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Electronic Structure of Localized Si Dangling-Bond Defects by Tunneling Spectroscopy
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Scanning tunneling microscopy is used to determine the atomic structure, charge state, and electronic
energy spectrum of isolated Si dangling-bond defects at the Al/Si(111) surface. Si adatoms substituting
for Al in the first atomic layer give rise to a dangling-bond defect state near —0.4 eV which is strongly
localized in space. Tunneling spectra and local band-bending measurements are inconsistent with simple
one-electron band theory and demonstrate the importance of many-electron effects.

PACS numbers: 73.20.Hb, 61.16.Di

The atomic geometry, charge state, and energy spec-
trum of localized defect states at metal-semiconductor
interfaces have been subjects of considerable experimen-
tal and theoretical interest because of their possible role
in Fermi-level pinning and Schottky-barrier forma-
tion.'™> Tunneling microscopy has allowed us to exam-
ine the topology and observe defects and irregularities at
surfaces. In all previous tunneling measurements, one-
electron band theory has been shown to provide adequate
explanation of the observed features. Yet, for a localized
defect state, this one-electron band picture is expected to
break down as the spatial extent of the defect wave func-
tions becomes comparable to the size of an individual
atom.

In this paper we use scanning tunneling microscopy
(STM) to study naturally occurring point defects at a
surface. We identify the atomic origin of these states
and show the correlation between our tunneling spectros-
copy results and previous ultraviolet photoemission
spectroscopy results. The results are inconsistent with
simple “one-electron” band models and demonstrate that
many-electron effects can strongly affect the electronic
state density of localized point defects at surfaces.

The scanning tunneling microscope used in this study
was described previously.® We have measured simul-
taneously both normal topographic images and con-
stant-separation I-V curves (at each location) via the
current-imaging tunneling spectroscopy method.” Sil-
icon wafers (6-mQ-cm Sb doped and 5-mQ-cm B
doped) were cleaned as described previously’ to produce
well-ordered Si(111)-(7x7) surfaces. The sample was
then again heated to 875 K and aluminum was deposited
from a filament source. Al coverages were monitored
with a quartz-crystal monitor which was calibrated with
use of Rutherford backscattering. Low-energy electron
diffraction was used to identify and characterize the Al
overlayer as a function of temperature and coverage and
found to be in close agreement with early work by
Lander and Morrison.® The deposition of + monolayer
Al onto a Si(111)-(7x7) surface at 875 K routinely pro-
duced well-ordered Si(111)-(~/3x+/3)Al.

Figure 1 shows STM topographic images of the

Al/Si(111) surface taken at —2- and +2-V sample bias
(1-nA tunneling current) on the n-type material; images
taken on p-type material were essentially identical. At
positive sample bias [Fig. 1(a), +2-V sample biasl,
characteristic defects (marked “S”) are observed which
appear to be lower by =1 A than the nascent +/3-Al unit
cells (marked “I” for ideal), while still having an obvious
protrusion at their center. At negative sample bias [Fig.
1(b), —2 VI these same defects appear to be nearly 1 A
higher than the plane of the v/3-Al surface. Vacancy de-

(b)

FIG. 1. STM topographic images of nominally Si(111)-
(v/3x+/3) surface at (a) positive (+2 V) and (b) negative (—2
V) sample bias. White regions are high and dark regions low.
Ideal v/3-Al unit cells are indicated by I. Si substitutional de-
fects (marked S) appear as darker cells with bright center at
positive sample bias (a) and bright spots at negative bias (b).
(a) also contains a few vacancy defects, marked V, which do
not have a bright spot in the center.
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fects (marked “V” in Fig. 1) are also (infrequently) ob-
served. Vacancies appear =2 A lower than the sur-
rounding +/3-Al regions at both positive and negative
bias and do not have a protrusion in the center. The
characteristic topographic height variations observed on
these surfaces are depicted quantitatively in Fig. 2,
which show corrugation profiles along (110) over ideal
V3-Al unit cells and both S and V defects under
specified conditions.

The dependence of the S-type defects on Al coverage
shows that they arise from Si adatoms (instead of Al
adatoms) on a Si(111) substrate. For ©4;< 3 mono-
layer (ML), STM images show the surface to be a /3
overlayer of interspersed Al and Si adatoms in varying
proportions. At ©= 1 ML (as in Fig. 1), a few percent
of the surface is Si adatoms, while for 6> + ML a
(V7x+/7) structure begins to form but the remaining /3
regions have only a small number of silicon adatoms.

