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Electronic Structure of Methoxy-, Bromo-, and Nitrobenzene Grafted onto Si(111)
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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 layer€{H,—X, with X = NO,, Br, O—CH,) 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 moleemlelecule and molecutesubstrate 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-layers
changing the electron affinityand 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 bond (Figure 1b), which reacts with another aryl radical to form
a covalently bonded [gE=Si—CgHs—X (X = NO,, Br) surface

In the past years, semiconductor surfaces terminated withs ecies (Figure 1¢ and d). Again, by variation of the functional
organic compounds have attracted considerable interest due to P 9 - Again, by

the scientific importance of this heterointerface. The application group X _the dlp.ole of the gdsorbed mollecule can in préréuple
perspectives lie in the engineering possibilities of inorganic be mO.dIerd..ThIS WaS.SIUd'ed by Rappich and CO-WOTRETS,

semiconductor surfackand the development of novel hybrid vv_ho, N ._a_ddmon to_nitro- ._and bromobenzene, investigated
inorganic/organic semiconductor deviéeb1 terms of semi- dlethylan_ll_lne _and chlo_ro-, dichloro-, anq methoxybenzene_ for
conductor surface engineering, control of the surface statethe modification of Si(111) surfaces in an electrochemical

density, tailoring of the electron affinity, and chemical inertness grafting process. '_I'he dipole moments of aryl rad!cals were
are desirable. An overview of the modification of the surface calculated, and their influence on the interface formation process

properties of primarily binary semiconductors by organic surface \?vr;i g}gcifgégg |cir|c]) r;fuemgzgrg;ﬁefﬁgcg? tr;laehziitillusrﬁir:lig?s
treatments is given in ref 1. An impressive example for this y [Ne pnotolu
approach is the tuning of the electron affinity of GaAs by about cence a_nd surface p_hotqvoltage, electronic passivation and a
1 eV through the adsorption of tartaric acid derivatives where g?iﬁ?}% (':2 t\)/\?:r% %Z?gé)nngstlp;tgged by the aryl termination of the
the substituent X on the benzene group allows for a systematic )

modification of the molecular dipofe.For the elemental In this paper, we investigate the properties of Si(111) surfaces
semiconductor silicon, organic surface functionalization by wet terminated with benzene derivatives by uItraV|(_)Iet photoelectron
processes was demonstrated by alkyldtfoand by electro- spectroscopy (UPS). UPS allows not only for direct and absolute

chemical grafting of aryl grougs’8 The latter process as measurements of phe work function, but it was found that the
developed in refs 6 and 7 is illustrated in Figure 1. By electron Molecular electronic structure of the adsorbate could be imaged
injection into a solution of diazonium salt BR,—CgHs—X, by UPS and can be employed f(_)r a unique identification _of the
intermediate aryl radicakCeH4—X are formed (Figure 1a). In ~ @dsorbate. The vacuum adsorption of pure benzene on Sit001)
a two-step process, one aryl radical abstracts hydrogen from(2x1) surfaces has been the subject of a number of publications

the hydrogen-terminated Si(111) surface and creates a dangling the past years, including soft-X-ray and ultraviolet photo-
electron spectroscopic studisi! Our data demonstrate that
* Corresponding author. E-mail: hunger@surface.tu-darmstadt.de. Mail the measurement of the valence electronic structure of organic
address: cfo BESSY, Albert-Einstein-Str. 15, 12489 Berlin, Germany.  adsorbates is not limited to vacuum processes but can be applied
¢%Emf’cgﬁi\lngr';’ie&S'tHDarmStadt- to the analysis of wet, electrochemical deposition processes
§ Abteilung Halbleiterheterogrenzfthen, Hahn-Meitner-Institut. performed at atmospheric pressure. The UPS study was com-

' Abteilung Silizium-Photovoltaik, Hahn-Meitner-Institut. bined with X-ray photoelectron spectroscopy (XPS), which
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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 moleculel@s—X (X = NO,, Br, OCH)
is indicated by a gray arrow. For methoxybenzene, the effective dipole
moment along the molecule axis which after grafting is perpendicular
to the Si surfaceuyern, has the opposite direction compared to those
of nitro- and bromobenzene.

thickness was about 100 nm). The wafers were cut intoc20
20 mn? 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 igS®/H-O, =
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

