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The electronic structure of the Si(111)-231 surface has been studied with scanning tunneling spectroscopy
(STS). A large experimental local density of states data set of LDOSsx,y,Ed with subatomic resolution has
been compared withab initio calculated LDOS distributions. The influence of the tunneling tip DOS has been
eliminated by repeated measurements with different tips. The experimentally determined shape of the
LDOSsx,y,Ed agrees very well with the calculated results based on thep-bonded-chain model for both the
surface valence and the conduction band. The good agreement withab initio calculations of the electronic
structure of the Si(111)-231 surface shows that STS provides reliable information of the sample LDOS even
with subatomic resolution.
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I. INTRODUCTION

Scanning tunneling microscopy(STM) is a near field
method that gives atomic resolution on most semiconductor
surfaces. Dangling bonds located above each top layer atom
of semiconductor surfaces can easily be addressed with the
tunneling tip.1 This in contrast to metal surfaces, where the
weakly corrugated electron gas density contains much less
information about the underlying lattice. In the constant cur-
rent STM mode, all states in the energy range between the
Fermi levels of the tipEF and the samplesEF+eVsampled con-
tribute to the tunneling current. In past years, intense efforts
have been undertaken to explore energy-resolved spectra of
the electronic surface structure. Recent atomic force micros-
copy (AFM) experiments mapped single bonds in the
Si(111)-737 surface,2 although details of the theoretical in-
terpretation of this more elaborate method are still under
discussion.3 On the other hand, STM including its various
extensions has become an experimental technique with a
well established theoretical background(e.g., Ref. 1 and refs.
therein). Voltage-dependent corrugation patterns were re-
ported on cleaved GaAs(110)-surfaces in STM topographies
with interlaced lines at different sample voltages(multibias
mode). They were explained by addressing different surface
resonances with the tunnel current4 at distinct sample volt-
ages. With current imaging tunneling spectroscopy(CITS)
Hamerset al.5 imaged the electronic structure of the Si(111)-
737 surface within the surface unit cells,2.732.7 nm2d.
Their spatial resolution was,3 Å, the energetical resolution
,100 meV between −2 V and +2 V.

In this paper we present an experimental study of spatially
resolved STS measurements atT=8 K on in situ cleaved
Si(111) samples and a comparison withab initio calculations
of the electronic structure of the 231 reconstruction. As
a function of the applied sample voltage in the range −2 V
,Vsample,2 V we present here highly resolved local density
of states(LDOS) distributions inside the unit cell. Local
spectroscopic information on a subatomic scale necessarily is

a convolution between sample and tip. The features that re-
producibly occur in repeated measurements with several tips
originate most likely from the LDOS of the sample. Our data
confirm and considerably expand well known experimental
results.6 The observed characteristic variations of the
LDOSsx,y,Ed are in excellent agreement with the calcula-
tions based on thep-bonded-chain model proposed by
Pandey.7 The good agreement withab initio calculations of
the electronic structure of the Si(111)-231 surface shows
that STS provides reliable information of the sample LDOS
even with subatomic resolution.

II. EXPERIMENTAL SETUP

Atomically flat and clean Si(111) surfaces were prepared

by in situ UHV cleavage along thef2̄11g direction ofn-type
Si crystals doped with 631018 phosphorous atoms per cm3

at room temperature. The cleaved samples exhibited the 2
31 reconstruction and were transferred into the precooled
STM. They reached the equilibrium temperature of 8 K,
within less than an hour after cleavage. The experiments
were done in a home built Besocke-type STM operating in
UHV at a base pressure better than 5310−11 mbar. The low-
temperature system had a lateral drift of less than 0.5 Å/h.
This offers sufficient mechanical stability over more than 4
h, which is necessary for high-resolutionIsVd spectroscopy.
Our tips were electrochemically etched from polycrystalline
tungsten wire. Further processing was done in UHVsp0

