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The properties of Si(111) surfaces grafted with benzene derivatives were investigated using ultraviolet
photoemission spectroscopy (UPS) and X-ray photoelectron spectroscopy (XPS). The investigated materials
were nitro-, bromo-, and methoxybenzene layers (-C6H4-X, with X ) NO2, Br, O-CH3) deposited from
diazonium salt solutions in a potentiostatic electrochemical process. The UPS spectra of the valence band
region are governed by the molecular orbital density of states of the adsorbates, which is modified from the
isolated state in the gas phase due to molecule-molecule and molecule-substrate interaction. Depending on
the adsorbate, clearly different emission features are observed. The analysis of XPS intensities clearly proves
multilayer formation for bromo- and nitrobenzene in agreement with the amount of charge transferred during
the grafting process. Methoxybenzene forms only a sub-monolayer coverage. The detailed analysis of binding
energy shifts of the XPS emissions for determining the band bending and the secondary electron onset in
UPS spectra for determining the work function allow one to discriminate between surface dipole layerss
changing the electron affinitysand band bending, affecting only the work function. Thus, complete energy
band diagrams of the grafted Si(111) surfaces can be constructed. It was found that silicon surface engineering
can be accomplished by the electrochemical grafting process using nitrobenzene and bromobenzene: silicon-
derived interface gap states are chemically passivated, and the adsorbate-related surface dipole effects an
increase of the electron affinity.

1. Introduction

In the past years, semiconductor surfaces terminated with
organic compounds have attracted considerable interest due to
the scientific importance of this heterointerface. The application
perspectives lie in the engineering possibilities of inorganic
semiconductor surfaces1 and the development of novel hybrid
inorganic/organic semiconductor devices.2 In terms of semi-
conductor surface engineering, control of the surface state
density, tailoring of the electron affinity, and chemical inertness
are desirable. An overview of the modification of the surface
properties of primarily binary semiconductors by organic surface
treatments is given in ref 1. An impressive example for this
approach is the tuning of the electron affinity of GaAs by about
1 eV through the adsorption of tartaric acid derivatives where
the substituent X on the benzene group allows for a systematic
modification of the molecular dipole.3 For the elemental
semiconductor silicon, organic surface functionalization by wet
processes was demonstrated by alkylation4,5 and by electro-
chemical grafting of aryl groups.6,7,8 The latter process as
developed in refs 6 and 7 is illustrated in Figure 1. By electron
injection into a solution of diazonium salt BF4N2-C6H4-X,
intermediate aryl radicals•C6H4-X are formed (Figure 1a). In
a two-step process, one aryl radical abstracts hydrogen from
the hydrogen-terminated Si(111) surface and creates a dangling

bond (Figure 1b), which reacts with another aryl radical to form
a covalently bonded [Si3]tSisC6H4sX (X ) NO2, Br) surface
species (Figure 1c and d). Again, by variation of the functional
group X, the dipole of the adsorbed molecule can in principle
be modified. This was studied by Rappich and co-workers,8,9

who, in addition to nitro- and bromobenzene, investigated
diethylaniline and chloro-, dichloro-, and methoxybenzene for
the modification of Si(111) surfaces in an electrochemical
grafting process. The dipole moments of aryl radicals were
calculated, and their influence on the interface formation process
and the electronic properties of the functionalized Si surfaces
was discussed.9 By in situ measurements of the photolumines-
cence and surface photovoltage, electronic passivation and a
change in band bending induced by the aryl termination of the
Si surface were demonstrated.8,9

In this paper, we investigate the properties of Si(111) surfaces
terminated with benzene derivatives by ultraviolet photoelectron
spectroscopy (UPS). UPS allows not only for direct and absolute
measurements of the work function, but it was found that the
molecular electronic structure of the adsorbate could be imaged
by UPS and can be employed for a unique identification of the
adsorbate. The vacuum adsorption of pure benzene on Si(001)-
(2×1) surfaces has been the subject of a number of publications
in the past years, including soft-X-ray and ultraviolet photo-
electron spectroscopic studies.10,11 Our data demonstrate that
the measurement of the valence electronic structure of organic
adsorbates is not limited to vacuum processes but can be applied
to the analysis of wet, electrochemical deposition processes
performed at atmospheric pressure. The UPS study was com-
bined with X-ray photoelectron spectroscopy (XPS), which
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simultaneously provided information on the surface composition,
adsorbate layer thickness, and surface band bending. The major
advantage of the combination of UPS and XPS information is
that the contributions of electron affinity changes, that is, surface
dipoles, and band bending can be separated, and thus, complete
equilibrium band energy diagrams can be constructed.12 For this
study, we chose to investigate nitro-, bromo-, and methoxy-
benzene layers (-C6H4-X, with X ) NO2, Br, O-CH3) on
Si(111) because the effective dipole moments of these molecules
perpendicular to the Si(111) surface span a wide range from
3.9 D (X ) NO2) to -0.5 D (X ) OCH3).9 Here, the negative
sign of -0.5 D implies that the orientation of the adsorbate
dipole moment changes by 180°. The derivatized benzene
compounds employed in our study are depicted in Figure 2,
together with their molecular dipole moment. With these
materials, the concept of surface functionalization by attaching
benzene derivatives and tailoring the electron affinity by grafting
different functional groups carrying different dipole moments
can be favorably tested.

2. Experimental Section

Wafers of p-Si(111) (2.5-5 Ωcm) were cleaned using a
standard procedure and thermally oxidized (the thermal oxide

thickness was about 100 nm). The wafers were cut into 20×
20 mm2 samples. The samples were ultrasonically cleaned in
acetone and water, and the thermal oxide was etched back in
2% HF. Then, a chemical oxide was formed in H2SO4/H2O2 )
1:1 solution for 10 min. The back contact was made by InGa
eutectic after the chemical oxide had been etched using a droplet
of 2% HF. The front surface of the sample was not affected by
the preparation of the back contact.

