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2X 1 reconstructed Si(111) surface: STM experiments versuab initio calculations
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The electronic structure of the(®11)-2 X 1 surface has been studied with scanning tunneling spectroscopy
(STS. A large experimental local density of states data set of LDQSE) with subatomic resolution has
been compared withb 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
LDOS(x,y,E) agrees very well with the calculated results based onmtmnded-chain model for both the
surface valence and the conduction band. The good agreemenalwithitio calculations of the electronic
structure of the $111)-2 X 1 surface shows that STS provides reliable information of the sample LDOS even
with subatomic resolution.
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I. INTRODUCTION a convolution between sample and tip. The features that re-
) i . . , producibly occur in repeated measurements with several tips
Scanning tunneling microscopSTM) is a near field  griginate most likely from the LDOS of the sample. Our data
method that gives atomic resolution on most semiconductogsnfirm and considerably expand well known experimental
surfaces. Dangling bonds located above each top layer atofagits5 The observed characteristic variations of the
of semiconductor surfaces can easily be addressed with ”I_‘?JOS(x,y,E) are in excellent agreement with the calcula-
tunneling tip* This in contrast to metal surfaces, where theyons based on ther-bonded-chain model proposed by

weakly corrugated electron gas density contains much 1€S5,n4ey The good agreement withb initio calculations of
information about the underlying lattice. In the constant Curne eléctronic structure of the ($L1)-2x 1 surface shows

rent STM mode, all states in the energy range between thg o TS provides reliable information of the sample LDOS
Fgrm| levels of the t'uEF and the sampl(aEF+eVS'amp,g CON-  aven with subatomic resolution.
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- Il. EXPERIMENTAL SETUP
copy (AFM) experiments mapped single bonds in the .
Si(111)-7 % 7 surface? although details of the theoretical in- Atormcally flat and clean $111)_surfa(?es Yvere prepared
terpretation of this more elaborate method are still undePY in situ UHV cleavage along thg211] direction ofn-type
discussior?. On the other hand, STM including its various Si crystals doped with & 10'® phosphorous atoms per ém
extensions has become an experimental technique with & room temperature. The cleaved samples exhibited the 2
well established theoretical backgroufedg., Ref. 1 and refs. X1 reconstruction and were transferred into the precooled
therein). \oltage-dependent corrugation patterns were reSTM. They reached the equilibrium temperature of 8 K,
ported on cleaved GaAkLO)-surfaces in STM topographies Within less than an hour after cleavage. The experiments
with interlaced lines at different sample voltagesultibias ~ Wwere done in a home built Besocke-type STM operating in
mods. They were explained by addressing different surface/HV at a base pressure better thar 507'* mbar. The low-
resonances with the tunnel currbat distinct sample volt- temperature system had a lateral drift of less than 0.5 Aln.
ages. With current imaging tunneling spectroscopyTS)  This offers sufficient mechanical stability over more than 4
Hamerset al® imaged the electronic structure of th¢®i1)- h, which is necessary for high-resolutidfV) spectroscopy.
7 X 7 surface within the surface unit cél-2.7x 2.7 nnf). Our tips were electrochemically etched from polycrystalline
Their spatial resolution was3 A, the energetical resolution tungsten wire. Further processing was done in Ukp§
~100 meV between -2 V and +2 V. <5x 109 mbay by glowing, sputtering, and characteriza-
In this paper we present an experimental study of spatiallyion with field emission before transferring the tip into the
resolved STS measurements Bt8 K on in situ cleaved STM. This treatment results in reproducible, highly stable
Si(111) samples and a comparison wib initio calculations  tips that show no modifications of the apex atom for several
of the electronic structure of the>21 reconstruction. As hours® The stability of the tips is a crucial point for high-
a function of the applied sample voltage in the range —2 Vquality laterally resolved(V) spectroscopy. Th&V) spec-
<Vsampie< 2 V we present here highly resolved local densitytroscopy was done in the range from -2.0 V to +2.0 V in
of states(LDOS) distributions inside the unit cell. Local steps of 40 meM (V) was taken simultaneously with atomi-
spectroscopic information on a subatomic scale necessarily tally resolved constant current imagé,y) and the appar-
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ent barrier heightb(x,y). At this point one has to be aware tations is very small; in fact, the chain with negative
that the experimental LDOS maps are recorded on a surfadeuckling (left chair) is preferred by 0.012 eV per surface
of constant current corrugated by abduA while the theo-  unit cell (0.010 eV in Ref. 10 Nonetheless, we believe that
retical LDOSx,y) is presented on a plane of constant height.the positively buckled chaiiright chair is more realistic
Assuming an exponential decay of the current with increasPecause it leads to a quasiparticle gap enefgy eV) and
ing tip-surface distance we project the experimental spectraufface exciton energf0.45 e\j in much better agreement
by means of the measuréx,y) and®(x,y) on a plane of with experimental data than the negatively buckled cliefin