Figure 1. Schematics of the electrochemical grafting process. (a) By Teflon cell, using a three-electrode configuration (sample,
electron injection from the working electrode, the bond between the working electrode; Au ring, counter electrode; Au wire, refer-
diazo group and the phenyl ring is broken, il split off, and phenyl ence electrode). In reference experiments, the potential of the
radicals are generated. (b) A phenyl radical abstracts hydrogen from a |, electrode was measured to abet@t.54 V versus SCE. The

the silicon surface and generates a silicon dangling bond. (c) A second . . .
phenyl radical recombines with the dangling bond, and (d) a covalent sample was mounted into the cell, and the chemical oxide was

Si—C bond is established between a surface silicon atom and the phenyl 8(ched back in Nk (40%), such that flat hydrogenated Si(111)
At least two electrons are necessary to bind one phenyl group. terraces were formet. The NH,F (40%) was then completely
pumped out, and 20 mL of 0.01 M,8O, was added to the
simultaneously provided information on the surface composition, cell. Simultaneously, the potential was switched-th.2 V to
adsorbate layer thickness, and surface band bending. The majognsure that the H-terminated Si surface was not oxidized. Then,
advantage of the combination of UPS and XPS information is 10 mL of the supporting electrolyte was pumped out and 10
that the contributions of electron affinity changes, that is, surface ML of the diazonium salt solution in 0.01 M,BO, was injected
dipoles, and band bending can be separated, and thus, completéto the cell at constant potential, yielding a diazonium salt

equilibrium band energy diagrams can be constru€&or this solution of 1.25 mM in the reaction vessel. Thus, electrochemi-
study, we chose to investigate nitro-, bromo-, and methoxy- cal grafting of organic molecules occurred. The curréithe
benzene layers<(CgHs—X, with X = NO,, Br, O—CHs) on transients observed were similar to those described in refs 9

Si(111) because the effective dipole moments of these moleculesand 14. The electrochemical grafting was terminated by observ-
perpendicular to the Si(111) surface span a wide range froming zero current that showed that the layer deposition was
3.9D (X=NO,) to —0.5 D (X = OCHy).? Here, the negative ~ completed. For the electrochemical grafting processes using the
sign of —0.5 D implies that the orientation of the adsorbate diazonium salts of nitro-, bromo-, and methoxybenzene, we
dipole moment changes by 180The derivatized benzene observed net charge flows 60.47 mC/cm?, —0.72 mClcm?,
compounds employed in our study are depicted in Figure 2, and—0.12 mC/cm?. The electrode area was 0.25 tin
together with their molecular dipole moment. With these  After the electrochemical preparation, the samples were rinsed
materials, the concept of surface functionalization by attaching in distilled water, dried, and encapsulated in argon filled
benzene derivatives and tailoring the electron affinity by grafting compartments. After storage for up to 2 days, the samples were
different functional groups carrying different dipole moments clamped onto stainless steel sample holders and immediately
can be favorably tested. 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
Wafers of p-Si(111) (2.55 Qcm) were cleaned using a and XPS data were collected with an entrance slit setting of
standard procedure and thermally oxidized (the thermal oxide 6 x 20 mn¥, and the medium area lens mode was employed.

2. Experimental Section
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Figure 3. XPS core level spectra of N1s, C1s, Si2p, and Br3d measured on benzene derivative delyets (X = NO,, Br, OCH;) 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
(OCHs)-benzene deposition and the substrate are scaled down by a factor of 0.3.

The energy scale of the spectrometer was calibrated using the o)

Audf7, core level emission at 84.0 eV of a clean, sputtered Au _ 45 | x0.1 \ (21.2eV)

foil. The UPS spectra were excited with a helium UV lamp ‘§ NO. \d

(Leybold), which produces spectral linestof= 21.22 eV (He o 2 : d,

) and 40.82 eV (He II). For the UPS spectra acquisition, a % 1o \.\ ¢

negative bias of-3 eV was applied to the sample to get a clear 2 e & d\—-b\ a X

signal of the secondary electron cutoff. XPS spectra were excited < \ —\\,‘f\ b 2

with non-monochromatized Mg &radiation fiw = 1253.6 eV) £ o5 E\/—h\’\ 3 a, Br

from an X-ray tube (SPECS). The spectra shown were refer- g \ X\L OCH

enced to the Fermi energy of the samples. 2 OH o Si_:l
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3. Results 175 15|.o 14 12 10 8 6 4 2 0

