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Dimer Exchange Mechanism for Substitutional As Adsorption on Si(100)
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We present first-principles calculations which support a dimer exchange mechanism for substitutional
As adsorption on Si(100) surfaces. In contrast to the prevailing picture, we find that the origin of the
substitution of the underlying Si atoms by As is the Aexible reconstructions of the Si atoms in the result-
ing geometries, including the newly discovered z-bonded reconstruction between the top-layer and the
second-layer Si atoms. Calculated scanning tunneling microscopy images of the resulting As-Si hetero-
dimer and the As dimer diAer prominently from that of the Si dimer.

PACS numbers: 68.35.Bs, 68.35.Md, 68.55.—a, 71.45.Nt

Adsorption of As on the Si(100) surface offers interest-
ing phenomena which are fundamental to the understand-
ing of the initial stage of heteroepitaxial growth. The vi-
cinal Si(100) surface with sufficiently large miscut angles
exhibits a single-domain 2x1 reconstruction: Si atoms
on a terrace form dimers and each terrace is bordered to
adjacent ones by bilayer step edges to which the Si di-
mers are parallel [1-3]. Arsenic atoms on this surface
are expected to adsorb on top, breaking the existing Si di-
mers and forming new As dimers, which leads to a rota-
tion of the dimer orientation on the 2 x 1 terrace to 1 x 2.
This was indeed observed at low adsorption temperature
(less than 400 C) [4,51. At higher temperature (400
~ T ~ 600'C), however, the single-domain 2X I orienta-
tion was found to remain unrotated even after As adsorp-
tion [4,5].

To explain this surprising phenomenon Alerhand et al.
have performed total energy calculations for the two
types of bilayer steps for the As-covered Si(100) [6].
They have found that one type where the As dimers are
parallel to the step edges has lower energy than the other
where the dimers are perpendicular to the edges. This
implies that the dimer-rotated 1 x 2 structure made by the
As adsorption is metastable. A counterargument that
substitutional As adsorption occurs on a terrace has come
froin Tromp, Denier van der Gon, and Reuter based on
low-energy electron microscopy and scanning tunneling
microscopy (STM) measurements [7]. They consider
that the As atoms on top replace the underlying Si atoms,
leading to a 2X 1 reconstruction of the As-covered sur-
face. In both arguments, the relaxation of the surface
stress is the only driving force for the phenomenon: It is
considered to be relaxed at the step edges in the former,
and on the terrace in the latter. Further, little is known
about reaction pathways toward the lower energy states.

In this Letter we present total-energy electronic-
structure calculations within the local density approxima-
tion (LDA) for the dimer-exchange and the subsequent
dimer-diffusion reactions on a terrace of the As-covered
Si(100) surface. We find that the substitutional As ad-
sorption occurs by the exchange of the As dimer with the
underlying Si atoms and by subsequent diffusion of the
two Si atoms: The total energy gained is more than 0.7

eV during this exchange reaction. In contrast to the pre-
vailing picture, the driving force for the exchange is not
relaxation of the surface stress but z bonding of the dis
placed Si atoms We a.lso calculate STM images of the
resulting As dimer and the As-Si heterodimer which
would be the fingerprints of the exchange mechanism pro-
posed here.

In the calculation the surface is simulated by a repeat-
ing slab model in which typically eight atomic layers and
an 8.14 A vacuum region are included, and the periodici-
ty in the lateral directions is set to be 2X2. We use
norm-conserving pseudopotentials [8], Ceperley-Alder [9]
exchange-correlation energy in the LDA, the plane-wave
basis set with the cutoff energy of typically 8 Ry, and the
4k points in a wedge in the surface Brillouin zone (BZ)
integration. The nonlocal part of the pseudopotential is
treated by the Kleinman-Bylander procedure [10] with
the real space partitioning [11],if necessary, to avoid the
deviations in the logarithmic derivatives [12]. Both the
electronic and the geometric degrees of freedom are opti-
mized by the highly efticient conjugate gradient rninimi-
zation technique [13]. The symmetry-unrestricted geom-
etry optimization has been performed for all atoms except
for the ones in the innermost two atomic layers in the
slab. In the optimized geoinetries the remaining forces
acting on the atoms are less than 0.01 Ry/A. Most calcu-
lations in this paper have been performed with the above
set of calculational parameters. Yet the key results are
confirmed by using a more extensive set of parameters
such as the twelve-atomic-layer slab, the 10.9 A vacuum
region, the 10 Ry cutoff' energy, and the 9k points in the
wedge in 'the BZ. We have found that the values in the
total-energy difference presented here are accurate to 0.1