. : the discussion in Ref.)9 The latter yields a gap energy
constant height. We then interpret thi/dV(x,y) data 0505 o\ ower. Note that the difference in total en-
(map9g at constant energy, which are extracted by numenca@l

_ o . rgy between the two configurations is very small. LDA,
differentiation of the smoothed and projects@,y,V), 8  peing an approximative method at its heart, may simply be

the local variation of the LDOR,y,E). Numerical process- not accurate enough to unambigously determine the more
ing is done using gliding median and cubic-spline algo-stable configuration. Furthermore, the preparation (¥13)-
rithms. After all numerics the energetical resolution is2x 1 itself(i.e., cleaving might lead to the preference of the
~100 meV and the lateral resolution is 0.25 A. positively buckled chain although the negatively buckled
Further improvement of the signal-to-noise ratio waschain may be lower in energy; after all, both are unstable
achieved by averaging data of corresponding positions insideslative to the SiL11)-7 X 7 reconstruction. At this point we
many unit cells. To create a template we fitted a global rectfocus on the positively buckled chajnhain-right configura-
angular two-dimensionaPD) lattice to the visible periodic- tion) due to its more realistic electronic spectrum.
ity in the LDOS maps and averaged over the data points on A top view of the Pandey-chain structure is shown in Fig.
equivalent positions relative to this lattice. All discussed ef-1(8), together with the resulting band structure in Fig)1
fects are observed in the raw data as well; the template tecfhe chain(running from the left to the rightis given by

nique included~600 unit cells and served here to improve aoms 1 and 2; atoms 3 and 4 are in the subsurface layer,
the signal-to-noise-ratio. which is 1.0 A lower in height than the Pandey-chain atoms.

-];ge optimized geometry is characterized by significant buck-
|I| g, i.e., the atoms within the zigzaglike Pandey chain have
alternating height, with a height difference of 0.51 A be-

As mentioned above, the measured spectra necessar
mix up information belonging to the electronic structure of

the sampleandthe tip, especially if high spectral and lateral 'Llween the “up” atomglabeled 1 in Fig. a)] and the “down’”

resolution is concerned. To circumvent this problem one Caatoms[labeled 2 in Fig. ta)]. Due to the reduced coordina-

use blunt tips with an assumed constant DOS for the SP€Gion of the chain atoms that have threefold instead of the

troscopy, but these tips reduce the lateral resolution. W?etrahedrally fourfold coordination of the bulk, two dangling-

tackle the problem of deconvolution of sample LDOS and tipponq states show up in the surface band strudisee Fig.

