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Chemical and electronic characterization of methyl-terminated Si(111) surfaces
by high-resolution synchrotron photoelectron spectroscopy
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The chemical state, electronic properties, and geometric structure of methyl-terminated Si(111) surfaces
prepared using a two-step chlorination/alkylation process were investigated using high-resolution synchrotron
photoelectron spectroscopy and low-energy electron diffraction methods. The electron diffraction data indi-
cated that the methylated Si surfaces maintained a (1 X 1) structure, where the dangling bonds of the silicon
surface atoms were terminated by methyl groups. The surfaces were stable to annealing at 720 K. The high
degree of ordering was reflected in a well-resolved vibrational fine structure of the carbon ls photoelectron
emission, with the fine structure arising from the excitation of C-H stretching vibrations having hv
=0.38+0.01 eV. The carbon-bonded surface Si atoms exhibited a well-defined x-ray photoelectron signal
having a core level shift of 0.30+0.01 eV relative to bulk Si. Electronically, the Si surface was close to the
flat-band condition. The methyl termination produced a surface dipole of —0.4 eV. Surface states related to
TCH, and o;_c bonding orbitals were identified at binding energies of 7.7 and 5.4 eV, respectively. Nearly ideal
passivation of Si(111) surfaces can thus be achieved by methyl termination using the two-step chlorination/

alkylation process.
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I. INTRODUCTION

The functionalization of semiconductor surfaces, particu-
larly silicon, with organic moieties is a promising develop-
ment in producing new semiconductor-based materials and
devices. Covalent attachment of organic species either by
wet chemical or vacuum-based dry preparation methods pro-
vides new functionality to the semiconductor surface,'? with
potential applications in molecular electronics,® data
storage,* and sensing.’ In vacuum environments, recent sur-
face science studies have focused on the cycloaddition of
linear and cyclic alkenes to the reconstructed Si(100)-2 X 1
surface.> For example, cycloaddition of the simplest and
smallest alkene, ethylene, has been studied extensively by
photoelectron spectroscopy.®~'2

The unreconstructed Si(111)-1 X 1 surface, which can be
made atomically flat on the scale of hundreds of A through
simple solution etching procedures that produce hydrogen
termination of the silicon, provides another model substrate
for the study of surface modification chemistry.* Recent
studies of the ambient pressure modification of Si(111) sur-
faces have focused on the preparation of straight-chain alkyl
overlayers by wet chemical methods such as exposing the
hydrogen- or halide-terminated Si surface to alkylmagne-
sium or alkyllithium reagents,'*~'¢ or by the free radical ac-
tivation of a terminal alkene.!”2° Conceptually, the simplest
surface/overlayer interface that can be produced is the
methyl-terminated Si(111) surface, Si(111)-CH;. Scanning
tunneling microscopy (STM) studies have shown that the
CHj;-terminated Si(111) surface is atomically flat and is ter-
minated by close-packed methyl groups.?! Photoelectron dif-
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fraction studies of the C 1s component of silicon-bound car-
bon atoms on Si(111)-CH; have indicated that silicon-carbon
bond length is 0.185 nm.!"> Studies of the Si 2p core level
emission have revealed a 0.27 eV chemical shift for the sili-
con surface atoms that are bonded to methyl groups.”> An
angle-resolved ultraviolet photoelectron spectroscopy study
of Si(111)-CHj surfaces has been reported.”? To date, how-
ever, there is no information on the detailed valence band
electronic structure or on the thermal stability of well-
ordered methyl-terminated Si surfaces. The work reported
herein describes synchrotron x-ray photoelectron spectros-
copy data at high spectral resolution of the chemical and
electronic structure of CHjz-terminated Si(111) surfaces that
have previously been determined to be both chemically and
morphologically ideal.!*?!