4-Nitro, 4-bromo-, and 4-methoxybenzene diazonium tetra-
fluoroborate were purchased from Aldrich and used as received,
without further purification. The concentration of the diazonium
compound solutions was 2.5 mM. The electrochemical prepara-
tion of the front surface was performed in a single compartment
Teflon cell, using a three-electrode configuration (sample,
working electrode; Au ring, counter electrode; Au wire, refer-
ence electrode). In reference experiments, the potential of the
Au electrode was measured to about+0.54 V versus SCE. The
sample was mounted into the cell, and the chemical oxide was
etched back in NH4F (40%), such that flat hydrogenated Si(111)
terraces were formed.13 The NH4F (40%) was then completely
pumped out, and 20 mL of 0.01 M H2SO4 was added to the
cell. Simultaneously, the potential was switched to-1.2 V to
ensure that the H-terminated Si surface was not oxidized. Then,
10 mL of the supporting electrolyte was pumped out and 10
mL of the diazonium salt solution in 0.01 M H2SO4 was injected
into the cell at constant potential, yielding a diazonium salt
solution of 1.25 mM in the reaction vessel. Thus, electrochemi-
cal grafting of organic molecules occurred. The current-time
transients observed were similar to those described in refs 9
and 14. The electrochemical grafting was terminated by observ-
ing zero current that showed that the layer deposition was
completed. For the electrochemical grafting processes using the
diazonium salts of nitro-, bromo-, and methoxybenzene, we
observed net charge flows of-0.47 mC/cm-2, -0.72 mC/cm-2,
and-0.12 mC/cm-3. The electrode area was 0.25 cm-2.

After the electrochemical preparation, the samples were rinsed
in distilled water, dried, and encapsulated in argon filled
compartments. After storage for up to 2 days, the samples were
clamped onto stainless steel sample holders and immediately
introduced into the vacuum system. The total ambient air
exposure between preparation and vacuum insertion was about
30 min. The analysis chamber of the vacuum system is equipped
with a Phoibos 150 MCD-9 electron analyzer (SPECS). UPS
and XPS data were collected with an entrance slit setting of
6 × 20 mm2, and the medium area lens mode was employed.

Figure 1. Schematics of the electrochemical grafting process. (a) By
electron injection from the working electrode, the bond between the
diazo group and the phenyl ring is broken, N2 is split off, and phenyl
radicals are generated. (b) A phenyl radical abstracts hydrogen from
the silicon surface and generates a silicon dangling bond. (c) A second
phenyl radical recombines with the dangling bond, and (d) a covalent
Si-C bond is established between a surface silicon atom and the phenyl.
At least two electrons are necessary to bind one phenyl group.

Figure 2. Overview of the benzene derivatives employed for the
surface functionalization by electrochemical grafting. The direction and
magnitude of the molecular dipole arising from the charge distribution
within the derivatized phenyl molecule C6H5-X (X ) NO2, Br, OCH3)
is indicated by a gray arrow. For methoxybenzene, the effective dipole
moment along the molecule axis which after grafting is perpendicular
to the Si surface,µeff,⊥, has the opposite direction compared to those
of nitro- and bromobenzene.
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The energy scale of the spectrometer was calibrated using the
Au4f7/2 core level emission at 84.0 eV of a clean, sputtered Au
foil. The UPS spectra were excited with a helium UV lamp
(Leybold), which produces spectral lines ofhν ) 21.22 eV (He
I) and 40.82 eV (He II). For the UPS spectra acquisition, a
negative bias of-3 eV was applied to the sample to get a clear
signal of the secondary electron cutoff. XPS spectra were excited
with non-monochromatized Mg KR radiation (hν ) 1253.6 eV)
from an X-ray tube (SPECS). The spectra shown were refer-
enced to the Fermi energy of the samples.

3. Results

(a) XPS Results.After introduction into the vacuum chamber,
an XPS survey and detailed spectra were recorded. For reference
purposes, in addition to the nitro-, bromo-, and methoxybenzene
grafted Si(111) surfaces, a HF(2%)-treated Si(111) substrate was
analyzed. The XPS spectra in the core level regions of N1s,
C1s, Si2p, and Br3d are displayed in Figure 3. A fluorine F1s
emission which would be indicative of BF4

- remnants was not
observed. For the nitro- and bromobenzene processes, the
deposition of the organic adsorbate layer is evidenced by the
observation of the Br3d core level and the N1s emission at a
binding energy, BE, of 406 eV which is characteristic of nitrogen
in the environment of a NO2 group.15 A substantial increase of
the C1s emission was observed compared to the Si(111):H
sample, which correlated with a significant attenuation of the
substrate Si2p emission. A second N1s component at BE∼
400 eV was found for the bromo- as well as nitrobenzene
process. This signal presumably originated from amino groups
(NH2),16 which are to be attributed to contaminations of the
working solutions. (NH2 compounds are used as the precursor
for the formation of the diazo group and may thus be introduced
as contamination of the diazonium salt.) This adventitious
nitrogen signal was also observed by other groups.6,7,17,18

Generally, our findings from XPS are similar to those of refs 6
and 7 where grafting also occurred on Si(111). For the
methoxybenzene process, the C1s intensity was much less,
indicating a considerably smaller adsorbate layer thickness. A
more detailed account of the XPS data will be given in the
Discussion section.