eV.
We start with the energetics of an exchange process for

substitutional As adsorption. The initia1 geometry is the
As dimer on the Si(100) surface shown in Fig. 1(a). In
the optimized geometry, the As dimer is symmetric in ac-
cord with the previous experiment and the calculation
[141. The surface energy bands are metallic due to the
presence of dangling bonds from the second-layer Si
atoms. We have examined the possibility that these two
As atoms replace underlying Si atoms and lead to the
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FIG. l. Schematic top views of several geometries in the ex-
change mechanism for substitutional As adsorption on Si(100).
The open and crossed circles represent Si and As atoms, respec-
tively. (a) As dimer on Si(100), (b) Si dimer on underlying As
(the numbered Si atoms are referred to in text), (c) As-Si
heterodimer on Si(100), (d) Si dimer on Si(100), (e) As dimer
on underlying As and Si atoms, (f) Si dimer on underlying four
As atoms, and (g) As dimers on Si(100). Each figure depicts a
half of the 2x2 periodic unit cell which is used in the present
calculations.

geometry with a Si dimer above the As atoms [Fig. 1(b)].
We have indeed found that the total energy of the
geometry shown in Fig. 1(b) is lower than that of Fig.
1(a) by 0.7 eV per dimer. This energy gain from the ex-
change of the As dimer and the Si dimer is not a conse-
quence of the relaxation of the surface stress. The x
bonding between the top-layer and the second-layer Si
atoms, presented below, is the microscopic reason for this
large energy gain. Figure 2 is the optimized geometry
after the exchange of the dimers. The Si dimer is found
to be buckled and remarkably Ilattened, in sharp contrast
with the As dimer and with the asymmetric Si dimer on
clean Si(100). The distance between the top-layer and
second-layer Si atoms [2.27 A for Si(1)-Si(3) and 2.22 A
for Si(2)-Si(4), respectively] is thus shorter than the dis-
tance between the top-layer Si atoms [2.34 A for Si(1)-
Si(2)] which is close to the bulk bond length of 2.35 A.
This results in a new z-bonded structure between the
top-layer and the second-layer Si atoms. Figure 3 is a
contour plot of the charge density of an occupied state
near the Fermi level, which clearly shows the x-bonded
structure. Of note is that this occupied state consists of
an antibonding combination of the top-layer Si orbitals.
We have also found partial electron transfer from the
top-layer to the second-layer Si atoms. Hence, the sur-
face energy bands change from metallic [Fig. 1(a)] to
semiconducting [Fig. 1(b)] upon exchange between the
As and Si dimers. This charge transfer is due to the flat-
tening of the top-layer atoms and their larger bond angles

FIG. 2. Stable geometry after substitutional As adsorption
on Si(100), corresponding to the schematic illustration of Fig.
1 (b). The open and crossed spheres denote the Si and As
atoms, respectively.

(ranging from 105' to 139') compared with the angles
for the second-layer Si atoms (ranging from 75' to
118').