II. EXPERIMENT

The samples were pieces of n-type silicon(111) wafers
which had been doped with Sb to a resistivity of
0.005-0.02 Q cm. This dopant concentration translates into a
Fermi level position, Ep, of |Ep—E,|pu=1.04(2) eV from
the valence band maximum energy, E,, in the bulk of the
silicon samples. Before chemical functionalization, each
sample was cleaned by rinsing in H,O, CH;OH, acetone,
CH;0H, and H,O, followed by drying under a stream of
N,(g). Hydrogen-terminated surfaces were prepared by im-
mersion of the cleaned Si samples into 40% NH,F(aq). This
process has been shown to result in an flat (111) surface in
which the atop Si atoms are terminated by H atoms.?* Imme-
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diately after etching the samples were moved into a
N,(g)-purged glove box for further functionalization. The
H-Si(111) surfaces were then chlorinated according to previ-
ously published procedures'*?* using a saturated solution of
PCls in chlorobenzene, to which a few grains of benzoyl
peroxide were added to initiate a radical reaction. The solu-
tion was heated at 90-100 °C for 45 min, then rinsed thor-
oughly with tetrahydrofuran (THF) and CH;OH, and dried
under a stream of N,(g). The Cl-terminated Si(111) surface
was then immersed in a 3.0 M solution of CH;MgCl in THF
(Aldrich) and was heated at 70-80 °C for 3 h. Excess THF
was added to the reaction vessel to allow for solvent replace-
ment. The sample was then removed from the reaction solu-
tion and was rinsed with copious amounts of THF and
CH;OH, then immersed in CH;OH and removed from the
N,-purged glove box. The sample was sonicated for 5 min in
CH;O0H, sonicated in CH;CN for a further 5 min, and then
dried under a stream of N,(g). Previous work has shown that
this sonication is crucial for complete removal of Mg salts
from the methylmagnesium chloride solution.'*?> The
CHj-terminated sample was then sealed under N,(g),
shipped from California to the BESSY II facility in Ger-
many, and put in nitrogen purged glove box. The sample was
analyzed approximately 2 weeks after preparation. All results
reported herein are from one representative sample, but five
samples from two independent preparation runs showed very
similar behavior to that reported herein.

Synchrotron x-ray photoelectron spectroscopy (SXPS) ex-
periments were performed at the undulator beamline U49/2-
PGM2 of the BESSY II synchrotron facility in Berlin. After
introduction into the vacuum system of the SoLiAS experi-
mental station,2° the samples were heated to about 450 °C for
15 min to desorb adventitious nonmethyl hydrocarbons from
the surface. The line shapes of the methyl- and silicon-
related emissions remained essentially unchanged after an-
nealing. The properties of unannealed surfaces and the
changes observed upon annealing will be described
elsewhere.?” Photoelectron spectra were recorded with a
Phoibos model 150 electron analyzer (SPECS) using photon
energies, hv, between 115 and 650 eV. Spectra of the valence
band region were acquired with He I radiation from a UV
lamp (hv=21.2 eV). The overall instrument resolution for
the monochromator and analyzer was 80 meV in the Si 2p
region (hv=150 eV) and 160 meV in the C 1s region (hv
=330 eV). The photoemission energy scale was referenced
to the Fermi energy of an evaporated gold film by calibration
experiments using Av=150 eV excitation. To prevent syn-
chrotron beam irradiation damage, the synchrotron beam in-
tensity was reduced such that the photoelectron spectra re-
mained unchanged within the measurement time. The
photoelectron emission lines were fitted using symmetric
Voigt profiles, after subtraction of a Shirley-type back-
ground. The synchrotron-excited spectra were acquired un-
der normal emission, whereas the ultraviolet-excited photo-
electron spectra were measured under an emission angle, 6,
of 28°. The analyzer was operated in an angle-integrating
mode with an acceptance angle of a few degrees. Low-
energy electron diffraction (LEED) measurements were per-
formed using a three-grid reverse-view LEED system (VG).
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FIG. 1. Low-energy electron diffraction pattern of a
Si(111)-CH; surface, taken with primary electron energies of
40-50 eV.

III. RESULTS AND DISCUSSION

Figure 1 shows the low-energy electron diffraction pat-
terns of a methyl-terminated Si(111) surface at primary elec-
tron energies from 40 to 50 eV. These energies were used
because they produced a low electron escape depth. The ob-
served diffraction patterns exhibited a threefold symmetry
corresponding to a (1 X 1) structure. This pattern is consis-
tent with expectations for ideal, close-packed, methyl termi-
nation on Si(111). The low intensity of the background, and
the sharpness of the diffraction spots, indicate that the sur-
face was well-ordered and consisted of extended, atomically
flat terraces with relatively few defects. The low level of
diffuse background, even at low electron kinetic energies,
indicates that the diffraction pattern is the result of a com-
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FIG. 2. Carbon s emission of Si(111)-CH; excited with
hv=330 eV. The asymmetry towards high binding energies is re-
vealed as a vibrational fine structure. Assignment: component
CO=CH;-Si (vibrational ground state); C',C?=CH;-Si (C-H stretch
vibrations excited, Ist + 2nd excited states); C3=non—CH3 species.
The fitting parameters are given in Table I.