(b) UPS Results.Figure 4 shows the He I-excited UPS
spectra of Si(111) surfaces grafted with nitrobenzene, bro-
mobenzene, and methoxybenzene. For comparison, the UPS
spectrum of the HF-treated Si(111) substrate was included.
Depending on the adsorbate, clearly different emission structures
are observed. The general structure of He I-excited UPS spectra

is characterized by a strongly increasing background intensity
of inelastically scattered photoelectrons (i.e., the so-called
secondary electrons). The kinetic energy, KE, of the investigated
photoelectrons relates to the binding energy, BE, and the
excitation energy,hν, according to

with WF being the work function. Hence, forhν - BE ) WF,
the kinetic energy of the photoelectrons becomes zero and they
cannot exit the solid but are reflected at the surface potential
barrier of the work function. This produced the sharp intensity
drop in the He I spectra for binding energies around 16 eV,
which is the so-called secondary electron edge. By its energy
position, BE(Esec), the work function of the investigated surface
is determined according to WF) hν - BE(Esec) as KE(Esec) )
0. Figure 4 shows that the secondary electron edges of the
investigated samples varied from 17.1 to 16.0 eV; hence, the
work function, WF, changed from 4.1 to 5.2 eV, that is, by
more than 1 eV. The absolute values of the work function are
given in Table 1. This change of the work function of Si is
supposedly induced by the different functional groups, which
carry different molecular dipole moments. The work function
of a semiconductor, however, is not solely determined by the
electron affinity but also by the position of the Fermi level at
the surface, which may be shifted by the occupation of surface

Figure 3. XPS core level spectra of N1s, C1s, Si2p, and Br3d measured on benzene derivative layers C6H4-X (X ) NO2, Br, OCH3) grafted onto
Si(111). The XPS spectra of a hydrogen-terminated Si(111) substrate (Si:H) are displayed on the bottom. Note that the Si2p spectra of the methoxy
(OCH3)-benzene deposition and the substrate are scaled down by a factor of 0.3.

Figure 4. He II-excited UPS spectra of aryl adsorbate layers C6H5-X
(X ) NO2, Br, OCH3) grafted onto p-Si(111). The UPS data of a
hydrogen-terminated Si(111) substrate are included for comparison (“Si:
H”). Characteristic emissions are labeled with roman (a-e) or greek
letters (â-ε). In the region of the secondary electron edge (BE> 15
eV), the spectra are scaled by 0.1. The secondary electron edge marks
the work function of the surface. Depending on the adsorbed species,
the work function changes by more than 1.0 eV.

KE ) hν - BE - WF (1)
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states in the forbidden gap. These two contributions can be
separated by combining information derived from UPS and XPS.
This will be undertaken below in part c of the Discussion
section.

In the valence band region, that is, for binding energies up
to 14 eV, the UPS spectra exhibit characteristic emission features
that differ for the various adsorbates. The UPS spectrum of the
Si(111)-C6H4-NO2 surface exhibits emission features at 3.9,
5.3, 6.8, 9.6, and 11.2 eV, respectively, labeled a-e in Figure
2. The valence band of Si(111)-C6H4-Br is characterized by
emissions at 2.9/3.5 eV, 4.9 eV, 6.7 eV, 8.3/9.4 eV, and 10.8
eV. The Si(111)-C6H4-OCH3 surface exhibits emission fea-
tures at 4.7, 6.3, 7.5, and 11.5 eV. Apparently, the different
molecular adsorbates give rise to specific photoemission features
in the valence band region. The binding energies of the observed
emission features were evaluated by the second derivative of
the spectra and were listed in Table 2.

(c) Comparison of Adsorbed State and Gas Phase.To a
first approximation, the angle-integrated UPS spectra reflect the
density of states (DOS) in the valence band region.19 In the
case of molecular adsorbates, the DOS is governed by the
molecular orbitals, which cansdepending on the interaction of
the adsorbate with its environmentsbe modified from the
isolated state in the gas phase. Literature data of the benzene
derivatives in the gas phase investigated by UPS are available
for bromobenzene20 and nitrobenzene.21 In Figure 5, these gas
phase He I spectra are compared to UPS spectra of the solid
adsorbate layers of nitro- and bromobenzene, excited with He
I and He II radiation, respectively. In Figure 5a and c, the gas
phase spectra of nitro- and bromobenzene, which were taken
from refs 20 and 21, were plotted. Below the spectra of the
adsorbate layers in Figure 5b and d, the measured binding
energies of the emission features a/a1,a2 to e are indicated by
vertical bars. In the gas phase data, 11 respectively 12 different
molecular orbitals were identified and assigned by a comparison

to molecular orbital calculations. The ionization potentials, IPs,
of these molecular orbitals are indicated as vertical bars in Figure
5a and c. The molecular orbitals can be grouped intoπ-bonding-
related orbitals of the benzene ring (πi), filled, lone-pair-like
orbitals of the functional groups NO2 or Br (denoted asn), and
σ-bond-derived orbitals (nonlabeled). Gas phase spectra are
commonly referenced to the vacuum level, and binding energies
are denoted as ionization potentials, IPs, of the respective
molecular orbital, which is the binding energy with respect to

TABLE 1: Surface Electronic Properties of Aryl Adsorbate Layers Grafted onto Si(111)

Si(111)-X
adsorbate X)

work function,
WF (eV)

binding energy,
BE(Si2p3/2) (eV)

Evbm

(eV)
surface band bending,c

eVbb (eV)
electron affinity,d

ø (eV)
surface potential step,e

δ (eV)

H(/OH) 4.22 99.40 0.68a 0.47 3.78 -0.27
Ph-NO2 5.23 99.01 0.30b 0.09 4.41 0.36
Ph-Br 5.13 99.06 0.34b 0.13 4.35 0.30
Ph-OCH3 4.06 99.49 0.78b 0.57 3.72 -0.33
uncertainty (0.10 (0.05 (0.05 (0.05 (0.15 (0.15

a Determined from the defined emission onset in HeII-excited UPS spectra. Therefrom, the binding energy with respect to the valence band
maximum energy, BEv(Si2p), was determined according to BEv(Si2p)) BE(Si2p)- Evbm ) 98.71(10) eV in good agreement with ref 37.b Calculated
according toEvbm ) BE(Si2p) - BEv(Si2p). c Calculated according toeVbb ) Evbm - |Evb - EF|vol. The bulk doping of the Si substrate yields
|Evb - EF|vol ) 0.21 eV.d ø ) WF + Evbm - Eg. e δ ) ø - øSi. As the bulk electron affinity of silicon,øSi ) 4.05 eV was used.36

TABLE 2: Emission Features in the UPS Spectra of Aryl
Adsorbate Layers C6H5

adsorbate emission label binding energy, BE,a (eV)

X ) -NO2 a 3.90
b 5.30
d1 8.82
d2 9.58
e 10.8

X ) -Br a1 2.85
a2 3.55
b 4.85
d1 8.29
d2 9.39
e 10.8

X ) -OCH3 â 4.7
δ 7.5
ε 11.5

a Observed binding energy with respect to the Fermi level.