,5310−10 mbard by glowing, sputtering, and characteriza-
tion with field emission before transferring the tip into the
STM. This treatment results in reproducible, highly stable
tips that show no modifications of the apex atom for several
hours.8 The stability of the tips is a crucial point for high-
quality laterally resolvedIsVd spectroscopy. TheIsVd spec-
troscopy was done in the range from −2.0 V to +2.0 V in
steps of 40 meV.IsVd was taken simultaneously with atomi-
cally resolved constant current imagesZsx,yd and the appar-
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ent barrier heightFsx,yd. At this point one has to be aware
that the experimental LDOS maps are recorded on a surface
of constant current corrugated by about 1 Å while the theo-
retical LDOSsx,yd is presented on a plane of constant height.
Assuming an exponential decay of the current with increas-
ing tip-surface distance we project the experimental spectra
by means of the measuredZsx,yd andFsx,yd on a plane of
constant height. We then interpret thedI /dVsx,yd data
(maps) at constant energy, which are extracted by numerical
differentiation of the smoothed and projectedIsx,y,Vd, as
the local variation of the LDOSsx,y,Ed. Numerical process-
ing is done using gliding median and cubic-spline algo-
rithms. After all numerics the energetical resolution is
,100 meV and the lateral resolution is 0.25 Å.

Further improvement of the signal-to-noise ratio was
achieved by averaging data of corresponding positions inside
many unit cells. To create a template we fitted a global rect-
angular two-dimensional(2D) lattice to the visible periodic-
ity in the LDOS maps and averaged over the data points on
equivalent positions relative to this lattice. All discussed ef-
fects are observed in the raw data as well; the template tech-
nique included,600 unit cells and served here to improve
the signal-to-noise-ratio.

As mentioned above, the measured spectra necessarily
mix up information belonging to the electronic structure of
the sampleand the tip, especially if high spectral and lateral
resolution is concerned. To circumvent this problem one can
use blunt tips with an assumed constant DOS for the spec-
troscopy, but these tips reduce the lateral resolution. We
tackle the problem of deconvolution of sample LDOS and tip
influence on the spectra by repeating the measurements with
several different tips and discuss here only those results that
are reproduced for all of them. The above mentioned tip
modifications improve the statistics, because each micro-
structure of the tip apex has a modified DOS. The analysis of
this paper is based on about 20 data sets taken on 10 different
samples with more than 10 different tips.

For a direct comparison with the experiments, we have
carried outab initio calculations of the surface, employing a
combination of density-functional theory(DFT) and many-
body perturbation theory(MBPT). Within DFT evaluated in
the local-density approximation, using norm-conservingab
initio pseudopotentials and a basis of atom-centered Gauss-
ian orbitals, the geometric structure of the Pandey-chain re-
construction is evaluated via total-energy minimization.

This is carried out by using a supercell configuration with
a slab of 8 atomic layers, with one surface being passivated
by hydrogen atoms. Employing 24k points within the sur-
face Brillouin zone, the atoms are relaxed until all forces are
smaller than 0.001 Ry/a.u., and the remaining numerical er-
ror in the total energy is smaller than,0.004 eV per surface
unit cell.

One particular issue concerns the orientation of the buck-
ling of the Pandey chain, which can be either positive or
negative(chain-right/chain-left isomerization).9,10 Since the
difference between the two orientations is only in the fourth
atomic layer, it is extremely difficult to distinguish experi-
mentally between them. Within the local density approxima-
tion (LDA ), the energetic difference between the two orien-

tations is very small; in fact, the chain with negative
buckling (left chain) is preferred by 0.012 eV per surface
unit cell (0.010 eV in Ref. 10). Nonetheless, we believe that
the positively buckled chain(right chain) is more realistic
because it leads to a quasiparticle gap energy(0.7 eV) and
surface exciton energy(0.45 eV) in much better agreement
with experimental data than the negatively buckled chain(cf.
the discussion in Ref. 9). The latter yields a gap energy
which is 0.2 eV lower. Note that the difference in total en-
ergy between the two configurations is very small. LDA,
being an approximative method at its heart, may simply be
not accurate enough to unambigously determine the more
stable configuration. Furthermore, the preparation of Si(111)-
231 itself (i.e., cleaving) might lead to the preference of the
positively buckled chain although the negatively buckled
chain may be lower in energy; after all, both are unstable
relative to the Si(111)-737 reconstruction. At this point we
focus on the positively buckled chain(chain-right configura-
tion) due to its more realistic electronic spectrum.