mensurate CHj; layer on top of a well-ordered Si(111) surface
layer. The LEED patterns are fully consistent with recent
STM images of such surfaces, which have also shown a
(1X1) structure at 77 K on such surfaces.?-?8

Figure 2 displays the carbon 1s core level emission spec-
trum of Si(111)-CH; excited with hv=330eV. The C 1s
emission signal exhibited an asymmetry toward the high
binding energy side, and displayed a fine structure that con-
sisted of four components, denoted as C" (n=0,1,2,3). The
C signal, at a binding energy of 284.27 eV, represents the
adiabatic peak that is assigned to the silicon-bonded carbon
atoms of the methyl groups. To deconvolute the C 1s emis-
sion data, the binding energy shifts of C! and C?> were
coupled to each other by ABE,=2 X ABE,, and ABE,; and
the relative intensities were adjusted freely in the fitting pro-
cess. The resulting fitting parameters and values are given in
Table 1. The energy shift ABE,;, was found to be 0.38(0.01)
eV. The C! and C? signals are therefore assigned to satellite
peaks that have the same initial state origin as C° but which
have vibrational losses of the final state due to the generation
of the first and second excited state of C-H stretching vibra-
tions. The final state losses lead to the equidistant shift of C!
and C? to apparent higher binding energies. Analogous vibra-
tional fine structure in the C s photoelectron region has
been observed previously in gas phase spectroscopic mea-
surements of methane,” and has been reported for ethyli-
dyne (C,H;) chemisorbed on Rh(111),3° methoxy (CH;0) on

TABLE 1. Fit parameters for the deconvolution of the C l1s
emission (Fig. 2) using four components. The Lorentzian width was
0.15 eV for all components.

Binding (Relative) Gaussian
Component energy (eV) intensity width (eV)
C? 284.27 1 0.26
C! +0.38 0.49 0.27
C? +0.76 0.11 0.28
c? +1.2 0.07 0.60
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Cu(100),3! and for ethylene (C,H,) and acetylene (C,H,) on
Si(001).° The value for hve;=0.38(0.01) eV deduced for
methyl-terminated Si compares well with the excitation en-
ergies of 0.385(0.010) eV (Ref. 30) and 0.370(0.020) eV
(Ref. 6) reported for other adsorbate systems. The data of
Fig. 2 therefore suggest that the asymmetry observed in the
C 1s emission of small hydrocarbon adsorbates on
silicon®®1%11 s in fact a multipeak fine structure related to
C-H bond vibrational losses.

Component C? in Fig. 2 is attributed to adventitious ali-
phatic hydrocarbons that remained on the surface after the
annealing step. The C? peak was present on the nonannealed
surface, and annealing reduced the relative area of C* by a
factor of 4, but the line shape of the methyl- and silicon-
related emissions remained essentially unchanged (not
shown).?” The relative intensity of component C* in Fig. 2,
was 7% of the total carbon observed. The 1.2 eV chemical
shift of the adventitious hydrocarbon with respect to the en-
ergy of silicon-bonded CH; groups compares well to the
value of 1.1 eV observed on Si(111)-CH; by Terry et al.??
although the relative intensity of the methyl-related signal
was much smaller in that study than on the samples studied
herein.

Figure 3(a) displays the photoelectron spectra of the Si 2p
core level recorded with excitation energies between hv
=150 eV and hv=650 eV. For ideal methyl-termination of
the surface, a bulk Si signal and a single surface component
arising from surface silicon atoms bonded to the methyl
group are expected. Indeed, two components of the signal,
denoted S and B, of approximately equal intensity, were
clearly observed for hv=150 eV, which produces an inelas-
tic electron mean free path, \, of =0.4 nm (Refs. 32, 33) and
thus high surface sensitivity. The intensity of component S
decreased significantly for higher excitation energies, indi-
cating that S arises from the surface Si atoms.