In order to study the energy spectrum of these defects,
the tunneling I-V characteristics were analyzed on S-
type defect sites and on +/3-Al overlayer atoms (I). The
I-V results are presented as plots of (V/I)dI/dV vs V,
which is effectively a density of states normalized to uni-
ty at ¥=0.°"'2 Figure 3 shows such plots for 1-A? areas
centered above an I atom in an ideal Si(111)-
(v/3%+/3)Al unit cell [3(a)] and at a typical S defect
[3()]. On the “normal” Si(111)-(v/3x~+/3)Al unit
cells, we observe a surface-state band gap, with pro-
nounced peaks in (V/I)dI/dV at —1.5 and +0.9 eV.

At the S-type defects, we find several changes. Most
noticeable is the presence of a a new state whose density
of states peaks near —0.4 eV and contributes significant
state density from Ef to =1 eV below Eg. The strong
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FIG. 2. STM corrugation profiles along (110} on defected
V/3-Al surfaces under specified conditions. In the lowest three
curves, each profile passes over six ideal v/3-Al adatoms and
over one nonideal cell located at the center. 1*: ideal v/3-Al
region, +2-V sample bias. S*: substitutional defect, +2-V
sample bias. S7: substitutional defect, —2-V sample bias.
V*: vacancy defect, +2-V sample bias.
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occupied band which for the ideal /3-Al structure was
located near —1.5 eV also appears to be shifted in ener-
gy, reaching a maximum near —1.7 eV. The measured
state density has a minimum at Eg and again increases
for E > Eg, with a small peak visible at +0.9 eV, identi-
cal to that on the surrounding Al adatoms.

These tunneling spectroscopy observations can be
directly related to previous photoemission studies of /3-
AL 5"® which have observed a defect state at —0.4 eV
with a coverage dependence similar to that observed here
under nearly identical preparation conditions. Our STM
results show that this —0.4-eV state originates at isolated
Si substitutional defects within the perfect /3 structure
and is not associated with domain boundaries.'® Defect
states near this same energy have also been reported
for v/3-Ga/Si(111) (Ref. 17) at —0.4 eV and for /3-
In/Si(111) (Ref. 13) at —0.25 eV. This suggests that
the Si substitutional defect observed here for Al/Si(111)
is common to most group-III metals on Si(111), where
similar bonding geometries (and, hence, defect struc-
tures) are expected.

The STM results consistently demonstrate that these
Si substitutional defects are very strongly localized, hav-
ing only weak interactions with other top-layer atoms.
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FIG. 3. Tunneling density-of-states measurements taken
above (a) normal and (b) defected unit cells. The quantity
(V/1)dI/dV is normalized to unity at ¥=0. (c) Northrup’s
calculated band structures for extended /3-Si and /3-Al sur-
faces (after Refs. 13 and 14). The solid bars near —0.4 and
+0.2 eV schematically indicate the energies and occupation
numbers of the transitions observed in deep-level transient
spectroscopy measurements of the Py center (from Refs. 1 and
2).
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For example, measurements of the apparent height of Si
adatoms in individual defects and two- to three-atom
clusters of defects relative to the “ideal” /3-Al surface
show only small changes as a function of cluster size.
Tunneling spectroscopy measurements show no sig-
nificant difference between the state density at Al ada-
toms in ideal regions and those adjacent to the Si de-
fects. Finally, angle-resolved ultraviolet photoemission
spectroscopy measurements show less than 0.1 eV disper-
sion of this state across the entire surface Brillouin
zone.'®'® These measurements show that the nature of
the S defect is independent of the surrounding adatoms,
so that it can be thought of as an isolated Si adatom.
Such strong localization likely results from the large sep-
aration (6.65 A) between nearest neighbors in the sur-
face plane.

For an sp3-hybridized Si adatom, one-electron band
theories'* predict that three electrons are accounted for
in bonding the Si adatom to the substrate, while the
fourth electron lies in a partially occupied p,-like
“dangling-bond” state. In the single-electron approxi-
mation, a partially occupied dangling-bond state must lie
at the Fermi energy. This is the case in Si(111)-(7x7),
where Si-adatom dangling bonds interact and form a
half-occupied band at Ef. Likewise, self-consistent
pseudopotential calculations by Northrup'* predict a
half-filled band for Si adatoms atop Si(111) in a
(V/3x+/3) geometry. However, our tunneling spectrosco-
py results show that the state density on the Si adatoms
peaks well below Er. This shift of state density from E'¢
to —0.4 eV is significant because it implies that the total
number of electrons localized at the defect, given by the
state density integrated up to Er, changes correspond-
ingly. The observed —0.4-eV energy suggests that the
dangling-bond state is completely occupied and the de-
fect is negatively charged.