Figure 5. Comparison of the He I- and He II-excited UPS spectra of
(b) nitrobenzene (C6H5-NO2) and (d) bromobenzene (C6H5-Br) layers
grafted onto Si(111) with the respective gas phase data (a, c). The gas
phase spectra are reproduced from refs 20 and 21, and the ionization
potentials of assigned molecular orbitals are indicated by vertical bars.
The gas phase data are referenced to the Fermi level of the respective
adsorbate layer using the measured work function, WF. The molecular
IPs are shifted by additional extramolecular screening,∆Rem, to lower
the binding energy.
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the vacuum level. Solid state valence band spectra, however,
are commonly referenced to the Fermi level. These energy scales
are related by

and the measured work functions of the grafted nitro- and
bromobenzene layers have been used. The similarity of the
emission features in the adsorbed solid state or the gas phase is
obvious. Due to additional phonon broadening in the solid state,
the individual orbital contributions are broadened; hence, not
all emission features of the gas phase are resolved.

The molecular orbital binding energies of the adsorbed state
are shifted to smaller binding energies than in the gas phase.
This shift,∆Rem, amounts to 0.69(5) and 1.01(5) eV for nitro-
and bromobenzene layers grafted onto Si(111), respectively. This
apparent shift of binding energies between the gas phase and
adsorbed solid state results from the differing screening environ-
ments of the two states. In the photoemission process, a
positively charged photohole is created. In the adsorbed solid
state, the neighboring molecules contribute to the screening of
this positive charge by rearrangement of the valence electrons.
There is an additional extramolecular screening of the photohole,
which reduces the Coulomb attraction between photoelectron
and photohole and gives rise to an apparent lower binding
energy. The latter is lowered by the extramolecular relaxation
energy,∆Rem, compared to the isolated gas phase photoemission
process.19

4. Discussion

(a) Electronic Structure of the Adsorbate Layers.The good
correspondence between the emission features of the gas phase
and the adsorbed, electrochemically grafted, solid surface layer
reflects the success of the electrochemical grafting procedure
for nitro- and bromobenzene. On the basis of the good agreement
between the adsorbed state and gas phase data, it is reasonable
to assume that the emission structures originate from the same
molecular orbitals. Hence, the assignment derived from the gas
phase data can be transferred to the adsorbed phase: The
delocalizedπ states of the benzene rings having smaller binding
energies than theσ-derived bands are common to both adsorbate
systems, nitro- and bromobenzene. The emission feature a or
a1 is the highest occupied molecular orbital (HOMO) and
consists of aπ2 or π3 state (a1 or b2 symmetry) for nitro- and
bromobenzene, respectively.20,21 The emission structure c cor-
responds to theπ1 orbital. The emission features d1/d2 and e
involve σ-bond-derived molecular orbitals predominantely on
the benzene rings. The prominent emission b of the adsorbate
layers corresponds to molecular orbitals on the functional group
NO2 or Br, respectively. In analogy to refs 20 and 21, they are
labeled n⊥, n| and n0+, n0

-.
The assignment of the structures b as being due to the

functional groups NO2 and Br is further supported by the energy-
dependent photoionization cross sections. Comparing the He I-
and He II-excited spectra, the relative intensity of b is
significantly increased for He II excitation in the case of
nitrobenzene. For bromobenzene, however, structure b is
significantly less pronounced for He II excitation. This is a result
of the energy dependence of the atomic photoionization cross
section,σ, of the respective orbitals: Whereas the relative cross
section of the N2p orbitals increases fromσ(N2p)/σ(C2p) )
1.6 to 2.3 when going from He I (hν ) 21.2 eV) to He II
excitation (hν ) 40.8 eV), the relative cross section of Br2p,
σ(Br2p)/σ(C2p) decreases from 2.5 to 0.5.22 The n|/n⊥ orbitals
(lone pairs) of the Br ligand exhibit a clear energy splitting in

the gas phase; however, in the adsorbed layer, only a single
emission line is observed. A preferential orientation of the
adsorbed molecules in conjunction with dipole selection rules
might explain the absence of the n| emission; however, more
detailed angle-dependent measurements would be necessary to
corroborate this explanation.

The UPS spectrum of the sample that was subjected to the
grafting process using a methoxybenzene diazonium salt closely
resembles that of thin electrochemical oxides formed on
Si(111).23 The emissionsø, δ, andε are attributed to the O2p
orbitals in OH (ø) and SiO2-x (δ, ε), respectively. The O2p
emissions from methoxybenzene, C6H5-OCH3, however, are
expected in the same energy range. The weak emission,â, can
be related to theπ2/π3 emission bands (C2p derived) of
methoxybenzene according to the comparison to the UPS data
of solid multilayers of C6H5-OCH3 on TiO2.24 In consequence,
the valence band features of the methoxybenzene grafted sample
are dominated by silicon oxide/hydroxide-like emissions; how-
ever, they are consistent with a sub-monolayer coverage of
methoxybenzene which would contribute with only minor
intensity to the total spectrum. This conclusion is supported by
an analysis of the intensities of the XPS core levels.

(b) Thickness Estimation from XPS. To estimate the
thickness of the deposited aryl layers, the intensity of the C1s
and bulk Si2p0 core level emissions in XPS was evaluated. For
the nitro- and bromobenzene grafted surfaces, C1s/Si2p0

intensity ratios of 2.5 and 3.4 were found, respectively. The
same intensity ratio of the sample subjected to the methoxy-
benzene grafting process was only 0.2 (cf. Figure 3). Qualita-
tively, this means that the deposited bromo- and nitrobenzene
layers were considerably thicker than that of the methoxyben-
zene process.