A top view of the Pandey-chain structure is shown in Fig.
1(a), together with the resulting band structure in Fig. 1(b).
The chain(running from the left to the right) is given by
atoms 1 and 2; atoms 3 and 4 are in the subsurface layer,
which is 1.0 Å lower in height than the Pandey-chain atoms.
The optimized geometry is characterized by significant buck-
ling, i.e., the atoms within the zigzaglike Pandey chain have
alternating height, with a height difference of 0.51 Å be-
tween the “up” atoms[labeled 1 in Fig. 1(a)] and the “down”
atoms[labeled 2 in Fig. 1(a)]. Due to the reduced coordina-
tion of the chain atoms that have threefold instead of the
tetrahedrally fourfold coordination of the bulk, two dangling-
bond states show up in the surface band structure[see Fig.
1(b)]. The accurate evaluation of the band-structure energies
is not possible within DFT, but requires to include quasipar-
ticle (QP) corrections that originate from exchange and cor-
relation effects among the electrons. This is commonly done
within the GW approximation(GWA) of the electron self-
energy operator(see, e.g., Ref. 11). This approach has been
shown to yield highly reliable band-structure data for a large
variety of systems, with remaining uncertainties of less than
0.1 eV. In the present system, QP corrections are relevant
both for the absolute value of the fundamental surface gap
(0.7 eV in GWA as compared to 0.4 eV in DFT-LDA, only)
and for the position of the surface bands relative to the bulk
states. ThepCVB state, formed frompz like orbitals at the up
atoms, is lower in energy than thepCCB state, which is
mainly formed frompz like orbitals at the down atoms. Con-
sequently, thepCVB band is filled, while thepCCB band is
empty. This constitutes a semiconducting band structure with
a fundamental surface band gap of 0.7 eV. The band-
structure data shown in Fig. 1(b) are in excellent agreement
with experimental data from photoelectron spectroscopy(cf.
Refs. 12 and 13). The electronic structure of the surface ex-
hibits three features that will be of central importance for the
STM data discussed below.

First, the tunneling current for energies near the gap will
be dominated by the dangling-bond states instead of bulklike
states near theG point, that are often considered as being
most important for tunneling.14

Second, the lateral image of the tunneling current will be
completely different below and above the gap, because it will
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originate from two states,pCVB andpCCB respectively, that
are located at different atoms.

Third, it should be noted that the states which constitute
the gap edges are located at the boundary of the surface
Brillouin zone(along theJK line). This causes a sign change
of the wave functions from unit cell to unit cell along the
chain direction, leading to a nodal plane in between. It will
lead to a very high contrast of the STM images at the gap
edges since the tunneling current must vanish when these
planes are crossed(see below).

The evaluation of the LDOS at selected energies as dis-
cussed below is done for a height of 5 Å above the surface.
At this height, however, the amplitude of the Gaussian-

orbital basis functions (having a radial behavior as
expf−ar2g) is already extremely low and cannot be used to
calculate the LDOS. Instead, we evaluate the wave functions
cnksr d in a planez0 of just a few Å above the surface, i.e.,
where the Gaussians are still reliable and the potential has
already decayed significantly. In this plane, we expand
the wave function in two-dimensional plane waves,
cGszd ·expfisk +Gdr "g. The Schrödinger equation implies
that each of these componentscGszd will decay expo-
nentially into the vacuum region beyond this plane as
expf−ksz−z0dg with a decay constant ofk2=sk +Gd2

+2m/"2·sEvac−Enkd. This allows us to construct the wave
function at any heightz above the surface and to discuss the
resulting STM features.

An important issue for the interpretation of STS data on
semiconductors is the link between the control parameter
Vsamplein the experiment and the definition of the single elec-
tron energyE in the calculated surface band structure. Espe-
cially on (110) surfaces of III-V semiconductors tip induced
band bending causes a complicated dependence ofE on
Vsample.