The silicon 2p emission was deconvoluted into a surface
component S and bulk component B [Fig. 3(b)], and the
corresponding fit parameters for the hv=150 eV spectrum
are given in Table II. The chemical shift of the methyl-
bonded silicon atoms was 0.30(0.01) eV. This value is some-
what higher than that observed on surfaces prepared using a
slightly different, more reactive chlorination method,?” but is
in accord with independent measurements on methylated sur-
faces recorded recently.** The chemical shift of the Si atoms
bound to C clearly indicates that the Si is positively charged
in its bond polarity, as expected based on the relative elec-
tronegativities of C and Si (2.55 and 1.90, respectively).?

A quantitative relation of the core level intensities to the
density of surface species was complicated by the presence
of photoelectron diffraction effects. In fact, when varying the
excitation energy from 115 to 200 eV, an oscillating devia-
tion of the measured surface component intensity was ob-
served relative to the intensity ratio expected® from the cor-
responding escape depth. A detailed account of this
phenomenon on our Si(111)-CH; surfaces will be given
elsewhere.?’

The high surface quality of the wet-chemically prepared
Si(111)-CH; samples is underscored by the low residual sur-
face oxide concentrations observed. This is illustrated by Fig.
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FIG. 3. Si 2p core level spectra of Si(111)-CHj3 taken with
varying excitation energies. The highest surface sensitivity is ob-
tained for Av=150 eV. The Si 2p emission is composed of a bulk
component (B) and a surface component (S) which is shifted to
higher binding energies by 0.30(x0.01) eV. Fitting results are
shown in (b), and the corresponding fit parameters are given in
Table 1II.

4, where the same Si 2p emission as in Fig. 3 (hv
=150 eV) is enlarged and displayed in a broader energy
range including the SiO, spectral range. The weak emissions
around a binding energy of 103 eV are due to silicon dioxide,
Si** and Si** suboxide. To quantify the Si*! suboxide com-
ponent, in addition to the bulk- and methyl-related compo-
nents B and S, silicon oxide peaks (Si*',Si*3,Si**) with

TABLE II. Fit parameters for the deconvolution of the Si 2p
emission, plotted in Fig. 3. The Lorentzian width for both compo-
nents was 0.055 eV. The spin-orbit splitting was fixed at 0.605 eV
and the branching ratio was set to 0.52 (Ref. 48).

Binding (Relative) Gaussian

Component energy (eV) intensity width (eV)
Bulk B 99.68 1 0.29
Surface S +0.30 0.96 0.27
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FIG. 4. Curve fitting to the Si 2p emission in Fig. 3 (hv
=150 eV) including weak (sub)oxide Si*!, Si*3, and Si** compo-
nents, which have been magnified by a factor of 10 for better vis-
ibility. The intensity of the Si*! component depends on the assumed
background (here: Tougaard-type) but is always less than 5% of the
Si-CH; component.

chemical shifts of +3.5, +2.7, and +1.0 eV (Ref. 36) were
included in the fit to the data of the entire Si 2p energy range.
The resulting intensity of the Si*! component relative to the
bulk Si® emission depended on the shape of the background,
and varied between 1% for a Shirley-type background [Fig.
3(b)], and 4% for a Tougaard-type background, as displayed
in Fig. 4. Considering the wet chemical ex sifu preparation of
the samples and their transport under N,(g) from California
to Berlin between preparation and analysis, the surface qual-
ity is remarkable and underscores the chemical stability of
the Si(111)-CHj surface.

Figure 5 displays spectra of the valence band region re-
corded with hv=150 and 21.2 eV (He I radiation). The
methyl-terminated Si(111) surface showed valence band
emissions at 16.6, 9.8 (He I), 7.7, 5.44 eV, a shoulder at 4.8
eV (He I), and from 2 to 4 eV. The He I-excited spectrum
was measured under an emission angle, ¥,, of 28°, where the
sharp emission signal at 5.44 eV is prominent. A detailed
angular study was not performed, but the behavior reported
by Miyadera et al.,”® in which the 5.4 eV feature is not ob-
served in normal emission, but is prominent and sharp for
emission angles >24°, was observed in our studies as well.