(a) XPS ResultsAfter introduction into the vacuum chamber, Binding Enery (V)

an XPS survey and detailed spectra were recorded. For referean'(E)'(@'”_re ’\‘I‘(-) HeB:"%‘é'ﬁz)d ;foezpi‘r:‘ttg" gf gi?%lal‘;s";ﬁgt%';‘é%ésaﬁ Xof .
purposes., in addition to the nitro-, bromo-, an.d merhoxybenzenehydrogen-zt,erm,inated Si(111) substrate are included for comparison (“Si:
grafted Si(111) surfaces, a HF(2%)-treated Si(111) substrate was characteristic emissions are labeled with romanepor greek
analyzed. The XPS spectra in the core level regions of N1s, |etters B—¢). In the region of the secondary electron edge (BE5
Cls, Si2p, and Br3d are displayed in Figure 3. A fluorine F1s eV), the spectra are scaled by 0.1. The secondary electron edge marks
emission which would be indicative of BFremnants was not the work function of the surface. Depending on the adsorbed species,
observed. For the nitro- and bromobenzene processes, thdhe work function changes by more than 1.0 eV.
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 N©group?® A substantial increase of
the Cls emission was observed compared to the Si(111):
sample, which correlated with a significant attenuation of the
substrate Si2p emission. A second N1s component at-BE KE = hv — BE — WE (1)
400 eV was found for the bromo- as well as nitrobenzene
process. This signal presumably originated from amino groups with WF being the work function. Hence, fow — BE = WF,
(NH,),16 which are to be attributed to contaminations of the the kinetic energy of the photoelectrons becomes zero and they
working solutions. (NH compounds are used as the precursor cannot exit the solid but are reflected at the surface potential
for the formation of the diazo group and may thus be introduced barrier of the work function. This produced the sharp intensity
as contamination of the diazonium salt.) This adventitious drop in the He | spectra for binding energies around 16 eV,
nitrogen signal was also observed by other grdufpd.18 which is the so-called secondary electron edge. By its energy
Generally, our findings from XPS are similar to those of refs 6 position, BEEse9, the work function of the investigated surface
and 7 where grafting also occurred on Si(111). For the is determined according to W& hy — BE(Esed as KEEsed =
methoxybenzene process, the Cls intensity was much lessQ. Figure 4 shows that the secondary electron edges of the
indicating a considerably smaller adsorbate layer thickness. A investigated samples varied from 17.1 to 16.0 eV; hence, the
more detailed account of the XPS data will be given in the work function, WF, changed from 4.1 to 5.2 eV, that is, by
Discussion section. more than 1 eV. The absolute values of the work function are
(b) UPS Results.Figure 4 shows the He l-excited UPS given in Table 1. This change of the work function of Si is
spectra of Si(111) surfaces grafted with nitrobenzene, bro- supposedly induced by the different functional groups, which
mobenzene, and methoxybenzene. For comparison, the UP&arry different molecular dipole moments. The work function
spectrum of the HF-treated Si(111) substrate was included. of a semiconductor, however, is not solely determined by the
Depending on the adsorbate, clearly different emission structureselectron affinity but also by the position of the Fermi level at
are observed. The general structure of He I-excited UPS spectrahe surface, which may be shifted by the occupation of surface

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

thotoelectrons relates to the binding energy, BE, and the
excitation energyhv, according to
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TABLE 1: Surface Electronic Properties of Aryl Adsorbate Layers Grafted onto Si(111)

Si(111)-X work function, binding energy, Evbm surface band bendirfg, electron affinity? surface potential step,
adsorbate X= WF (eV) BE(Si2p) (eV) (eV) e\ (eV) z (eV) o (eV)

H(/OH) 4.22 99.40 0.68 0.47 3.78 —0.27

Ph-NG 5.23 99.01 0.30 0.09 4.41 0.36

Ph-Br 5.13 99.06 0.%4 0.13 4.35 0.30

Ph-OCH 4.06 99.49 0.78 0.57 3.72 —-0.33

uncertainty +0.10 +0.05 +0.05 +0.05 +0.15 +0.15

aDetermined from the defined emission onset in Hell-excited UPS spectra. Therefrom, the binding energy with respect to the valence band
maximum energy, BESi2p), was determined according to BBi2p)= BE(Si2p)— Ewn = 98.71(10) eV in good agreement with ref 3Zalculated
according toE,,m = BE(Si2p) — BEY(Si2p). ¢ Calculated according teVy = Ewwm — |Ews — Erlvai. The bulk doping of the Si substrate yields
|Evo — Erlva = 0.21 eV.%% = WF + Eypom — Eg. €0 = y — xsi. As the bulk electron affinity of siliconysi = 4.05 eV was usetf.

