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We have investigated the incorporation of boron into the Si(111)(~/3x+/3)R30° surface from low bo-
ron concentration up to § monolayer, using tunneling microscopy and spectroscopy and first-principles
total-energy calculations. Surprisingly, we find that a (+/3x~+/3)R30° structure composed almost entire-
ly of Si adatoms on a Si double layer can be stabilized by boron doping in near-surface layers. More-
over, when boron atoms are in the surface layers, the adatom site is unfavorable compared with the site
underneath the adatom, unlike other group-III elements adsorbed on the Si(111) surface.

PACS numbers: 68.35.Dv, 61.16.Di, 73.20.Hb

Recent studies have revealed that Al, Ga, and In all
show quite similar behavior when adsorbed on Si(111),
and it might be thought that adsorption of group-III
metals on this surface was well characterized and under-
stood.! In this Letter, we report two entirely novel
features associated with the presence of boron, another
group-III element, on the Si(111) surface. Using scan-
ning tunneling microscopy (STM) and spectroscopy, we
find that a large subsurface concentration of boron can
stabilize a (v/3%+/3)R30° structure of Si adatoms on a
Si double layer. To our knowledge, such stabilization
has not previously been reported, and we propose a dop-
ing mechanism to explain it. Second, we determine from
first-principles total-energy calculations that when boron
is observed at the surface, it prefers the site directly un-
derneath the adatom, in dramatic contrast to other
group-IIT adsorbates, all of which occupy the adatom
site.>> Our results demonstrate the feasibility of modi-
fying the atomic-scale morphology and electronic struc-
ture of semiconductor surfaces by heavily doping the
near-surface region.

Three techniques were employed to prepare Si(111)-
(v/3%+/3)R30° surfaces with various boron doping con-
centrations. First, heavily boron-doped Si(111) wafers
(=10% cm ~3) were annealed at 1000°C in an ultra-
high-vacuum chamber with a base pressure of 1x10 —10
Torr. This preparation gave rise to a (/3x~/3)R30°
reconstruction as characterized by low-energy electron
diffraction (LEED). The mechanism for the surface bo-
ron segregation that induces this surface lattice has been
discussed previously.® As displayed in the tunneling mi-
crograph of Fig. 1(a), a mixture of atomic species is evi-
dent. Brighter adatoms are randomly distributed and
account for 20%-25% of the atoms imaged.

In the second preparation, boron was sputtered by a
1.0-keV neon-ion beam onto a cleaned Si(111)7x7 sur-
face (As doped to 0.02 ©cm). Subsequent heating of
this surface to 800°C yielded the (~/3x+/3)R30° LEED
pattern. STM investigations revealed that, while short

FIG. 1. (a) 100x80-A? tunneling image showing the (v/3
x+/3)R30° structure after annealing degenerately boron-
doped Si(111) at 1000°C. Tip bias =—1.4 V, 1 nA. (b)
100% 100-A? tunneling image of Si(111) prepared by sputter-
ing of B on clean Si(111)7x7. (c) 100x100-A? tunneling im-
age prepared by Si reevaporation on Si(111)(~/3x~/3)R30°-B.
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deposition times yielded topographs similar to Fig. 1(a),
increased deposition times resulted in a diminished con-
centration (< 5%) of the bright sites, as shown in Fig.
1(b).

To raise the concentration of these adatoms to a ma-
jority, the (v/3x+/3)R30° reconstruction was first pre-
pared on a boron-doped Si(111) wafer as described
above, and silicon was then deposited by evaporation
from a second Si wafer until the original LEED pattern
was obliterated. Annealing at 800°C yielded a 7x7
diffraction pattern. Further rapid heating (950°C, 20
sec) reproduced the (+/3x+/3)R30° LEED pattern. As
shown in Fig. 1(c), the STM revealed that the bright
adatoms now account for 80% of the adatoms.

In general, increased boron concentration at the sur-
face yields more dark adatoms, and increased silicon
concentration yields more bright ones. Thus we associ-
ate the dark adatoms with the presence of boron, and the
bright ones with its absence. This conclusion will be fur-
ther supported by theory and our electronic measure-
ments. We have also established that all the adatoms in
the tunneling images occupy the threefold filled site (74)
rather than the threefold hollow site (H3), by studying
the adatom registries on a mixed-phase surface. >>
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FIG. 2. Normalized differential conductivity spectra record-
ed on a Si(111)(+/3x+/3)R30°-B surface prepared by anneal-
ing == 102°-cm3-B-doped Si(111) at 1000°C for 2 min. Posi-
tive tip bias corresponds to occupied sample states, and the ar-
row indicates — 1.4 V tip bias. (a) Spectrum acquired with the