The main spectral features have been observed previously
for Si(111)-CH; surfaces prepared by a slightly different
method,? but the spectral features appear more pronounced
in the present data, consistent with the high quality of the
surface termination layer also indicated by the electron dif-
fraction data for surfaces prepared using the two-step
chlorination/alkylation procedure. By comparison with the
gas phase spectra of methane®” and cluster calculations,?? the
emission at 16.6 eV can be attributed to the C 2s orbitals,
and the peaks at 7.7 and 5.4 eV are assigned to C 2p-derived
orbitals. The emission feature near 7.7 eV is assigned to the
C-H bonds of the methyl groups. Methyl-related emissions
have been reported previously at 8.5 and 8 eV in the ultra-
violet photoelectron spectra of methyl iodide adsorbed on Pd
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FIG. 5. Valence band spectra of Si(111)-CHj; excited with He I
radiation hv=21.2 eV (bottom) or with synchrotron radiation with
hv=150 eV (top). The spectra were acquired under the emission
angles 6, given in the figure. Through comparison to the cluster
calculations (Ref. 23) and gas phase spectra (Ref. 37), the emission
structures have been assigned as indicated.

(100) (Ref. 38) or methyl silane on Cu(111), respectively.?
Since adsorption of methyl groups on the surface Si(111)
atoms corresponds to an adsorption geometry having Cjs,
symmetry, the molecular orbitals of the methyl group have e
symmetry with (pseudo-)7rcy, character.

The emission at 5.44 eV is assigned to the og; bonds
between the substrate and the methyl overlayer. Recent MO
calculations on H;CSiH; have shown that the oy bond
with a; symmetry is situated about 2.5 eV above the TCH,
orbitals.>® Additionally, comparison to the gas phase spectra
of methyl silanes Si,(CHs),,,, (7=1,2,3,4),%° and assuming
an extra molecular polarization relaxation of ~2 eV, sup-
ports the assignment of the 7.7 and 5.4 eV structures to the
TCH, and oy;_c bonds, respectively. The assignment of the 5.4
eV structure to a surface state is also evident from the non-
dispersive behavior observed previously.?

The Si-C bond related emissions of Si(111)-CHj; should
be similar to the emissions of the well-known hydrogen-
terminated Si(111)-H surface. The sigma-bonding between
the silicon dangling bond (sp® hybrid) and the orbital of the
adsorbate, be it hydrogen or the methyl group, leads to a
similar bonding configuration and corresponding bond or-
bital energy structure. For Si(111)-H, three surface-state re-
lated emissions are observed at 8.6, 4.8, and 3.8 eV.*! In the
Si(111)-CHj; spectrum, including the prominent emission at
5.4 eV, corresponding structures can be identified at 9.8, 5.4,
and 4.8 eV. The emission at 9.8 eV resides in the region of
the Si 3s-derived valence bands, thus this emission is evi-
dently a surface resonance.*” The assignment of the shoulder
at 4.8 eV as being part of the Si-C-related emissions is ten-
tative and needs to be corroborated by additional angle-
resolved studies.
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The degree of surface band bending provides a measure
of the quality of the electronic passivation of a semiconduc-
tor surface. In the ideal case for a surface without band bend-
ing, when all surface states are chemically passivated and
electronically inactive, the so-called flat-band condition
should be produced. The degree of surface band bending can
be derived from a comparison between the positions of the
Fermi level at the surface vs. the bulk. The surface Fermi
level position of Si(111)-CH; was derived from the binding
energy of the Si 2p bulk component relative to the Fermi
energy, which is 99.68 eV (cf. Table II). The binding energy
of the Si 2p signal with respect to the valence band maxi-
mum (VBM, E,) is known to be 98.74(4) eV,* which im-
plies a difference of 0.94 eV from the VBM to the Fermi
energy, Ep, at the surface |E—E,|. The bulk Fermi level is
expected to be at |Ep—E,|puc=1.04(2) eV, as derived from
the bulk conductivity of the Si samples used in our work.
Taking the Si 2p binding energy from the literature, and
estimating the error in the surface band bending to +0.1 eV
yields a value of 0.10+0.10 eV between the surface and bulk
Fermi level positions. Hence, the surface is close to the flat-
band condition, with a surface band bending smaller than 0.2
eV.