TABLE 2: Emission Features in the UPS Spectra of Aryl

Adsorbate Layers GHs —Hel

adsorbate emission label binding energy, BEY) o
X = —NO, a 3.90 e
b 5.30
dy 8.82 EH Br
d 9.58 E 2
e 10.8
X =—Br a 2.85 ;
2 3.55 R
b 4.85 Il
dp 8.29 S | I “
dy 9.39 E i
e 10.8 w
X = —OCHs B 4.7 =
o 7.5 'g
€ 11.5 2
2 Observed binding energy with respect to the Fermi level. é
3
states in the forbidden gap. These two contributions can be E
separated by combining information derived from UPS and XPS. 6_-‘_’

This will be undertaken below in part ¢ 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)-Ce¢Hs—NO, surface exhibits emission features at 3.9,
5.3, 6.8, 9.6, and 11.2 eV, respectively, labeleckan Figure
2. The valence band of Si(111¥sH,—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)CgHs—OCH; 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 | |ng| b | & 6 4
emission features were evaluated by the second derivative of Binding energy w.r.t. E (eV)

Ll spgctra ar_1d Werfepl\ljtedbmd-rgtblte 2. d Gas Phasd Figure 5. Comparison of the He I- and He ll-excited UPS spectra of
(c) Comparison of Adsorbed State and Gas Phasd.o a (b) nitrobenzene (§s—NO,) and (d) bromobenzene {8s—Br) layers

first approximation, the angle-integrated UPS spectra reflect the grafted onto Si(111) with the respective gas phase data (a, c). The gas
density of states (DOS) in the valence band regfom the phase spectra are reproduced from refs 20 and 21, and the ionization
case of molecular adsorbates, the DOS is governed by thepotentials of assigned molecular orbitals are indicated by vertical bars.
molecular orbitals, which cardepending on the interaction of The gas phase data are referenced to the Fermi level of the respective
the adsorbate with its environmetibe modified from the adsorbate layer using the measured work function, WF. The molecular

isolated state in the gas phase. Literature data of the benzen(%ﬁg girr?dsir?glgﬂggebré; dditional extramolecular screeniigum, to lower
derivatives in the gas phase investigated by UPS are available '

for bromobenzeri® and nitrobenzeng. In Figure 5, these gas

phase He | spectra are compared to UPS spectra of the solido molecular orbital calculations. The ionization potentials, IPs,
adsorbate layers of nitro- and bromobenzene, excited with He of these molecular orbitals are indicated as vertical bars in Figure
| and He Il radiation, respectively. In Figure 5a and c, the gas 5a and c. The molecular orbitals can be groupedsintmnding-
phase spectra of nitro- and bromobenzene, which were takenrelated orbitals of the benzene ring;), filled, lone-pair-like
from refs 20 and 21, were plotted. Below the spectra of the orbitals of the functional groups N@r Br (denoted ag), and
adsorbate layers in Figure 5b and d, the measured bindingo-bond-derived orbitals (nonlabeled). Gas phase spectra are
energies of the emission features;@ato e are indicated by ~ commonly referenced to the vacuum level, and binding energies
vertical bars. In the gas phase data, 11 respectively 12 differentare denoted as ionization potentials, IPs, of the respective
molecular orbitals were identified and assigned by a comparisonmolecular orbital, which is the binding energy with respect to

2]
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the vacuum level. Solid state valence band spectra, howeverthe gas phase; however, in the adsorbed layer, only a single
are commonly referenced to the Fermi level. These energy scaleemission line is observed. A preferential orientation of the
are related by adsorbed molecules in conjunction with dipole selection rules
might explain the absence of thg emission; however, more
BE=IP — WF 2) detailed angle-dependent measurements would be necessary to

and the measured work functions of the grafted nitro- and corroborate this explanation.
graftec ni The UPS spectrum of the sample that was subjected to the
bromobenzene layers have been used. The similarity of the