influence on the spectra by repeating the measurements witiy)y) The accurate evaluation of the band-structure energies
several different tips and discuss here only those results thad ot possible within DFT, but requires to include quasipar-
are reproduced for all of them. The above mentioned tipjcle (QP) corrections that originate from exchange and cor-
modifications improve the statistics, because each microrelation effects among the electrons. This is commonly done
structure of the tip apex has a modified DOS. The analysis ofvithin the GW approximation(GWA) of the electron self-
this paper is based on about 20 data sets taken on 10 differegihergy operato(see, e.g., Ref. 21 This approach has been
samples with more than 10 different tips. shown to yield highly reliable band-structure data for a large
For a direct comparison with the experiments, we havevariety of systems, with remaining uncertainties of less than
carried outab initio calculations of the surface, employing a 0.1 eV. In the present system, QP corrections are relevant
combination of density-functional theo®FT) and many- both for the absolute value of the fundamental surface gap
body perturbation theorgMBPT). Within DFT evaluated in (0.7 eV in GWA as compared to 0.4 eV in DFT-LDA, only
the local-density approximation, using norm-conservaty  and for the position of the surface bands relative to the bulk
initio pseudopotentials and a basis of atom-centered Gausstates. TherCyg state, formed fronp, like orbitals at the up
ian orbitals, the geometric structure of the Pandey-chain reatoms, is lower in energy than theCcg state, which is
construction is evaluated via total-energy minimization. mainly formed fromp, like orbitals at the down atoms. Con-
This is carried out by using a supercell configuration withsequently, therC,g band is filled, while therCcg band is
a slab of 8 atomic layers, with one surface being passivatedmpty. This constitutes a semiconducting band structure with
by hydrogen atoms. Employing 24 points within the sur- a fundamental surface band gap of 0.7 eV. The band-
face Brillouin zone, the atoms are relaxed until all forces arestructure data shown in Fig(ld) are in excellent agreement
smaller than 0.001 Rya.u., and the remaining numerical er- with experimental data from photoelectron spectroso@by
ror in the total energy is smaller than0.004 eV per surface Refs. 12 and 18 The electronic structure of the surface ex-
unit cell. hibits three features that will be of central importance for the
One particular issue concerns the orientation of the buckSTM data discussed below.
ling of the Pandey chain, which can be either positive or First, the tunneling current for energies near the gap will
negative(chain-right/chain-left isomerizatiof1° Since the be dominated by the dangling-bond states instead of bulklike
difference between the two orientations is only in the fourthstates near thé& point, that are often considered as being
atomic layer, it is extremely difficult to distinguish experi- most important for tunneling
mentally between them. Within the local density approxima- Second, the lateral image of the tunneling current will be
tion (LDA), the energetic difference between the two orien-completely different below and above the gap, because it will
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FIG. 2. Constant current images 645X 45 A?) on Si111)-
@ 2X 1 at different set points: +1.4 V; 0.5 n@), +0.6 V; 0.5nA(b),
1

!||||||!!| | -0.3V; 0.1 nA(c) and —-1.1 V; 0.2 nAd). Gray scaled with black,

denoting minimal, and white, denoting maximal, tip heigtite z

""‘\ac range varies between the imageghe black(white) cross marks
CRB

the maximum(minimum) position as referred to in Fig.(8).

Se—— orbital basis functions(having a radial behavior as
exd-ar?)) is already extremely low and cannot be used to
e calculate the LDOS. Instead, we evaluate the wave functions
Y (r) in a planez, of just a few A above the surface, i.e.,
where the Gaussians are still reliable and the potential has
already decayed significantly. In this plane, we expand
|||||iiii””|| the wave function in two—dimgnsional plgne ~waves,
K ¥s(2)-exdi(k+G)r ]. The Schrodinger _equat|on implies
that each of these componeni&(z) will decay expo-
nentially into the vacuum region beyond this plane as
FIG. 1. Pandey model of thexX21-reconstruction on §111). (a) exg-«(z-zy)] with a decay constant 0fK2:(k+G)2
Sketched top view of thel1l) surface with numbers denoting dif- +2m/#2.(E, .~ E,). This allows us to construct the wave
ferent atom positions in the surface: 1, up atoms; 2, down atoms ify,nction at any height above the surface and to discuss the
the m-bonded chains; 3 gnd 4, atoms in the sec_ond layer row ir}esulting STM features.
between. The dotted line shows thex2 unit cell (6.65 An important issue for the interpretation of STS data on
% 3.84 A%). The real space lattice vectors correspond to the d'rec'semiconductors is the link between the control parameter
tions ink space as marked in the image. The crystallographic ori-V i the experiment and the definition of the single elec-
entation with[011] along thex axis and(211] along they axis will  ron’ pe%ergyE in the calculated surface band structure. Espe-
be maintained in all following figurestb) Calculated electronic cially on (110) surfaces of 11V semiconductors tip induced
surface dispersion with dangling bond statekack lineg and pro- band bending causes a complicated dependencE oh
jected volume bandghatched areas wC denotes them-chain 15 However, the Fermi leveEr on the Si111)-2x 1
states; the indices CB and VB denote states of conduction- ansa??’;ge is pinned in the fundamentgl gap of the volume band
valence-band type. structure by the surface stat®sand the applied voltage cor-