In order to determine experimentally the charge on
these defects, detailed measurements were made of the
STM corrugation profiles shown in Fig. 2. The charging
of defects is expected to produce band bending in the
surrounding region which can be observed in the STM
topographs.'! Such band bending should be particularly
apparent here, since the ideal v/3-Al surface has a large
surface-state band gap. However, the corrugation pro-
files show no evidence of such band bending around the
defects on either n-type (as in Fig. 2) or p-type material.
Band bending is observed around some other defects
(usually at domain boundaries), giving rise to apparent
height changes of several angstroms and decaying away
with a lateral decay length of =15 A, in good agreement
with the screening length expected from the bulk doping.
This demonstrates that while we have the sensitivity to
detect band bending associated with charged defects, it is
absent around these S defects. This leads us to conclude
that the S defects are not charged, but are electrically
neutral. The absence of significant charge transfer from

Al to Si adatoms is further supported by surface core-
level measurements™>'® and theoretical studies'*!® which
show that Al adsorption involves minimal charge
transfer so that both Al and Si adatoms are covalently
bonded to the Si(111) surface.

The one-electron prediction of a half-filled p,-like
state at the Fermi energy contradicts our experimental
observation of a minimum in the measured state density
at Er. The origin of this discrepancy is the failure of
one-electron band theories to include Coulomb and
correlation effects which become important for highly lo-
calized states. The Coulomb energy associated with the
confinement of one or two electrons into an atomic-sized
defect can be quite large, so that the dangling-bond band
is more correctly described by three discrete charge
states depending on whether the number of electrons at
the defect, n, is 0, 1, or 2. The theory of such localized
defects has been extensively treated by Mott2?® and Hub-
bard,?' and a similar model has been proposed by Duke
and Ford?? to explain the observed surface-state band
gap on Si(111)-(1x1). For highly localized defects,
many-electron calculations show that the n=1 (neutral)
charge state gives rise to a bimodal state distribution, !
with a minimum at Ef, in agreement with our experi-
mental observations. This state distribution gives rise to
two electrical levels—a donor level corresponding to the
n=1— n=0 transition, and an acceptor corresponding
to the n=1-— n=2 transition. Since the physical pro-
cess of the removal of an electron from the defect corre-
sponds to the n=1-— n =0 transition, the —0.4-eV ener-
gy measured in both STM and photoemission corre-
sponds to the energy of the donor level relative to EF.
Above EF it is difficult to identify the corresponding
Mott-Hubbard acceptor level because of overlap with the
pronounced p,-like state on the Al adatoms. However,
the minimum at Ef is clearly observed.

The STM results indicate that U.s> 0.4 eV. This
value is consistent with previous studies of similar
Si dangling-bond defects. Theoretical calculations by
Fowler?® for an isolated Si dangling bond predict
Ues=0.4-0.5 eV. Experimental measurements of Si
dangling-bond defects in a-SiH (Stuke?*) and the well-
known P, center at the Si-SiO, interface 2 show U.g of
0.35 and 0.7 eV, respectively. Given the strong geo-
metric similarity between those dangling-bond defects
and the one at the Al/Si(111) interface observed here,
the value of Ueg> 0.4 eV obtained from our tunneling
spectroscopy measurements is quite reasonable.

Finally, the midgap states introduced by these Si ada-
toms are expected to play an important role in the deter-
mination of the surface Fermi-level position. This is
demonstrated by our spectroscopic measurements, which
show no shift in the Fermi energy between n- and p-type
samples, and is consistent with calculations by Zur,
McGill, and Smith* which predict that a dangling-bond
concentration of approximately 10'* cm ~2 is sufficient to
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pin the surface Fermi level independent of the bulk dop-
ing, because movement of Ef is easily prevented by the
charging of a small number of defects.

In summary, we have used STM to identify and
characterize Si dangling-bond defects. We demonstrate
that the electron states associated with these defects are
strongly localized in space. We find that one-electron
band theory is insufficient to understand the nature of
these localized surface defects and that many-electron
effects must be taken into account.
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FIG. 1. STM topographic images of nominally Si(111)-
(v/3%~/3) surface at (a) positive (+2 V) and (b) negative (—2
V) sample bias. White regions are high and dark regions low.
Ideal v/3-Al unit cells are indicated by I. Si substitutional de-
fects (marked S) appear as darker cells with bright center at
positive sample bias (a) and bright spots at negative bias (b).
(a) also contains a few vacancy defects, marked V, which do
not have a bright spot in the center.