I 4 . .grafting process using a methoxybenzene diazonium salt closely
emission features in the adsorbed solid state or the gas phase i esembles that of thin electrochemical oxides formed on

clous, D o o phonn broadeng I e S0k S418 Y11 The emission, . ande e atvbuted t the 029
' ' orbitals in OH §) and SiQ_x (9, €), respectively. The O2p

all emission features of the gas phase are resolved. emissions from methoxybenzenesHg—OCHs, however, are
et e g XpECid n e same enery ange. The weak emisiaar
9 9 g9as p ‘be related to themy/ms emission bands (C2p derived) of

lgésbiszﬁzgyeizguthstorgﬁgg(gzmtzngi (i.fll)(?e Sevez?i(/gl'tro{hismethoxybenzene according to the comparison to the UPS data
Yers g - €SP y: f solid multilayers of GHs—OCH;z on Ti0,.24 In consequence,

apparent Sh'.ﬁ of binding energies be.twe.en the gas phase; aNGhe valence band features of the methoxybenzene grafted sample
adsorbed solid state results from the differing screening environ- . o ) S P
are dominated by silicon oxide/hydroxide-like emissions; how-

ments of the two states. In the photoemission process, a h . ith b | f
ositively charged photohole is created. In the adsorbed solid ever, they are consistent with a sub-monolayer coverage o
P : methoxybenzene which would contribute with only minor

state, the neighboring molecules contribute to the screening of. ; : L

. . intensity to the total spectrum. This conclusion is supported by
this positive charge by rearrangement of the valence electrons. : : iy

. " . an analysis of the intensities of the XPS core levels.
There is an additional extramolecular screening of the photohole, . o ;
which reduces the Coulomb attraction between photoelectron (b) Thickness Estimation from XPS. To estimate the
. . P .~ "thickness of the deposited aryl layers, the intensity of the C1s

and photohole and gives rise to an apparent lower binding

. .2 and bulk Si2f core level emissions in XPS was evaluated. For
energy. The latter is lowered by the extramolecular relaxation the nitro- and bromobenzene grafted surfaces, C1sSi2p
energy,AgRem compared to the isolated gas phase IOhc"[oemlss'onintensity ratios of 2.5 and 3.4 were found respe(;tively. The
process 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

(a) Electronic Structure of the Adsorbate Layers.The good  layers were considerably thicker than that of the methoxyben-
correspondence between the emission features of the gas phasgene process.
and the adsorbed, electrochemically grafted, solid surface layer For a quantitative estimate, the closed overlayer model was
reflects the success of the electrochemical grafting procedureapplied?> The thickness of the adsorbed overlayers was
for nitro- and bromobenzene. On the basis of the good agreementestimated from the relative intensities of the aryl C1s and
between the adsorbed state and gas phase data, it is reasonabd@ibstrate Si2p emissiorisadlsizp The substrate and overlayer
to assume that the emission structures originate from the samephotoelectron intensities depend on the overlayer thickmess,
molecular orbitals. Hence, the assignment derived from the gasaccording to

phase data can be transferred to the adsorbed phase: The

4. Discussion

delocalizedr states of the benzene rings having smaller binding le1s | ¢l — exp(=d/Ag,d]
energies than the-derived bands are common to both adsorbate D= 5 3)
systems, nitro- and bromobenzene. The emission feature a or Sizp Isizp  €XPE-disizy)