15 However, the Fermi levelEF on the Si(111)-231
surface is pinned in the fundamental gap of the volume band
structure by the surface states,16 and the applied voltage cor-
responds directly to the single electron energy scale:
eVsample=E−EF. Due to the high doping level of 6
31018 cm−3,EF is located slightly above the onset of the
surface conduction band.

III. EXPERIMENTAL RESULTS

Figures 2(a)–2(d) show constant current topographies of
defect free areas on the reconstructed Si(111) surface at sev-
eral sample voltages fromVsample= +1.8 to −1.2 V. At high
voltages[Figs. 2(a) and 2(d)] the images are dominated by

reconstruction lines inf01̄1g direction. Going to smaller volt-

ages a perpendicular corrugation in thef2̄11g direction

FIG. 1. Pandey model of the 231-reconstruction on Si(111). (a)
Sketched top view of the(111) surface with numbers denoting dif-
ferent atom positions in the surface: 1, up atoms; 2, down atoms in
the p-bonded chains; 3 and 4, atoms in the second layer row in
between. The dotted line shows the 231 unit cell s6.65
33.84 Å2d. The real space lattice vectors correspond to the direc-
tions in k space as marked in the image. The crystallographic ori-

entation withf01̄1g along thex axis andf2̄11g along they axis will
be maintained in all following figures.(b) Calculated electronic
surface dispersion with dangling bond states(black lines) and pro-
jected volume bands(hatched areas); pC denotes thep-chain
states; the indices CB and VB denote states of conduction- and
valence-band type.

FIG. 2. Constant current images ofs45345 Å2d on Si(111)-
231 at different set points: +1.4 V; 0.5 nA(a), +0.6 V; 0.5nA(b),
−0.3 V; 0.1 nA(c) and −1.1 V; 0.2 nA(d). Gray scaled with black,
denoting minimal, and white, denoting maximal, tip height(the z
range varies between the images). The black(white) cross marks
the maximum(minimum) position as referred to in Fig. 3(b).
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emerges; at a medium voltage of 0.6 V[Fig. 2(b)] the atomic

corrugation in thef2̄11g as well as in thef01̄1g direction is
observed. Close toEF at E−EF=−0.4 eV [Fig. 2(c)] the

f2̄11g direction dominates the visible corrugation.
In Fig. 3 we compare theoretically calculated(subset a)

and experimentally measured(subset b) LDOS-spectra of the
231-reconstructed Si(111) surface. In both subsets the cor-
responding peaks have similar relative strength. For the ex-
perimental LDOSsEd we give two examples at different po-
sitions relative to the atomic lattice in Fig. 3(b): The solid
and the dashed line show the LDOSsEd on the maxima and
on the minima of the corresponding topography. The posi-
tions are marked by the black and the white cross in Fig.
2(d). The local variation within the surface unit cell turns out
to be small. In Fig. 3(c) we plot the difference between both
experimental LDOSsEd curves from subset b. Repeated mea-
surements show that these small variations are significant
and reproducible.

A comparison between experimentally determined andab
initio calculated locally resolved LDOSsx,yd can be seen in

Figs. 5–7. For clarity in each figure the experimental data are
called subsetei (experiment), the corresponding calculated
LDOS maps subsetti (theory). The exponential decay of the
tunneling current with increasing tip-sample distanceZ is
given byIsZ,Fd~ I0e

