangling bonds. The activation energy for this process is

therefore low, and the free dimer concentration is rela-
tively high. With As termination on the other hand there
is a large driving force for dimer exchange, placing Ge
atoms in subsurface sites. Ge dimers can only be formed
in pairs [going from (d) to (c) in Fig. 3] at the expense ol'

two broken bonds per dimer. The high activation energy
for this process results in a low equilibrium concentration
of free Ge dimers on the terraces, preventing nucleation
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and growth of 3D Ge islands. Thus, while island forma-
tion may still be thermodynamically favorable (reducing
mismatch strain energy), the process is strongly
suppressed by the high activation energy for dimer emis-
sion from step edges.

In summary, we have presented the results of a LEEM
study of growth of Ge on Si(001), with and without an
As surfactant monolayer. We propose a new, two-dimer
correlated exchange mechanism which explains both the
observed growth mode at low coverage and the absence of
Ge islanding at higher Ge coverage on the As-terminated
surface.
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