a is the highest occupied molecular orbital (HOMO) and - . ) . )
consists of ar, or x5 state (a or b, symmetry) for nitro- and \.Nhe.re | sizp 1S the photco)celectron intensity of a clean, semi-
bromobenzene, respectivé§2! The emission structure ¢ cor-  Infinite silicon crystal,| ¢, would be the Cls photoelectron
responds to ther; orbital. The emission features/d, and e intensity of a semi-infinite, solid layer of the respective benzene
involve o-bond-derived molecular orbitals predominantely on derivative, A¢;qsisp is the electron mean free path, of
the benzene rings. The prominent emission b of the adsorbateC1s(Si2p) photoelectronisi the overlayer (0)A¢;s and 2g;,,
layers corresponds to molecular orbitals on the functional group were approximated by calculated data of the structurally related
NO; or Br, respectively. In analogy to refs 20 and 21, they are solid polystyren# with A2, = 3.2 nm a_nd/lgizp = 3.6 nm.
labeled m, njand i*, no™. Following ref 27, the intensitiet;; and 1}, were estimated
The assignment of the structures b as being due to theaccording to
functional groups N@and Br is further supported by the energy-
dependent photoionization cross sections. Comparing the He I- I ¥ = constny oy Ay T(KEy) 4)
and He ll-excited spectra, the relative intensity of b is
significantly increased for He Il excitation in the case of with X = Cls and Si2p and whem denotes the elemental
nitrobenzene. For bromobenzene, however, structure b isdensity, T(KE) is the transmission function of the analyzer, and
significantly less pronounced for He Il excitation. This is a result o is the photoionization cross section. The elemental density,
of the energy dependence of the atomic photoionization crossnc, of carbon in the adsorbed aryl layer was approximated by
section g, of the respective orbitals: Whereas the relative cross that of the pure liquid compound. Due to the discrepancies in
section of the N2p orbitals increases frarfN2p)/o(C2p) = the values fow in the literaturé??8a considerable uncertainty
1.6 to 2.3 when going from He h{ = 21.2 eV) to He Il was introduced into the estimation. Depending on the photo-
excitation fw = 40.8 eV), the relative cross section of Br2p, ionization cross sections assumed, the rafig/l 5;,, varied
o(Br2p)lo(C2p) decreases from 2.5 to 5The n/ng orbitals from 2.2 to~1.0. Finally, the overlayer thicknes$,was derived
(lone pairs) of the Br ligand exhibit a clear energy splitting in  from the experimentak14lsiz2p ratio by applying the described
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TABLE 3: Comparison of Aryl Radical Generation and second row. In the idealized procédbg initial grafting process
Layer Thickness for Grafting Processes with NCeH,4—X on Si(111) leads to the covalent bonding of one aryl group for
(X = NO2, Br, OCHy) every two silicon surface atoms. Due to steric constraints, a
X = higher packing density is unlikeB. Thus, we define here one
NO, Br O—CHs monolayer of aryl adsorbate equivalent to one adsorbed molecule
: — — — per two silicon surface atoms with a densitg;i1.3)r3, Of
?:;::%ﬁf bzlerjnﬂlgﬁerza(gc%m 2.8'47 4%72 OF)7'12 3.9 x 10" cm2 (the surface density of Si(111) is 7:8 10*
radicals per adsorbate sitex 8 12 2 cm~?). This monolayer is standing upright on the Si(111) surface
XPS intensity ratio C1s/Si2p 25 34 0.2 with the aromatic ring plane parallel tp1—10} forming a
I::m m:gmgg: 88&2:82; E&Tg 42-_7;4-5 3;455-3 8-3_5007-5 rectangular (k+/3)R3C superstructure on Si(11%). The
grafting yield 05-09 0407 0204 thickness of one monolayer corresponds to 0.67 nm for

S ) ) bromobenzené& Interestingly, the molecular volume of the
*One adsorption site is defined as the surface unit mesh of a a¢sorbed molecule of 0.172 Aiis almost identical to the liquid
(1x+/3)R3C superstructure comprising two silicon surface atoms. The state (0.174 n@). Normalization of the number of aryl radicals

adsorption site density on Si(111) is 3910 cm* " The low--high enerated per unit area to the density of molecular adsorption
range is given by the application of,J15,, = 2.2 and 1.0, respec- 9 per uni ity u p

tively, in eq 3, which result from diverging calculated photoionization sites, Nsi(1xv/3)R30; yields th? number of aryl radicals _per

cross sections.One monolayer (ML) is defined as one adsorbed adsorption sitenx, generated in the whole process. In the initial

molecule per adsorption site. Its thickness was assumed as 0.67 nmadsorption process of the first monolayes should be 2,

d Average number of surface attached phenyls per injected electron.pecause two aryl radicals are necessary for the grafting
process: The first aryl radical abstracts hydrogen from a silicon

figures to eq 3. Eventually, for the nitro- and bromobenzene g face site, and the second attaches to the generated Si dangling
layers, an adsorbate thickness efS3nm is estimated. Assuming bond. The values afi for nitro- and bromobenzene in Table

the thickness of one monolayer (ML) of an aryl adsorbate is 3 5re much higher, approximately 8 or 12, respectively,

about 0.7 nrfi the calculated thickness translates inte8  jygicating that in the corresponding processes much more aryl
monolayers for nitro- and bromobenzene. For the sample ragicals had been generated than necessary for the deposition
subjected to the grafting process with methoxybenzene, aq¢ gingle monolayer. This agrees with and corroborates the

nomi.nal thickness of only 0:30.5 nm is de(_juced, that. is,. results of the XPS thickness determination wher@4L thick
considerably less than one monolayer. The thickness ESt'mat'onmuItilayers instead of single monolayers were deduced.

of the deposited aryl films based on the XPS data is given in Eventually, in the last row of Table 3, the number of injected

rows 4-6 of Table 3, where the range of nominal thicknesses electrons per adsorption site is related to the number of deposited