tip over a bright atom (Si adatom above silicon). (b) Spec-
trum acquired with the tip over a dark atom (above boron).
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Local tunneling spectra were acquired with the tip
directly above the bright or the dark adatoms. As point-
ed out previously,” the normalized differential conduc-
tivity, (dI/dV)/(I/V), reflects the local density of sur-
face states. Typical spectra for each adatom type are
shown in Fig. 2. Both display an occupied state at a tip
bias of +1.5-1.8 V regardless of surface boron concen-
tration. Peaks in the tunneling spectra above the bright
adatoms also occur within 0.5 eV on either side of the
Fermi level. The appearance of this structure for bright
adatoms and its absence for the dark atoms accounts for
the former’s persistent bright appearance in all tunneling
images observed regardless of the polarity of the tip bias.

Spectra acquired above dark adatoms, as in Fig. 2(b),
display a prominent peak at —1.4-V tip bias. Since the
bright-adatom spectra such as Fig. 2(a) display a mini-
mum at the same bias, indicated by the arrow, the spa-
tial distribution of the unoccupied state atop the dark
adatoms is revealed by simultaneously acquiring both a
constant-current topograph [Fig. 3(a)]l and an image of
the differential conductivity [Fig. 3(b)] at —1.4-V tip
bias. It is apparent that peaks in the differential conduc-
tivity at this bias occur directly atop dark atoms, while
troughs occur directly atop bright ones. We note that
the two images are acquired under identical bias and
current in order to suppress the contribution of the back-
ground in the differential-conductivity image, which re-
sults from changes in the transmission probability with

FIG. 3. (a) 100x100-A? tunneling image recorded at tip
bias of —1.4 V, 1 nA. (b) Simultaneous image of the dif-
ferential conductivity at the same bias. Bright regions indicate
higher differential conductance.
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the tip height and bias, to the contrast between the two
types of atomic sites.?

In order to understand the observed structural and
electronic features described above, it is important to
realize that the actual vertical site of the boron atoms in
the (v3x+/3)R30° reconstruction must be established.
Two possible positions for the boron atom consistent with
our tunneling images are shown in Fig. 4. In case (a),
the boron is in the threefold filled adatom position (T4),
and in case (b), it is directly underneath a silicon ada-
tom. We call the latter site Bs. Other possibilities are
ruled out by the preservation in the tunneling images of
both the threefold symmetry of the surface and the
reflection symmetry of the v/3%+/3 unit cell about the
short diagonal, regardless of the tip bias. A recent re-
port of symmetry breaking® in this system has not been
confirmed in this work. To determine the favored struc-
ture, we have performed ab initio total-energy calcula-
tions for these two possibilities.

The calculations employ nonlocal pseudopotentials
and are performed in the local-density approximation
(LDA). We use a slab geometry of five double layers
(32 atoms per unit cell) separated by three double layers
of vacuum. The Hamiltonian is expanded in a basis of
plane waves up to 12 Ry and is diagonalized self-
consistently at four k points in the irreducible Brillouin
zone. The atomic coordinates are then relaxed until the
energies are converged.

We find that the structure with boron occupying the
B; site is favored over that with boron in the T4 site by
0.93 eV per adatom cell, or 0.31 eV/(1x1 cell). To em-
phasize the magnitude of this energy difference, we point
out that ab initio calculations have shown that the ener-
gy difference between an unreconstructed surface and a
2x2 adatom-covered surface, which is estimated to be
close in energy to the 7X7 reconstruction, is 0.27 eV/
(1x1 cell).'® In light of the large energy difference
favoring boron in the Bs site, we conclude that this is the
final structure after the annealing procedures used in the
present experiment. Therefore, all observed adatoms

(A) (B)

FIG. 4. Two possible locations of the boron atom: (a) T4
adatom, as other group-III adsorbates; (b) Bs location, strong-
ly favored. The models are drawn with the relaxed coordi-
nates.

(Fig. 1) are silicon, the dark ones having boron atoms
below in the B; site.