originate from two statesyCyg and wCeg respectively, that responds directly to the smgl_e electr_on energy scale:

are located at different atoms. €Vsampe=E—Eg. Due to the high doping level of 6
Third, it should be noted that the states which constituteX 10'® cm®,E¢ is located slightly above the onset of the

the gap edges are located at the boundary of the surfagirface conduction band.

Brillouin zone(along theJK line). This causes a sign change

of the wave functions from unit cell to unit cell along the ll. EXPERIMENTAL RESULTS

chain direction, leading to a nodal plane in between. It will

lead to a very high contrast of the STM images at the gap Figures 2a)-2(d) show constant current topographies of
i . > defect free areas on the reconstructed Hl) surface at sev-
edges since the tunneling current must vanish when these

planes are crossagee below, eral sample voltages froMg,mné +1.8 to —1.2 V. At high

The evaluation of the LDOS at selected energies as dis\{oltages[ﬂgs. 4a) and 2d)] the images are dominated by

cussed below is done for a height of 5 A above the surfacd€construction lines if011] direction. Going_to smaller volt-
At this height, however, the amplitude of the Gaussian-ages a perpendicular corrugation in th211] direction

r k" J
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STM spectrum farb.units]

FIG. 4. (@ Constant current topograph®(x,y) at Vsampie

b -1.0V andI7=0.4 nA and(b) apparent work functiond(x,y)
nCVB taken simultaneously. The corrugation amplituti®,y) due to the

reconstruction pattern is about 1 &(x,y) 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 valueB of
J and Z(x,y). 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(d).

(4]
1

AN Figs. 5-7. For clarity in each figure the experimental data are
called subseg, (experiment, the corresponding calculated
{ LDOS maps subsdt (theory. The exponential decay of the
L e tunneling current with increasing tip-sample distantés
........... o~ Y given byl(Z,®) «l,e?® with A= 8m% 2 and the apparent
st work function ®. Simultaneously to the spectroscopy
1.5 -1.0 05 00 05 10 15 20 I(x,y,U) the topographyZ(x,y) and ®(x,y) was recorded
sample voltage [V] (see Fig. 4 We multiply the measuretix,y,U) with the
factor e 2xYMPY) tg project the experimental data on a flat
plane parallel to the surface. This projection allows direct
(dashed ling the maxima of the corresponding topography. Ex- comparison with theor.y. We dee. the dlscu§S|0n of
amples for both positions are marked in Figd)2 The curves co- L,DOS(X’y'E) as a function of energy in three pqr(s) We_‘
incide expect for small differencieg) The difference between the find best agreement between theory and experiment in the
dashed and the solid LDOS curve from subdstis plotted in the ~ €MPty states probed at positive samples voltages: Above 1 V
same scale and highlights the small variation inside the unit cell. We observe a high total density of states with only small
relative lateral variations as shown in Fig. & &he LDOS
emerges; at a medium voltage of 0.§Mg. 2b)] the atomic ~Maxima are not very pronounced and match roughly the
corrugation in the{?ll] as well as in the{OTl] direction is theoretically predicted shape as rows along the up atoms of