Esgalniinn b{; tginujg ?efr t2h|2ck(|noevg)s %:c é '((5)7(72';%?)51?&4 Iossi?{fs molecules per adsorption site, that is, the number of monolayers,
g Y ' P ' by forming the ratio of these two. This figure is the grafting

the thickness is converted to equivalent monolayers in the fifth yield or grafting efficiency. If this number is unity, then for

row of Table 3. - . .
(c) Multilayer Formation —Surface Polymerization. The every electron injected into the electrolyge one atyl g,r,qup_ls
. . ' attached to the surface. If electrons or radicals are “lost” in side
thickness of electrografted nitro- or bromobenzene films was - - .
. ; o : reactions not leading to aryl attachment, then this number gets
evaluated in the literature with different experimental approaches -
) . . smaller than unity. For the monolayer attachment process on
such as an atomic force microscopy (AFM) scratching tech- _. . Lo ; o
5930 . Si(111) as depicted in Figure 1, the grafting yield is 0.5, because
nique??-3°Rutherford backscattering spectroscopy (RE)nd S
18 ac i . for the attachment of one phenyl the injection of two electrons
XPS}8as in the present study. For nitrobenzene electrografted . ; .

. (and generation of two radicals) is necessary. Even though there
onto a carbon surface, a layer thickness-e#izhm was reported . . L : )
on the basis of AFM932 Bromobenzene layers grafted onto is quite some uncertainty in the data, two points may be noted:
silicon were found to be up to 2.5 nm thick when deposited (1) The grafting yields for nitro- and bromobenzene multi-
under high overpotential, as determined by RBBhe thickness  |ayers on Si(111) are rather similar and cluster aros@5.
measurement of nitrobenzene layers grafted onto metal surface$A Similarly prepared Si(111)/E,—NO, sample yielded values
yielded values between 3 and 6 AfOur observation of o_f 0.4-0.7.) These grafting yields are similar to those_of
multilayer formation with layer thicknesses betweeB and nitrobenzene monolayers grafted onto glassy carbon and highly
~5 nm is thus consistent with the literature. Allongue et al. oriented psygrolytlc graphite (HOPG) that had been estimated
had termed this process, the further attachment of aryls to thePreviously> There, grafting yields of 0.56 (HOPG) and 0.84
surface after the completion of the first monolayer, surface (9lassy carbon), comparable values to the value 0.5 for multi-
polymerizatiord! In fact, polymeric aryl fragments have been layers on S|.(111) in the present s.tudy,. had been reported. The
observed in time-of-flight secondary ion mass spectroscopy Uncertainty in the measured grafting yields prevents one from
(ToF-SIMS) experiments from electrografted, multilayered drawing more detailed conclusions on the prevailing reaction
bromo- and nitrobenzene films on carb8nOn the basis of mechanisms but appears as an interesting analytical tool for
these results, the well-known aromatic homolytic substitution future studies.

(Sh) reaction was proposed as a reaction mechanism leading to  (2) The grafting yield for methoxybenzene is about a factor
multilayer formation3334 of 2 smaller than that for nitro- or bromobenzene. Even though

In the following, the phenyl layer thickness determined from the aryl generation ratio would be sufficient for the deposition

XPS is compared to the amount of electrical charge consumedof the first monolayer, the XPS data indicate an organic layer
during the potentiostatic grafting process. The first row of Table with a thickness of less than 0.5 nm. A fundamental difference
3 gives the total cumulative net charggper unit surface area  between nitro-/bromobenzene on one hand and methoxybenzene
which passed through the working electrode (area 0.25.cm on the other hand lies in the orientation of the electrostatic dipole
Assuming that every electron transferred into the electrolyte associated with the charge distribution within the aryl radical,
generates one aryl radical, the number of aryl radicals generatedas indicated in Figure 6. The situation immediately after electron
per unit area is easily calculated ly1.6 x 1071° C in the injection and detachment of the;igroup is shown. The dipole
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Figure 6. lllustration 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 chargés/*, which cause a dipole

moment,u, of the radicals that is indicated by the gray arrow. The g re 7. Energy band diagram of a functionalized silicon surface

electric field in the double layer causes an attractive fotgeon the with band bendinggVks, and a surface dipolé, modifying the intrinsic

nritrobenﬁenebradical, Wh(:?re?s ah'totqsional mhome'mjs_ exerted on gelectron affinity of siliconys. eVky is derived from the measurement
the met| oxybenzene radical, whic turns the reactive nonsaturate of the SIZB/z core level blndlng energy, BE, and thehl,s determined

carbon bond away from the electrode. from eV, and the work function, WE.