From extrapolation of the secondary electron cutoff, the
work function, Wr=E,,.—E, of the methyl-terminated sur-
face was found to be 3.86 eV. From this value, the electron
affinity, x, of the methyl-terminated Si(111) surface was cal-
culated according to

X=Evac_Ec=Evac_EF+EF_Ec=WF_(Eg_|Ev_EF|)'

With E,= 1.12 eV and the measured values given above, an
electron affinity of 3.68 eV was obtained for Si(111)-CHj,
surfaces. This value may be compared to other Si surface
terminations as }[Si(111):H]=4.17 eV,*** [Si(111)-(7
X 7)]=4.16 eV,* and x[Si(100)—(2 X 1)]=4.21 eV.3¢ Esti-
mating the electron affinity of bulk silicon as 4.05 eV,*® the
surface dipole & caused by the methyl monolayer was calcu-
lated to be ~-0.4 eV.

Figure 6 summarizes the surface potentials of the
Si(111)-CHj surface to give the surface band diagram. Geo-
metrically, the methyl-terminated Si surface is comprised of
a series of atomic layers, with a composition -Si-CHj. The
electric dipole of this surface was determined by the bond
charge distribution between these layers, which was esti-
mated from the Pauling electronegativities of 1.90, 2.55, and
2.20 for Si, C, and H, respectively.”®> The observed lowering
of the electron affinity by methyl-termination indicates that
the electric dipole moment of the oriented methyl groups,

with charge distribution co —Hf , dominates the electric di-
pole moment of the surface. The effective decrease of the
silicon electron affinity by the methyl adsorbate is comple-
mentary to silicon surface engineering by grafting of ben-
zene derivatives, in which the dipole moment of nitro- or
bromobenzene adsorbates effectively increases the electron
affinity of the silicon sample.*’

IV. SUMMARY AND CONCLUSIONS

The photoelectron spectra of methyl-terminated Si(111)
surfaces prepared in a wet-chemical two-step chlorination/
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FIG. 6. Surface energy band diagram of the Si(111)-CHj sur-
face. The surface is close to flat band conditions with a residual
surface band banding, eV}, of 0.1 eV. The electron affinity, x, of
Si(111)-CH; is =3.7 eV, which indicates a surface dipole, &, of
—0.4 eV. The position of the valence band maximum at the surface,
|Er—E,|=0.94 eV, is inferred from the Si 2ps, binding energy,
where a core level-to-valence band separation BE,(Si 2ps),) of
98.74 eV was assumed (Ref. 43).

alkylation technique have been analyzed in detail. A vibra-
tional fine structure in the single-component carbon 1s emis-
sion was clearly resolved. The excitation of C-H stretching
vibrations with hAve.y=0.38+0.01 eV caused corresponding
loss features on the high binding energy side of the C Is
emission. The methyl-bonded silicon surface atoms exhibited

PHYSICAL REVIEW B 72, 045317 (2005)

a chemical shift of the Si 2p emission of 0.30+0.01 eV. In
the valence band region, characteristic emissions at 5.44 and
7.7 eV arose from the Si-C oy;_¢ bonds and the TCH, molecu-
lar orbitals of the methyl group, respectively. The sharp oy; ¢
emission may act as a fingerprint for this well-ordered sur-
face. Electronically, the methyl-terminated Si(111)-CHj; sur-
face was close to the flat-band condition and exhibited a
surface dipole of ~—0.4 eV. The methyl-terminated Si(111)
surfaces were chemically and thermally stable, withstanding
a vacuum anneal at 450 °C. Even when such an anneal was
performed after 2 weeks of storage under N,(g) between
preparation and analysis, the surface silicon oxide coverage
was below 5% of a monolayer. Nearly ideal passivation of
Si(111) surfaces can therefore be achieved by methyl termi-
nation with the two-step chlorination/alkylation process.

ACKNOWLEDGMENTS

We gratefully acknowledge the National Science Founda-
tion, grant No. CHE-0213589, for support of this work
(N.S.L. and L.J.W.) and for providing financial assistance to
L.J.W. W.J. acknowledges the travelling support of the Deut-
sche Forschungsgemeinschaft, DFG Grant No. JA 85910-1.
The support of the BMBF for setting-up and running SoLiAS
at BESSY (Contracts Nos. 05 KSIRD1/0 and 05 KS4RD1/0,
R.H. and W.J.) and travel grants (05 ES3XBA/5) are grate-
fully acknowledged.