Qualitatively, this can be understood as follows. Bo-
ron has a smaller covalent radius than silicon,'' so the
ideal B—Si bond length is 12% shorter than the ideal
Si—Si bond length. In both configurations considered,
the bond-angle stress in the adatom unit cell is reduced
by relaxing atoms 2, 3, and 4 inward (see Fig. 4), de-
creasing their separation by 10% relative to the bulk
atomic separation. In the structure of Fig. 4(a), this in-
duces an unfavorable compression of all bonds to atom 5,
while for structure (b), this inward relaxation is favor-
able, since atom 5 (the boron atom in this case) prefers
smaller bond lengths. By contrast, the other group-III
elements have larger covalent radii than Si and therefore
prefer the T4 site. In fact, our total-energy calculations
predict that for the gallium-covered Si(111)(v/3x+/3)-
R30° surface, the T, site is favored over the Bs site by
0.22 eV/(1x1 cell). Note that the local stress has been
almost entirely relieved by the B substitution on site 5
[Fig. 4(b)], so that there is no driving force for further
subsurface B substitution.

A calculated electronic consequence of this model is
that charge is transferred to the boron atom from the
dangling-bond orbital of the silicon adatom above it,
leaving the latter state empty. In particular, our LDA
calculations place the unoccupied surface band on the
top silicon atoms 0.3 eV higher than the corresponding
half-occupied band of silicon adatoms on a silicon sub-
strate. This is in qualitative agreement with the local
tunneling spectra, such as Fig. 2(b), although the actual
shift relative to the unoccupied state in Fig. 2(a) is
somewhat larger. !?

While a spectrum from boron-free sites [Fig. 2(a)l
shows no states at this energy, it does indicate significant
density of states within 0.5 eV on either side of the Fer-
mi level, as expected for a silicon adatom on a silicon
double layer in a v/3x+/3 geometry.'> This further sup-
ports our assignment of such a configuration to the
bright adatoms. Though the precise shape of this struc-
ture in tunneling spectra is not predicted by LDA calcu-
lations, we note that the very appearance of a large den-
sity of states surrounding the Fermi level and the mini-
mum underneath the arrow also represent sharp devia-
tions from the reported spectra for other group-III-doped
Si(111) surfaces.* The final prominent feature in both
Figs. 2(a) and 2(b), the state 1.5 eV below the Fermi
level, has been associated with the occupation of back-
bonding orbitals'? and is therefore expected to appear on
both boron-occupied sites and boron-free sites.

It is surprising that a (~/3%x+/3)R30° reconstruction
of silicon adatoms on a silicon double layer is stabilized
with respect to the familiar 7% 7 surface by strong sub-
surface boron doping [Fig. 1(c)]. The adatom structures
which are observed on clean Si(111)7x7 and Ge(111)c2
x 8 surfaces with a lower density than on v3x+/3, and
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are therefore accompanied by rest atoms. Such struc-
tures involving rest atoms are stabilized by charge
transfer from the adatom band to the more favorable
rest-atom band. A +/3x+/3 adatom-covered surface has
no rest atoms, and is therefore unfavorable relative to
surfaces of lower adatom density despite the fact it has
fewer dangling bonds. However, on a doped surface, the
unfavorable adatom band may be partially depopulated
by transferring electrons to acceptor states. Hence, we
suggest that charge transfer from the surface dangling
bonds to the boron atoms accumulated in the subsurface
layers accounts for the energetic: stabilization of the
(v/3%~/3)R30° over the 7x7 dimer-adatom-stacking-
fault structure. This effect saturates when there is one
subsurface B substitution per adatom, and therefore
higher subsurface doping levels are probably unfavor-
able.

In conclusion, we have investigated the incorporation
of boron into the Si(111)(~/3%+/3)R30° surface from
low boron concentration up to 3 monolayer coverage.
The boron and silicon species are distinguished with the
tunneling microscope and the electronic structures asso-
ciated with each are revealed by local tunneling micros-
copy. Total-energy calculations establish that boron oc-
cupation of the adatom site is unfavorable compared
with the site underneath the adatom; thus the surface
band structure observed differs from that of group-III
metals on the Si(111) surface. We have proposed a
mechanism of subsurface doping for the remarkable sta-
bilization of the unusual Si(111)(+/3x+/3)R30° recon-
struction.
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FIG. 1. (a) 100%80-A? tunneling image showing the (/3
x+/3)R30° structure after annealing degenerately boron-
doped Si(111) at 1000°C. Tip bias =—1.4 V, 1 nA. (b)
100x 100-A? tunneling image of Si(111) prepared by sputter-
ing of B on clean Si(111)7x7. (c) 100x100-A? tunneling im-
age prepared by Si reevaporation on Si(111)(v/3x~+/3) R30°-B.



FIG. 3. (a) 100x100-A? tunneling image recorded at tip
bias of —1.4 V, 1 nA. (b) Simultaneous image of the dif-
ferential conductivity at the same bias. Bright regions indicate
higher differential conductance.