For a quantitative estimate, the closed overlayer model was
applied.25 The thickness of the adsorbed overlayers was
estimated from the relative intensities of the aryl C1s and
substrate Si2p emissions,IC1s/ISi2p. The substrate and overlayer
photoelectron intensities depend on the overlayer thickness,d,
according to

where I Si2p
∞ is the photoelectron intensity of a clean, semi-

infinite silicon crystal,I C1s
∞ would be the C1s photoelectron

intensity of a semi-infinite, solid layer of the respective benzene
derivative, λC1s(Si2p)

o is the electron mean free path,λ, of
C1s(Si2p) photoelectronsin the overlayer (o).λC1s

o and λSi2p
o

were approximated by calculated data of the structurally related
solid polystyrene26 with λC1s

o ) 3.2 nm andλSi2p
o ) 3.6 nm.

Following ref 27, the intensitiesIC1s
inf and ISi2p

inf were estimated
according to

with X ) C1s and Si2p and wherenX denotes the elemental
density,T(KE) is the transmission function of the analyzer, and
σ is the photoionization cross section. The elemental density,
nC, of carbon in the adsorbed aryl layer was approximated by
that of the pure liquid compound. Due to the discrepancies in
the values forσ in the literature,22,28a considerable uncertainty
was introduced into the estimation. Depending on the photo-
ionization cross sections assumed, the ratioI C1s

∞ /I Si2p
∞ varied

from 2.2 to∼1.0. Finally, the overlayer thickness,d, was derived
from the experimentalIC1s/ISi2p ratio by applying the described

BE ) IP - WF (2)

IC1s

ISi2p
(d) )

I C1s
∞

I Si2p
∞

[1 - exp(-d/λC1s
o )]

exp(-d/λSi2p
o )

(3)

I X
∞ ) const‚nX‚σX‚λX‚T(KEX) (4)
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figures to eq 3. Eventually, for the nitro- and bromobenzene
layers, an adsorbate thickness of 3-5 nm is estimated. Assuming
the thickness of one monolayer (ML) of an aryl adsorbate is
about 0.7 nm6 the calculated thickness translates into 4-8
monolayers for nitro- and bromobenzene. For the sample
subjected to the grafting process with methoxybenzene, a
nominal thickness of only 0.3-0.5 nm is deduced, that is,
considerably less than one monolayer. The thickness estimation
of the deposited aryl films based on the XPS data is given in
rows 4-6 of Table 3, where the range of nominal thicknesses
is given by the use of 2.2 (low) or 1.0 (high) forI C1s

∞ /I Si2p
∞ .

Assuming a monolayer thickness of 0.67 nm7 for all deposits,
the thickness is converted to equivalent monolayers in the fifth
row of Table 3.

(c) Multilayer Formation sSurface Polymerization. The
thickness of electrografted nitro- or bromobenzene films was
evaluated in the literature with different experimental approaches
such as an atomic force microscopy (AFM) scratching tech-
nique,29,30Rutherford backscattering spectroscopy (RBS),31 and
XPS,18 as in the present study. For nitrobenzene electrografted
onto a carbon surface, a layer thickness of 2-4 nm was reported
on the basis of AFM.30,32 Bromobenzene layers grafted onto
silicon were found to be up to 2.5 nm thick when deposited
under high overpotential, as determined by RBS.31 The thickness
measurement of nitrobenzene layers grafted onto metal surfaces
yielded values between 3 and 6 nm.18 Our observation of
multilayer formation with layer thicknesses between∼3 and
∼5 nm is thus consistent with the literature. Allongue et al.
had termed this process, the further attachment of aryls to the
surface after the completion of the first monolayer, surface
polymerization.31 In fact, polymeric aryl fragments have been
observed in time-of-flight secondary ion mass spectroscopy
(ToF-SIMS) experiments from electrografted, multilayered
bromo- and nitrobenzene films on carbon.33 On the basis of
these results, the well-known aromatic homolytic substitution
(SH) reaction was proposed as a reaction mechanism leading to
multilayer formation.33,34

In the following, the phenyl layer thickness determined from
XPS is compared to the amount of electrical charge consumed
during the potentiostatic grafting process. The first row of Table
3 gives the total cumulative net charge,q, per unit surface area
which passed through the working electrode (area 0.25 cm2).
Assuming that every electron transferred into the electrolyte
generates one aryl radical, the number of aryl radicals generated
per unit area is easily calculated byq/1.6 × 10-19 C in the

second row. In the idealized process,7 the initial grafting process
on Si(111) leads to the covalent bonding of one aryl group for
every two silicon surface atoms. Due to steric constraints, a
higher packing density is unlikely.31 Thus, we define here one
monolayer of aryl adsorbate equivalent to one adsorbed molecule
per two silicon surface atoms with a density,nSi(1×x3)R30°, of
3.9 × 1014 cm-2 (the surface density of Si(111) is 7.8× 1014

cm-2). This monolayer is standing upright on the Si(111) surface
with the aromatic ring plane parallel to{1-10} forming a
rectangular (1×x3)R30° superstructure on Si(111).31 The
thickness of one monolayer corresponds to 0.67 nm for
bromobenzene.31 Interestingly, the molecular volume of the
adsorbed molecule of 0.172 nm3 is almost identical to the liquid
state (0.174 nm3). Normalization of the number of aryl radicals
generated per unit area to the density of molecular adsorption
sites, nSi(1×x3)R30°, yields the number of aryl radicals per
adsorption site,nX, generated in the whole process. In the initial
adsorption process of the first monolayer,nX should be 2,
because two aryl radicals are necessary for the grafting
process: The first aryl radical abstracts hydrogen from a silicon
surface site, and the second attaches to the generated Si dangling
bond. The values ofnX for nitro- and bromobenzene in Table
3 are much higher, approximately 8 or 12, respectively,
indicating that in the corresponding processes much more aryl
radicals had been generated than necessary for the deposition
of single monolayer. This agrees with and corroborates the
results of the XPS thickness determination where 4-8 ML thick
multilayers instead of single monolayers were deduced.