E = : the r-bonded chaingFig. 5 t;). Below 1 V the contrast of
observed. Close t& at E-Er=-0.4 eV [Fig. A0)] the the LDOS is higher. The LDOS maxima can be aligned with

[211] direction dominates the visible corrugation. the theoretically expected positions close to the up atoms
In Fig. 3 we compare theoretically calculategibset & (Fig. 5 g, t,). The method to locate the atomic nuclei relative
and experimentally measureslibset pLDOS-spectra of the g the STM data is discussed below. According to the calcu-
2X 1-reconstructed &111) surface. In both subsets the cor- |ations the LDOS maxima of the conduction-band states shift
responding peaks have similar relative strength. For the eXiom the up atomgaboveE-+0.6 eV) to the down atoms
perimental LDOSE) we give two examples at different po- pejowE+0.2 eV; see Fig. 5.£t,). The transition region in
sitions relative to the atomic lattice in Fig(l8: The solid  the conduction band shows laterally broadened LDOS distri-
and the dashed line show the LD on the maxima and  pytions covering the up and down atortis) Near the band
on the minima of the corresponding topography. The posiycots \we observe a LDOS modulation along[mﬁ] and
tions are marked by the black and the white cross in Fig.— o o
2(d). The local variation within the surface unit cell turns out L211] direction. When switching across the fundamental sur-
to be small. In Fig. &) we plot the difference between both face band gap frontsampi +0.1 V 10 Ugamp=—0.7 V the
experimental LDOEE) curves from subset b. Repeated mea-LDOS maxima shift from the down atom about 1.9 A in the
surements show that these small variations are significanf11] direction and about 1.5 A in th@11] direction(Fig. 6
and reproducible. e;,&) to the up atom.(iii) For all negative voltages the
A comparison between experimentally determined and LDOS maxima are expected close to the up atoms. The cor-
initio calculated locally resolved LDJS,y) can be seen in rugation along ther-bonded chains is large for small nega-

LDOS = (dI/dV) / (I/V) [arb.units]

s &
)

FIG. 3. LDOS on Si111)-2X 1 (a) ab initio calculated DOSE)
and (b) experimental spectra taken gsolid line) and between
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FIG. 6. LDOSXx,y) at the band onsets from experimenteit,
e) and calculatedright, t;) data. The LDOS maxima characteristi-
cally shift relative to the surface unit cell when the energy is
switched from7Cyg(e;,t;) to mCqg(e,,15). For crystallographic
orientations see Fig. (4); lattice positions and gray scale, see
Fig. 5.