*Author to whom correspondence should be addressed.

IR. Cohen, G. Ashkenasy, A. Shanzer, and D. Cahen, in Semicon-
ductor Electrodes and Photoelectrochemistry, edited by S. Licht
(Wiley, New York, 2002), pp. 127-152.

2S. F. Bent, J. Phys. Chem. B 106, 2830 (2002).

3R. A. Wolkow, Annu. Rev. Phys. Chem. 50, 413 (1999).

4K. M. Roth, A. A. Yasseri, Z. Liu, R. B. Dabke, V. Malinovskii,
K.-H. Schweikart, L. Yu, H. Tiznado, F. Zaera, J. S. Lindsey, W.
G. Kuhr, and D. F. Bocian, J. Am. Chem. Soc. 125, 505 (2003).

5Y. Cui, Q. Wei, H. Park, and C. M. Lieber, Science 293, 1289
(2001).

SH. W. Yeom, S. Y. Baek, J. W. Kim, H. S. Lee, and H. Koh, Phys.
Rev. B 66, 115308 (2002).

7].-H. Cho and L. Kleinman, Phys. Rev. B 63, 193402 (2001).

8M. P. Casaletto, R. Zanoni, M. Carbone, M. N. Piancastelli, L.
Aballe, K. Weiss, and K. Horn, Phys. Rev. B 62, 17128 (2000).

°S. H. Xu, Y. Yang, M. Keefe, G. J. Lapeyre, and E. Rotenberg,
Phys. Rev. B 60, 11586 (1999).

10A. Fink, W. Widdra, W. Wurth, C. Keller, M. Stichler, A. Achle-
itner, G. Comelli, S. Lizzit, A. Baraldi, and D. Menzel, Phys.
Rev. B 64, 045308-9 (2001).

I'F. Rochet, F. Jolly, F. Bournel, G. Dufour, F. Sirotti, and J.-L.
Cantin, Phys. Rev. B 58, 11029 (1998).
I2H. Liu and R. J. Hamers, Surf. Sci. 416, 354 (1998).

3C. P. Wade and C. E. D. Chidsey, Appl. Phys. Lett. 71, 1679
(1997).

“A. Bansal, X. Li, S. I. Yi, W. H. Weinberg, and N. S. Lewis, J.
Phys. Chem. B 105, 10266 (2001).

I5J, Terry, M. R. Linford, C. Wigren, R. Cao, P. Pianetta, and C. E.
D. Chidsey, Appl. Phys. Lett. 71, 1056 (1997).

16A. Bansal, X. Li, I. Lauermann, N. S. Lewis, S. . Yi, and W. H.
Weinberg, J. Am. Chem. Soc. 118, 7225 (1996).

175, M. Buriak and M. J. Allen, J. Am. Chem. Soc. 120, 1339
(1998).

I8 A. B. Sieval, A. L. Demirel, J. W. M. Nissink, M. R. Linford, J.
H. v. d. Maas, W. H. d. Jeu, H. Zuilhof, and E. J. R. Sudhdlter,
Langmuir 14, 1759 (1998).

19R. Boukherroub, S. Morin, F. Bensebaa, and D. D. M. Wayner,
Langmuir 15, 3831 (1999).

20M. R. Linford and C. E. D. Chidsey, J. Am. Chem. Soc. 115,
12631 (1993).

2IH. Yu, L. J. Webb, R. S. Ries, S. D. Solares, W. A. G. III, J. R.
Heath, and N. S. Lewis, J. Phys. Chem. B 109, 671 (2005).

22]. Terry, M. R. Linford, C. Wigren, R. Cao, P. Pianetta, and C. E.
D. Chidsey, J. Appl. Phys. 85, 213 (1999).

2T. Miyadera, A. Koma, and T. Shimada, Surf. Sci. 526, 177
(2003).

24G. S. Higashi, Y. J. Chabal, G. W. Trucks, and K. Raghavachari,
Appl. Phys. Lett. 56, 656 (1990).

2L. J. Webb and N. S. Lewis, J. Phys. Chem. B 107, 5404 (2003).

20T. Mayer, M. V. Lebedev, R. Hunger, and W. Jaegermann, Appl.
Surf. Sci. (in press).