Eventually, in the last row of Table 3, the number of injected
electrons per adsorption site is related to the number of deposited
molecules per adsorption site, that is, the number of monolayers,
by forming the ratio of these two. This figure is the grafting
yield or grafting efficiency. If this number is unity, then for
every electron injected into the electrolyte one aryl group is
attached to the surface. If electrons or radicals are “lost” in side
reactions not leading to aryl attachment, then this number gets
smaller than unity. For the monolayer attachment process on
Si(111) as depicted in Figure 1, the grafting yield is 0.5, because
for the attachment of one phenyl the injection of two electrons
(and generation of two radicals) is necessary. Even though there
is quite some uncertainty in the data, two points may be noted:

(i) The grafting yields for nitro- and bromobenzene multi-
layers on Si(111) are rather similar and cluster around∼0.5.
(A similarly prepared Si(111)/C6H4-NO2 sample yielded values
of 0.4-0.7.) These grafting yields are similar to those of
nitrobenzene monolayers grafted onto glassy carbon and highly
oriented pyrolytic graphite (HOPG) that had been estimated
previously.35 There, grafting yields of 0.56 (HOPG) and 0.84
(glassy carbon), comparable values to the value 0.5 for multi-
layers on Si(111) in the present study, had been reported. The
uncertainty in the measured grafting yields prevents one from
drawing more detailed conclusions on the prevailing reaction
mechanisms but appears as an interesting analytical tool for
future studies.

(2) The grafting yield for methoxybenzene is about a factor
of 2 smaller than that for nitro- or bromobenzene. Even though
the aryl generation ratio would be sufficient for the deposition
of the first monolayer, the XPS data indicate an organic layer
with a thickness of less than 0.5 nm. A fundamental difference
between nitro-/bromobenzene on one hand and methoxybenzene
on the other hand lies in the orientation of the electrostatic dipole
associated with the charge distribution within the aryl radical,
as indicated in Figure 6. The situation immediately after electron
injection and detachment of the N2 group is shown. The dipole

TABLE 3: Comparison of Aryl Radical Generation and
Layer Thickness for Grafting Processes with N2C6H4-X
(X ) NO2, Br, OCH3)

X )

NO2 Br O-CH3

charge,q, per unit area (mC/cm2) -0.47 -0.72 -0.12
radicals per unit area (1015/cm2) 2.9 4.5 0.7
radicals per adsorbate site,a nX 8 12 2
XPS intensity ratio C1s/Si2p 2.5 3.4 0.2
film thickness (low-high)b (nm) 2.7-4.5 3.4-5.3 0.25-0.5
film thickness (low-high)c (ML) 4-7 5-8 0.4-0.7
grafting yieldd 0.5-0.9 0.4-0.7 0.2-0.4

a One adsorption site is defined as the surface unit mesh of a
(1×x3)R30° superstructure comprising two silicon surface atoms. The
adsorption site density on Si(111) is 3.9× 1014 cm-2. b The low-high
range is given by the application ofI C1s

∞ /I Si2p
∞ ) 2.2 and 1.0, respec-

tively, in eq 3, which result from diverging calculated photoionization
cross sections.c One monolayer (ML) is defined as one adsorbed
molecule per adsorption site. Its thickness was assumed as 0.67 nm.
d Average number of surface attached phenyls per injected electron.
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moment,µ, generated by the charge distribution within the aryl
radical was calculated by Hartig et al.9 and is indicated by an
arrow. For the bromo- and nitrobenzene radicals, the electrostatic
charge distribution is such that the end of the nonpaired orbital
is further attracted toward the negatively biased electrode
(attractive translatory force,u ) which is a favorable situation
for bonding to the working electrode. On the other hand, the
electrostatic charge distribution in the methoxybenzene is such
that the radical side becomes negatively charged. This implies
that immediately after the release of the N2 group, a torsional
moment,R, acts on the methoxybenzene radical, which turns
the CH3 end group toward the electrode and pushes the reactive,
nonpaired orbital away from the electrode. The resulting
orientation of the radical prevents the covalent bonding to the
working electrode but favors side reactions that lead to an
annihilation of the radical. The issue of side reactions during
the electrochemical process is discussed in detail in ref 14. This
mechanism is the presumable cause for the inefficiency of the
grafting process of methoxybenzene.

The proposed reaction mechanism for nitro- and bromoben-
zene has consequences for the molecular orientation within the
adsorbate layer. Whereas the first adsorbed phenyl layer is
believed to be standing upright with respect to the Si(111)
surface, the angle between the ring plane within the second
adsorbed phenyl layer is only about 30° and steric problems
occur.31 For even higher film thicknesses, much more molecular
orientations become possible, and a continuous loss of molecular
orientation can be expected with increasing distance from the
interface. As each of the phenyl molecules is associated with
an electrostatic dipole, the ordering and disordering of the
molecular orientation has consequences for the macroscopic
dipole field of the adsorbate layer. The electronic surface
potentials are discussed in detail in the following section.

(d) Surface PotentialssBand Bending.The work function
of the investigated samples, measured by the position of the
secondary electron edge in Figure 4, varied by more than 1 eV
depending on the diazonium salt used. Generally, this shift is
attributed to the potential step,δ, associated with the dipole
moment of the deposited organic molecule. This desired property
allows for the tailoring of the electron affinity. A change in the
electron affinity,ø, however, is not the only possible cause for
a shift of the work function, WF. This is illustrated in the surface
energy band diagram of Figure 7, where the relevant surface
potentials are indicated. In the case of a semiconductor, surface
band bending,eVbb, can occur, which shifts the Fermi level at

the semiconductor surface. This causes a change in the work
function even without any change of the electron affinity,ø,
which implies that, in order to investigate the potential step
induced by the adsorbed layer, the band bending of the
semiconductor must be known. Band bending does indeed play
a role in the investigated layers, as is apparent from Figure 3,
wheresdepending on the phenyl adsorbatesclearly different
BEs of the substrate Si2p emission are observed.