The next stage in the exchange mechanism is the disso-
ciation of the top-layer Si dimer [Fig. 1(b)] from the As
site and its diffusion to another site on the terrace or the
step edges. Only by this dissociation and the subsequent
diffusion does the As site recover its reactivity. A possi-
ble product configuration is an As-Si heterodimer [Fig.
1(c)] plus a Si dimer on the terrace [Fig. 1(d)]. We have

computed the total energies of the optimized geometries
including the asymmetric Si dimer and the As-Si hetero-
dimer and found that the reaction of the dissociation and

the diffusion is exothermic: The calculated heat of for-
mation for the reaction from Figs. 1(b) to 1(c) plus 1(d)
is 0.4 eV. The reason for the exothermicity is presumably
the relaxation of the stress energy in the geometry shown

in Fig. 2.
Additional As atoms approach the surface and may

form an As dimer on the As-Si heterodimer [Fig. 1(e)].
In the optimized geometry, the As dimer is almost sym-

metric, but the second-layer Si and As are dislodged con-
siderably from the ideal sites. We have compared the to-
tal energy of the geometry of Fig. 1(e) with that of the

FIG. 3. Charge density of an occupied state near the surface
BZ boundary [k ~/2ao( —,', —,',0)]. A zc bond between Si(2)
and Si(4) denoted by the solid circles is shown on the vertical
plane cutting the two Si atoms. The value of the highest con-
tour is 3.5x10 3 e/(a. u. )3, and the subsequent contours diA'er

by a factor of 1.65.
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geometry of Fig. 1(f), which is obtained by displacing the
second-layer Si atoms to form a top-layer Si dimer. The
total energy of the converted geometry (f) is lower than
that of (e) by 0.8 eV. In the optimized product geome-
try (Fig. 4), the top-layer Si dimer has similar local
geometry to that of the buckled Si dimer on clean
Si(100). An unusual feature is the reduction of the bond
lengths between the As atom and the lower Si atom of
the top-layer buckled dimer by 0.13 A compared with the
usual As-Si bond length (2.44 A). Consequently, the
bond lengths between the lower Si of the top-layer dimer
and its three neighbors are almost identical to each other,
causing partial electron transfer to the upper Si of the
buckled dimer. Hence, the surface energy bands change
from metallic to semiconducting upon dimer exchange.
The subsequent dissociation and diffusion of the Si dimer
is also favorable. The calculated heat of formation for
the reaction from the geometry of a Si dimer on four As
atoms [Fig. 1(f)] to the geometry of two As dimers [Fig.
1(g)] plus a Si dimer on the terrace [Fig. 1(d)] is 0.6 eV.

The present total-energy calculations provide a natural
explanation for the mysterious phenomenon that the
single-domain 2&& 1 orientation of Si(100) remains unro-
tated even after As adsorption: The adsorbed As atoms
form a dimer on top of Si(100) and substitute for the un-

derlying Si atoms; the Si atoms are, in turn, displaced to
the top layer and then diffuse to another site on the ter-
race or the step edges, leaving the As-Si heterodimer; fur-
ther As adsorption on the heterodimer site again leads to
the displacement and diffusion of the underlying Si atoms
with the As dimers forming not the I && 2 but the 2 x I

structure. All these reactions are found to be exothermic.
Although the activation energies for the above reactions
are still unknown, the driving force for the dimer ex-
change is clear, i.e., the m-bonded reconstruction which
reduces the number of dangling bonds in the resulting
geometry (Fig. 2). A process of As diffusion may com-
pete with the above dimer exchange process: When the
As diffusion is so fast that another As dimer attaches to
the first As dimer, the driving force for the dimer ex-
change would be diminished. We speculate that the ac-
tivation energy for the dimer exchange E,„ is less than or
comparable to the energy Ed for As diffusion. In that
case, diffusion length during the exchange reaction is an
order of bond length [15] which is much smaller than the

terrace width in the usual experimental situation, and the
dimer exchange process is dominant. At higher tempera-
tures (T & 600'C), the As diffusion becomes important
and the dimer exchange and consequently the formation
of the 2 x 1 structure on the 2 & 1 terrace are suppressed.
This is indeed what Bringans, Biegelsen, and Swartz have
observed [5].