27R. Hunger, R. Fritsche, B. Jaeckel, W. Jaegermann, L. J. Webb,
and N. S. Lewis (unpublished).

2D. Niwa, T. Inoue, H. Fukunaga, T. Akasaka, T. Yamada, T.
Homma, and T. Osaka, Chem. Lett. 33, 284 (2003).

045317-6



CHEMICAL AND ELECTRONIC CHARACTERIZATION OF ...

2H. M. Koppe, B. S. Itchkawitz, A. L. D. Kilcoyne, J. Feldhaus, B.
Kempgens, A. Kiviméki, M. Neeb, and A. M. Bradshaw, Phys.
Rev. A 53, 4120 (1996).

307, N. Andersen, A. Beutler, S. L. Sorensen, R. Nyholm, B. Setlik,
and D. Heskett, Chem. Phys. Lett. 269, 371 (1997).

3IM. Wiklund, A. Jaworowski, F. Strisland, A. Beutler, A. Sandell,
R. Nyholm, S. L. Sorensen, and J. N. Andersen, Surf. Sci. 418,
210 (1998).

328, Tanuma, C. J. Powell, and D. R. Penn, Surf. Interface Anal.
17, 911 (1991).

3F J. Himpsel, F. R. McFeely, A. Taleb-Ibrahimi, J. A. Yarmoff,
and G. Hollinger, Phys. Rev. B 38, 6084 (1988).

341. J. Webb, E. J. Nemanick, J. S. Biteen, D. W. Knapp, D. I.
Michalak, M. C. Traub, A. S. Y. Chan, B. S. Brunschwig, and N.
S. Lewis, J. Phys. Chem. B (in press).

3L. Pauling, Nature of the Chemical Bond (Cornell University
Press, New York, 1960).

36G. Hollinger and F. J. Himpsel, J. Vac. Sci. Technol. A 1, 640
(1983).

37K. Hamrin, G. Johansson, U. Gelius, A. Fahlman, C. Nordling,
and K. Siegbahn, Chem. Phys. Lett. 1, 613 (1968).

3E. Solymosi and K. Revesz, Surf. Sci. 280, 38 (1993).

M. J. S. Spencer and G. L. Nyberg, Surf. Sci. 543, 162 (2003).

40H. Bock, W. Ensslin, F. Feher, and R. Freund, J. Am. Chem. Soc.
98, 668 (1976).

41K, Hricovini, R. Giinther, P. Thiry, A. Taleb-Ibrahimi, G. Indle-
kofer, J. E. Bonnet, P. Dumas, Y. Petroff, X. Blase, X. Zhu, S. G.

PHYSICAL REVIEW B 72, 045317 (2005)

Louie, Y. J. Chabal, and P. A. Thiry, Phys. Rev. Lett. 70, 1992
(1993).

42K. C. Pandey, Phys. Rev. B 14, 1557 (1976).

“3F. J. Himpsel, G. Hollinger, and R. A. Pollak, Phys. Rev. B 28,
7014 (1983).

4 A. Akremi, J.-P. Lacharme, and C. A. Sebenne, Surf. Sci. 402
404, 746 (1998).

4R. Hunger, C. Pettenkofer, and R. Scheer, J. Appl. Phys. 91, 6560
(2002).

46 A value of 4.05 eV for the bulk electron affinity of silicon is given
in S. M. Sze, Physics of Semiconductor Devices (Wiley, New
York, 1981). Even though the method of measurement is not
specified, this value is consistent with the electron affinities of
~4.2 eV of the reconstructed surfaces Si(100)-(2X1) or
Si(111)-(7 X7) measured in vacuum (Ref. 41). The relaxation/
reconstruction of these surfaces generates a surface dipole with
the negative side outward, i.e., increasing the electron affinity
with respect to the bulk [W. Ranke and Y. R. Xing, Phys. Rev. B
31, 2246 (1985)]. A dedicated calculation or measurement of the
magnitude of the reconstruction-related surface dipole is still
missing, however, from the data given above a magnitude of
0.10-0.15 eV is inferred, which appears reasonable.

4TP. Hartig, T. Dittrich, and J. Rappich, J. Electroanal. Chem. 524-
525, 120 (2002).

“8C. Grupp and A. Taleb-Ibrahimi, J. Electron Spectrosc. Relat.
Phenom. 101-103, 309 (1999).

045317-7