−ZlÎF with l=Î8m"−2 and the apparent
work function F. Simultaneously to the spectroscopy
Isx,y,Ud the topographyZsx,yd and Fsx,yd was recorded
(see Fig. 4). We multiply the measuredIsx,y,Ud with the
factore+Zsx,ydlÎFsx,yd to project the experimental data on a flat
plane parallel to the surface. This projection allows direct
comparison with theory. We divide the discussion of
LDOSsx,y,Ed as a function of energy in three parts.(i) We
find best agreement between theory and experiment in the
empty states probed at positive samples voltages: Above 1 V
we observe a high total density of states with only small
relative lateral variations as shown in Fig. 5 e1. The LDOS
maxima are not very pronounced and match roughly the
theoretically predicted shape as rows along the up atoms of
the p-bonded chains(Fig. 5 t1). Below 1 V the contrast of
the LDOS is higher. The LDOS maxima can be aligned with
the theoretically expected positions close to the up atoms
(Fig. 5 e2, t2). The method to locate the atomic nuclei relative
to the STM data is discussed below. According to the calcu-
lations the LDOS maxima of the conduction-band states shift
from the up atoms(aboveEF+0.6 eV) to the down atoms
(belowEF+0.2 eV; see Fig. 5 e3, t3). The transition region in
the conduction band shows laterally broadened LDOS distri-
butions covering the up and down atoms.(ii ) Near the band

onsets we observe a LDOS modulation along thef01̄1g and

f2̄11g direction. When switching across the fundamental sur-
face band gap fromUsample= +0.1 V to Usample=−0.7 V the
LDOS maxima shift from the down atom about 1.9 Å in the

f01̄1g direction and about 1.5 Å in thef2̄11g direction(Fig. 6
e1,e2) to the up atom.(iii ) For all negative voltages the
LDOS maxima are expected close to the up atoms. The cor-
rugation along thep-bonded chains is large for small nega-

FIG. 3. LDOS on Si(111)-231 (a) ab initio calculated DOSsEd
and (b) experimental spectra taken on(solid line) and between
(dashed line) the maxima of the corresponding topography. Ex-
amples for both positions are marked in Fig. 2(d). The curves co-
incide expect for small differencies.(c) The difference between the
dashed and the solid LDOS curve from subset(b) is plotted in the
same scale and highlights the small variation inside the unit cell.

FIG. 4. (a) Constant current topographyZsx,yd at Vsample=
−1.0 V and IT=0.4 nA and (b) apparent work functionFsx,yd
taken simultaneously. The corrugation amplitudeZsx,yd due to the
reconstruction pattern is about 1 Å.Fsx,yd is modulated within the
surface unit cell between 180 meV and 350 meV. The data are
gray-scaled; light indicates high and dark indicates low values ofF
and Zsx,yd. Referring to the text and Fig. 5 we present a surface
unit cell at the up atoms by the dashed rectangle. For crystallo-
graphic orientations see Fig. 1(a).
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tive energies(Fig. 7 e1, t1) and decreases to higher negative
energies(Fig. 7 e2, t2). Similar to the empty-state behavior,
the LDOS patterns of the occupied states show a large con-
trast betweenEF and EF−1.0 eV (Fig. 7 e1) and become
blurred at lower energies. Far away fromEF the occupied
states show a behavior similar to the empty states: a high
LDOS with small corrugation(Fig. 7 e2).

The topography images at severalVsamplein Fig. 2(a)–2(d)
can be understood as a superposition of the above-mentioned
spectroscopic features. The well known 6.65 Å spaced lines

in f01̄1g direction6 at high uVsampleu reflect the different geo-

metrical height of the atoms 1 and 2 forming thep-bonded
chains relative to atoms 3 and 4, as labeled in Fig. 1(a). This
is in good agreement with the predicted height difference of
1 Å (see above). The pattern smoothly transforms from the
above-mentioned lines into perpendicular rows of elliptical
bonds at voltages close toEF due to the electronic structure
of the p-bonded chains.

STM in principle only maps the electronic structure of the
surface. Without further assumptions it is not possible to de-
termine the positions of the atomic nuclei. According to the
calculations, the lowest empty states(Fig. 6 t1) are located at
the down atoms[see Fig. 1(a)]. The highest occupied state is
located at the up atom(Fig. 6 t2). The electronic surface
structure fromab initio calculated theory and the measured
LDOS spectra agree very well. The LDOSsx,yd was used to
define the position of the underlying atomic lattice relative to
the experimental LDOS distribution: We fix the positions of
the atomic nuclei relative to the experimental STS images by
comparing the experimental(Fig. 6) data and the calculations
(Fig. 6) at E−EF=−0.7 eV andE−EF= +0.1 eV of the elec-
tron density on the surface. The LDOS maxima of these two
energies indicate the dangling bonds at the up atom and the
down atom, respectively. We chose a surface unit cell that
connects the up atoms in all LDOS maps and fix it at the
experimental LDOS maxima atE−EF=−0.7 eV. This choice
achieves a reasonable link between experiment and theory
within the investigated energy range. Especially a second
characteristic shift of the LDOS maxima betweenE−EF=