metrical height of the atoms 1 and 2 forming tirebonded
chains relative to atoms 3 and 4, as labeled in Fig). This
is in good agreement with the predicted height difference of
1 A (see above The pattern smoothly transforms from the
above-mentioned lines into perpendicular rows of elliptical
FIG. 5. Laterally resolved LDOS structure LDOSy) of the ~ bonds at voltages close - due to the electronic structure
empty states from theoryight, t;) and experimengleft, ) at typi- of the 7-bonded chains.
cal energiegwhite, high LDOS; black, low LDO$ In the calcu- STM in principle only maps the electronic structure of the
lated images the underlying atomic lattice is shown by lgepeal)  surface. Without further assumptions it is not possible to de-
open circles marking the u@own) atoms of themr-bonded chains termine the positions of the atomic nuclei. According to the
and the gray filled circles marking the zigzag rows in between. Thecalculations, the lowest empty sta{@sg. 6 t;) are located at
different surface atoms are referred to as numbers 1 to 4 in Fighe down atomg$see Fig. 1a)]. The highest occupied state is
1(a). We present a surface unit cell connecting at the up atomgocated at the up atongFig. 6 t,). The electronic surface
(dashed rectangleThe characteristical shifts of the LDOS maxima structure fromab initio calculated theory and the measured
relative to the atom pOSitionS is discussed in the text. For CrySta"OLDOS Spectra agree very well. The LDW) was used to
graphic orientations see Fig(a). define the position of the underlying atomic lattice relative to
the experimental LDOS distribution: We fix the positions of
tive energiegFig. 7 g,1;) and decreases to higher negative the atomic nuclei relative to the experimental STS images by
energies(Fig. 7 &,t,). Similar to the empty-state behavior, comparing the experimentéFig. 6) data and the calculations
the LDOS patterns of the occupied states show a large CONFig. 6) atE-Er=-0.7 eV andE-Er=+0.1 eV of the elec-
trast betweerEr and Er-1.0 eV (Fig. 7 &) and become tron density on the surface. The LDOS maxima of these two
blurred at lower energies. Far away fraf the occupied energies indicate the dangling bonds at the up atom and the
states show a behavior similar to the empty states: a highown atom, respectively. We chose a surface unit cell that
LDOS with small corrugatioriFig. 7 &). connects the up atoms in all LDOS maps and fix it at the
The topography images at seveYalnpein Fig. 28)-2(d)  experimental LDOS maxima &-E-=-0.7 eV. This choice
can be understood as a superposition of the above-mentiongdhjeves a reasonable link between experiment and theory
spectroscopic features. The well known 6.65 A spaced linegjithin the investigated energy range. Especially a second
in [011] directiorf at high|Vsamp|eL reflect the different geo- characteristic shift of the LDOS maxima betweEr Eg=
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and theory from gt; to e,,t,. The calculations explain the
strong corrugation along the rows: The states at the surface
band edges are found near thpoint in the reciprocal space;
their wave functions change sign with each lattice constant
along therr chain. So in the middle between two up atoms in
the chain therC, g wave function has a node and the charge
density vanishes; this behavior persists even several A above
the surface, where the tip probes the LDOS. The same holds
for the wCcg wave function, which has a node between two

down atoms. These minima in the LDOS explain [Eel]
corrugation along the chains.
The corrugation observed in the topographies in Fig. 2

rotates from[211]-direction [Fig. 2c)] close t0 Vsampie

=0 V to the[011] direction at higher voltaggéigs. Za) 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 alof@1] 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 withb initio calculations of the
electronic structure of the @i11)-2 X 1 surface unit cell. The

FIG. 7. Comparison of experimentally measugeft, ) and STM and STS measurements am situ cleaved Silll)
calculated(right, t;) LDOS distributions in the occupied states. At samples investigate the electronic structure of thel2re-
high negative energies the structure fades out. For crystallographigonstruction in detail within the surface unit cell at 8 K. The
orientations, see Fig.(d); lattice positions and gray-scale, see dominant effects arél) a characteristic LDOS shift between
Fig. 5. the up and the down atom when crossing the surface band

. . . (2 imilar shift inside th t f tate band
+0.7 eV andE-EL=+0.2 eV in the empty states is found in gap, (2) a similar shift inside the empty surface state ban

: . : with a transition region aroun#-E=+0.4 eV, and(3) a
theory as well as in the experimeritsg. 5 g,e,,t;,t,). The . o = i )
discrepancies between experiment and theory at high neg(;l[_ansmon to dommatmg[le]-onentate_d corrugation Closg
tive energiesFig 7 &,t,) are not surprising, because a de- t0 the band edges. All three observations are well described
tailed analysis of the tunneling process through the vacuurRY ab initio theory based on the-bonded-chain model. Re-
barrier showed earlier that the spectra contain less informaeated measurements with several different tips allowed to
tion about the sample LDOS at higher negative sampleleconvolute the tip effects from the electronic structure of
voltagest’ The shift in the LDOS maxima when crossing the the sample: Features that were reproduced with all tips gave
surface band gafpbservatior(ii)] is predicted quantitatively reliable (x,y,E) maps of the sample LDOS with subatomic
by the model. This shift can be seen in Fig. 6 for experimentesolution.
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