We now present calculated STM images for the As-Si
heterodimer and the As dimer along with the Si dimer.
The image, tunneling current density j(r, V), is calculat-
ed using the simple expression [16] j(r, V) =fz,'+ v
&& Q„I,~y„I,(r)~ B(s„g—s)de [17]. We have found prom-
inent differences between the STM images of the As-Si
heterodimer, the As dimer, and the Si dimer (Fig. 5).
Hence the observation of the different images as shown in
Fig. 5 would be a direct experimental evidence supporting
the exchange mechanism. The assignment in Ref. [7] of
the dark patch observed with the bias voltage of —1.5 eV
(the occupied state) as the As dimer is consistent with the
present calculation. Further, when the bias voltage is
changed, the images exhibit a rich variation. For in-
stance, the Si site of the As-Si heterodimer is bright when
the bias voltage is V= —

1 eV, whereas the As site be-
comes bright when V= —2 eV. This is a consequence of
the fact that the lower occupied states consist of more
As-orbital components. Moreover, we find that the image

(b)

(c)

FIG. 4. Stable geometry corresponding to the schematic il-
lustration of Fig. 1(f).

FIG. 5. Calculated tunneling current density for the As-Si
heterodimer with bias voltage (a) V= —2 eV, (b) V= —I eV,
and the As dimer with (c) V= —2 eV, and (d) V= —I eV. In
the right half of each figure, the current density for the aver-
aged Si asymmetric dimer is shown. The crossed circles denote
the position of As atoms. The values of the highest contour are
3.10& 10 e/(a. u. ) in (a), 1.85 x 10 e/(a. u. ) 3 in (b),
3.88 && 10 e/(a. u. ) in (c), and 1.70&& 10 e/(a. u. ) in (d), re-
spectively. The subsequent contours diAer by a factor of 1.5.
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of the symmetric Si dimer is considerably darker than the
averaged image of the two equivalent asymmetric Si di-
mers buckled oppositely. Thus comparing the brightness
of the Si dimer image with those of the As-Si and As di-
mers could be an evidence of the existence of the asym-
metric Si dimer which has been observed by STM only at
low temperature [181.

Finally we would like to comment on the surfactant ep-
itaxy in which the As or Sb surfactant atoms segregate
from the interface to the surface in the heteroepitaxial,
e.g., Si/Ge epitaxial, growth [19]. This segregation seems
to contradict the substitutional As adsorption discussed in
this paper. The stable adsorption site, however, is quite
diff'erent for the two cases. In the case of substitutional
As adsorption, the As dimer sits on the (meta)stable site
on the Si dimer and eventually substitutes for the under-
lying Si atoms which, in turn, form the x-bonded struc-
ture. On the other hand, in the case of the surfactant epi-
taxy, the Si dimer is unlikely to be adsorbed above the As
or Sb dimer, as is assumed in the two-dimer correlated-
exchange mechanism proposed by Tromp and Reuter
[20]. Instead, our calculation shows that the most stable
adsorption site for an additional Si atom on As-covered
Si(100) is the site between the As-dimer rows. It is thus
plausible that another Si atom diffuses to the first Si
atom and forms a dimer at the site between the As-dimer
rows. For this adsorption site, the displacement of the
underlying As atoms by the Si dimer may be favorable.

In summary, we have presented the LDA calculations
which naturally lead to the dimer exchange mechanism
for substitutional As adsorption on the Si(100) surfaces.
The substitution of the underlying Si atoms by the As
atoms and the subsequent diffusion of the displaced Si
atoms are found to be energetically favorable. The mi-
croscopic origin of this exothermicity is the Aexible recon-
struction of the Si atoms, including the z-bonded recon-
struction of the top-layer and the second-layer Si atoms.
This finding is in sharp contrast with the stress-relaxation
mechanism suggested previously. The electronic energy
gain during the heteroepitaxial growth demonstrated in

the present paper depends on the initial adsorption site of
the additional atom on the growing surface. This implies
the importance of the initial stage of heteroepitaxy to the
resulting surface morphology.
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