The work function, WF, is defined as the energy difference
between the vacuum level,Evac, and the Fermi level,EF. The
position of the Fermi level above the valence band maximum,
Evb, at the surface is denoted asEvbm. Then,

whereø is the measured electron affinity of the surface. The
effect of an adsorbate or surface termination layer can be viewed
such that the “intrinsic electron affinity” of Si,øSi, which is a
constant, is modified by a dipole contribution,δ, which depends
on the charge distribution at the interface and within the
adsorbate layer:3

With the potential step,δ, defined such that an increase of
the electron affinity corresponds toδ > 0, WF can be written
as

whereEg is the band gap of silicon, 1.12 eV.36 On the other
hand,Evbm can be expressed by the Fermi level position in the
bulk, |Evb - EF|vol, and the surface band bending,eVbb:

Finally, eq 7 can be rearranged to give an equation for the
surface potential step,δ, which contains only known constants
or measured quantities:

The position of the Fermi level at the silicon surface can be
derived from the observed binding energy, BE(Si2p), of the
Si2p3/2 emission, which is determined by curve fitting of a single
component Voigt profile doublet to the measured spectra. The

Figure 6. Illustration of the mechanical forces acting on nitrobenzene
and methoxybenzene radicals in the electric field of the Helmholtz
double layer. The charge distribution within the radicals was computed
in ref 9 and is indicated by partial charges,δ-/+, which cause a dipole
moment,µ, of the radicals that is indicated by the gray arrow. The
electric field in the double layer causes an attractive force,u, on the
nitrobenzene radical, whereas a torsional moment,R, is exerted on
the methoxybenzene radical, which turns the reactive nonsaturated
carbon bond away from the electrode.

Figure 7. Energy band diagram of a functionalized silicon surface
with band bending,eVbb, and a surface dipole,δ, modifying the intrinsic
electron affinity of silicon,øSi. eVbb is derived from the measurement
of the Si2p3/2 core level binding energy, BE, and then,δ is determined
from eVbb and the work function, WF.

WF ) Eg - Evbm + ø (5)

ø ) øSi + δ (6)

WF ) (Eg - Evbm) + (øSi + δ) (7)

Evbm ) |Evb - EF|vol + eVbb (8)

δ ) WF - Eg - øSi + Evbm (9)
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binding energy of Si2p with respect to the valence band
maximum

is a constant and independent from the surface band bending
(cf. Figure 7). BEv(Si2p) was determined for the hydrogen-
terminated reference sample as the energy difference between
the measured core level BE and the steep emission onset at the
valence band edge in He II-excited spectra (not shown), which
yieldedEvbm ) 0.68(5) eV. A value of BEv(Si2p)) 98.71(10)
eV was determined which agrees well with literature values
(98.74(4) eV37). For the phenyl adsorbate layers,Evbm was then
calculated according to eq 10.

The surface electronic properties were calculated for the
hydrogen-terminated reference substrate and the phenyl adsor-
bate layers from the experimental data of the work function,
WF, and BE(Si2p) as described above. The results are listed in
Table 1. Using the derived numerical values, the corresponding
surface energy band diagrams were constructed in Figure 8. For
the adsorbate multilayers of nitro- and bromobenzene, the
observed band bending,eVbb, is small with only∼0.1 eV; hence,
these surfaces are close to the flat-band condition. For both
surfaces, the electron affinity,ø, is increased. This increase is
attributed to the dipole contribution of the adsorbate layer. The
potential step,δ, associated with the adsorbate layers is
+0.36(15) and+0.33(15) eV for Ph-NO2 and Ph-Br multi-
layers, respectively. For the HF-treated Si(111) surface, a
comparatively high band bending of about 0.5 eV was observed
which indicates that the hydrogen termination was not perfect,
because in this case flat-band conditions would have been
observed. [In our experience,Evbm ∼ 0.7 eV is the usual pinning
position for partially oxidized Si(111):H surfaces. The surface
states responsible for this Fermi level pinning can be attributed
to oxygen in the back-bonds of the outermost Si surface atoms.38

For the substrates employed with a bulk dopant density of about
4 × 1015 cm3, a surface state density of 10-4 ML is sufficient
to effect the observed band bending of 0.5 eV which explains
why a corresponding SiO2 emission is not observed in the Si2p
XPS signal (Figure 3).] The emission at about BE) 6.8 eV in
the HeI UPS spectrum is typical for O2p in OH groups,
indicating as well a partial OH termination of the HF-treated
sample.39 The surface potential step,δ, of this surface is
-0.27(10) eV, implying that the electron affinity is lowered by
the imperfect hydrogen termination.

The surface potentials of the silicon surface subjected to the
grafting process with methoxybenzene were similar to that of
the imperfect hydrogen termination. In particular, a rather high
band bending,eVbb, of ∼0.6 eV was found, as well as a lowering
of the surface electron affinity byδ ) -0.32(15) eV.