FIG. 5. Laterally resolved LDOS structure LDOSsx,yd of the
empty states from theory(right, ti) and experiment(left, ei) at typi-
cal energies(white, high LDOS; black, low LDOS). In the calcu-
lated images the underlying atomic lattice is shown by large(small)
open circles marking the up(down) atoms of thep-bonded chains
and the gray filled circles marking the zigzag rows in between. The
different surface atoms are referred to as numbers 1 to 4 in Fig.
1(a). We present a surface unit cell connecting at the up atoms
(dashed rectangle). The characteristical shifts of the LDOS maxima
relative to the atom positions is discussed in the text. For crystallo-
graphic orientations see Fig. 1(a).

FIG. 6. LDOSsx,yd at the band onsets from experimental(left,
ei) and calculated(right, ti) data. The LDOS maxima characteristi-
cally shift relative to the surface unit cell when the energy is
switched frompCVBse1, t1d to pCCBse2, t2d. For crystallographic
orientations see Fig. 1(a); lattice positions and gray scale, see
Fig. 5.
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+0.7 eV andE−EF= +0.2 eV in the empty states is found in
theory as well as in the experiments(Fig. 5 e1,e2, t1, t2). The
discrepancies between experiment and theory at high nega-
tive energies(Fig 7 e2, t2) are not surprising, because a de-
tailed analysis of the tunneling process through the vacuum
barrier showed earlier that the spectra contain less informa-
tion about the sample LDOS at higher negative sample
voltages.17 The shift in the LDOS maxima when crossing the
surface band gap[observation(ii )] is predicted quantitatively
by the model. This shift can be seen in Fig. 6 for experiment

and theory from e1, t1 to e2, t2. The calculations explain the
strong corrugation along the rows: The states at the surface
band edges are found near theJ point in the reciprocal space;
their wave functions change sign with each lattice constant
along thep chain. So in the middle between two up atoms in
the chain thepCVB wave function has a node and the charge
density vanishes; this behavior persists even several Å above
the surface, where the tip probes the LDOS. The same holds
for the pCCB wave function, which has a node between two

down atoms. These minima in the LDOS explain thef2̄11g
corrugation along the chains.

The corrugation observed in the topographies in Fig. 2

rotates from f2̄11g-direction [Fig. 2(c)] close to Vsample

=0 V to thef01̄1g direction at higher voltages[Figs. 2(a) and
2(d)]. Theory describes this behavior also very well: The
DOS increases with energetic distance from the band onsets.
In the constant current mode at higher voltages the wave
functions with small wave vectors deep inside the bands con-

tribute more than the corrugation alongf2̄11g introduced by
the wave functions close to band onsets that are located near
the zone boundary in reciprocal space.

In summary we presented an experimental study of STM
and STS data combined withab initio calculations of the
electronic structure of the Si(111)-231 surface unit cell. The
STM and STS measurements onin situ cleaved Si(111)
samples investigate the electronic structure of the 231 re-
construction in detail within the surface unit cell at 8 K. The
dominant effects are(1) a characteristic LDOS shift between
the up and the down atom when crossing the surface band
gap, (2) a similar shift inside the empty surface state band
with a transition region aroundE−EF= +0.4 eV, and(3) a

transition to dominatingf2̄11g-orientated corrugation close
to the band edges. All three observations are well described
by ab initio theory based on thep-bonded-chain model. Re-
peated measurements with several different tips allowed to
deconvolute the tip effects from the electronic structure of
the sample: Features that were reproduced with all tips gave
reliable sx,y,Ed maps of the sample LDOS with subatomic
resolution.
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