(e) Tailoring of the Electron Affinity. The desired functions
of the organic adsorbate layer in terms of functionalization of
silicon surfaces are twofold:1 (i) chemical and electronic
passivation of surface gap states by covalent bonding to the
silicon surface and (ii) tuning of the electron affinity by the
dipole contribution of the adsorbate. Both functions are fulfilled
by the nitro- and bromobenzene multilayers deposited in the
electrochemical grafting process. The resulting surfaces are close
to flat-band conditions with a remaining surface band bending
of only ∼0.1 eV. This is in agreement with in situ photovoltage
measurements8,9 where a reduction of band bending was
observed. The charge distribution within the interface and the
adsorbate layer effects an increase in the electron affinity by
an effective potential step of+0.3 to+0.4 eV. Generally, this
effective dipole moment is attributed to the dipole contributions
of the individual adsorbate molecules which due to their ordering
give rise to a macroscopic electrostatic potential step across the
adsorbate layer. This is consistent with the dipole moments of
covalently bonded nitro- and bromobenzene which were cal-
culated to be 3.9 and 1.6 D, respectively.9

In the case of a covalently bonded methoxybenzene molecule
with a covalent Si-C bond at the 4-position of the phenyl ring,
the projection of the molecular dipole on the surface normal
would give an effective dipole moment,µ⊥,eff, of -0.5 D,9 where
the negative sign indicates the opposite orientation with respect
to nitro- and bromobenzene (cf. Figure 2). Hence, a lowering
of the surface electron affinity would result. Such an effect was
indeed observed for the sample subjected to the electrochemical
polarization in methoxybenzene diazonium solution with an
effective dipole moment contribution,δ, of about-0.3 eV. The
XPS quantification estimated the amount of organic material
on the surface to about 0.5 ML equivalents of methoxybenzene.
The UPS analysis indicated at the same time a considerable
nonintended oxidation and SiOx formation at the surface during
the electrochemical processing. The defects associated with the
oxide formation are the presumable reason for the substantial
band bending at this surface of∼0.6 eV. Hence, the desired
electronic passivation of the surface was not achieved by the
methoxybenzene process. The second function, a reduction of
the surface electron affinity, was indeed observed, and the
surface dipole was quantified to-0.3 eV. With the present
experiments, it cannot be decided, however, to what extent the
concurring phenomena of methoxybenzene attachment and
surface oxidation contribute to this alteration.

In conclusion, the electrochemical grafting process is effective
for nitrobenzene and bromobenzene with the desired surface
functionalization and passivation. Further process development
should focus on the suppression of multilayer formation, because
both functions, modification of the electron affinity and passi-
vation by covalent bonding, are governed by the first monolayer

Figure 8. Energy band diagrams of the investigated surfaces: (a) HF-treated, hydrogen-terminated p-Si(111)-H with traces of OH; (b) nitrobenzene
grafted onto p-Si(111); (c) bromobenzene/p-Si(111); (d) methoxybenzene/p-Si(111). The biggest surface dipole and simultaneously lowest surface
band bending are obtained for part b, while part d yields a surface dipole of opposite sign and a considerable surface band bending of approximately
0.6 eV.

BEv(Si2p)) BE(Si2p)- Evbm (10)
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adsorbate only. The surface functionalization of silicon by the
electrochemical grafting of methoxybenzene could not be
evidenced as clearly as that for bromo- and nitrobenzene. A
much lower grafting yield was observed which was explained
by the unfavorable molecular “mechanics” of the grafting
process for methoxybenzene radicals. Due to the only partial
surface coverage, the distinction between the effects of meth-
oxybenzene-related functionalization and concurring surface
oxidation is difficult. In further developments, the process should
be refined such that the nonintended, concurring surface
oxidation is suppressed and complete monolayers or even
multilayers are deposited. In a further step, the effectivity of
the electrografted, functionalized phenyl layers for the modifica-
tion of device characteristics such as Schottky barrier heights
should be investigated.

5. Summary

Methoxy-, bromo-, and nitrobenzene layers grafted onto
silicon (111) surfaces by cathodic polarization in diazonium salt
solutions were investigated in a comprehensive, combined UPS/
XPS analysis. The XPS core level signals indicated the
deposition of nitro- and bromobenzene multilayers with a
thickness between 3 and 5 nm. Balancing the injected charges
during electrochemical polarization with the amount of deposited
material, a grafting yield of∼0.5 was evaluated for bromo- and
nitrobenzene. For methoxybenzene, only a sub-monolayer
coverage and a much lower grafting yield was observed. The
presumable reason for the difference in grafting efficiency
between nitro-/bromo- and methoxybenzene is the different
orientations of the dipole moment associated with the intermedi-
ate aryl radicals formed. For a more detailed understanding of
these steric, orientational effects, further studies by orientation-
indicative methods such as IR ellipsometry40 are necessary. It
was demonstrated recently for nitrobenzene grafted onto Si(001)41

that useful complementary information can be provided by this
method.

The valence electronic structure of the solid bromo- and
nitrobenzene multilayers was measured with UPS and explained
by comparison to gas phase spectra. The density of states is
dominated by the molecular orbitals with only minor modifica-
tions from the isolated gas phase state due to molecule-
molecule and molecule-adsorbate interaction.

The surface and interface potentials of the formed Si(111)/
C6H4-X heterostructures were analyzed in terms of the surface
band bending (induced by surface states in the forbidden band
gap) and surface dipole moment of the adsorbate layer. A
lowering of the surface electron affinity was found for the
methoxybenzene grafted surface with a surface dipole of
-0.33(15) eV which is consistent with the oriented attachment
of methoxybenzene. However, the band bending of this surface
is still high with about∼0.6 eV. For nitro- and bromobenzene
layers, potential steps of+0.36(15) and+0.33(15) eV at the
surface were measured, which is consistent with an increase of
the electron affinity by the oriented attachment of the molecular
dipoles. Also, the interface state-related band bending in silicon
was small (∼0.1 eV) for the nitro- and bromobenzene grafted
surfaces. This indicated that the function of the adsorbed aryl
layer is not only electrostatic, increasing the surface electron
affinity, but also effects the electronic passivation of the silicon/
aryl interface. Nonetheless, a significant amount of interfacial
oxides was observed for the silicon surfaces functionalized by
aryl groups. Future studies should focus on the optimization of
the deposition process in order to reduce the amount of
interfacial oxides and the suppression of multilayer formation.

In terms of methodology, the combined application of UPS
and XPS to electrochemically modified silicon surfaces allowed
for the construction of complete energy band diagrams and the
simultaneous analysis of electronic and chemical surface proper-
ties. It could be demonstrated that the analysis of the electronic
structure of organic adsorbates by UPS is feasible for wet,
electrochemically processed systems, and not only for vacuum
adsorbed material.
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