BEY(Si2pyy) =

98.72 eV BE(Si2py)

momentu, generated by the charge distribution within the aryl e semiconductor surface. This causes a change in the work

radical was calculated by Hartig et®sand is indicated by an  ¢nction even without any change of the electron affinjty,
arrow. For the bromo- and nitrobenzene radicals, the electrostatic,,ich implies that, in order to investigate the potential step

charge distribution is such that the end of the nonpaired orbital

induced by the adsorbed layer, the band bending of the
is further attracted toward the negatively biased electrode y Y g

. NG Lo semiconductor must be known. Band bending does indeed play
(attractive translatory force?/) which is a favorable situation 46 in the investigated layers, as is apparent from Figure 3,

for bonding to the working electrode. On the other hand, the where—depending on the phenyl adsorbatearly different
electrostatic charge distribution in the methoxybenzene is suchggg of the substrate Si2p emission are observed.

that @he rad_ical side becomes negatively charged. Thi_s implies  The work function, WF, is defined as the energy difference
that immediately after the release of the dfoup, a torsional between the vacuum leve,.. and the Fermi levelEr. The

?Ome”t'{% acts on the dmﬁthoryberlizenedradicsl, Wr?iCh s osition of the Fermi level above the valence band maximum,
the CH end group toward the electrode and pushes the reactive,c o the surface is denoted Bsyy Then.

nonpaired orbital away from the electrode. The resulting

orientation of the radical prevents the covalent bonding to the WF=E; = Ejpn T % (5)

working electrode but favors side reactions that lead to an

annihilation of the radical. The issue of side reactions during wherey is the measured electron affinity of the surface. The

the electrochemical process is discussed in detail in ref 14. Thiseffect of an adsorbate or surface termination layer can be viewed

mechanism is the presumable cause for the inefficiency of the such that the “intrinsic electron affinity” of Sjs;, which is a

grafting process of methoxybenzene. constant, is modified by a dipole contributiah,which depends
The proposed reaction mechanism for nitro- and bromoben- on the charge distribution at the interface and within the

zene has consequences for the molecular orientation within theadsorbate layet:

adsorbate layer. Whereas the first adsorbed phenyl layer is

believed to be standing upright with respect to the Si(111) X=XsitT 0 (6)
surface, the angle between the ring plane within the second ] ) _ _
adsorbed phenyl layer is only about°38nd steric problems With the potential stepy, defined such that an increase of

occur3! For even higher film thicknesses, much more molecular the electron affinity corresponds to> 0, WF can be written
orientations become possible, and a continuous loss of molecular2S

orientation can be expected with increasing distance from the _

interface. As each of the phenyl molecules is associated with WF = (B; — Bvpm) + (s + %) ()

an electrostatic dipole, the ordering and disordering of the . o
molecular orientation has consequences for the macroscopicWhereEg is the band gap of silicon, 1.12 €§.0n the other

dipole field of the adsorbate layer. The electronic surface hand,E.pm can be expressed by the Fermi level position in the

potentials are discussed in detail in the following section. bulk, |Es = Erlvo, and the surface band bendiregby:
(d) Surface Potentials-Band Bending. The work function — —E 1 eV 8
of the investigated samples, measured by the position of the Evom = &~ Eeluo bb ®)

secondary electron edge in Figure 4, varied by more than 1 eV Finally, eq 7 can be rearranged to give an equation for the

depending on the diazonium salt used. Generally, this shift is gyrface potential step, which contains only known constants
attributed to the potential step, associated with the dipole  or measured quantities:

moment of the deposited organic molecule. This desired property

allows for the tailoring of the electron affinity. A change in the 0=WF—E;— x5+ Epm 9)
electron affinity,y, however, is not the only possible cause for

a shift of the work function, WF. This is illustrated in the surface The position of the Fermi level at the silicon surface can be
energy band diagram of Figure 7, where the relevant surfacederived from the observed binding energy, BE(Si2p), of the
potentials are indicated. In the case of a semiconductor, surfaceSi2ps, emission, which is determined by curve fitting of a single
band bendinge\,, can occur, which shifts the Fermi level at component Voigt profile doublet to the measured spectra. The
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Figure 8. Energy band diagrams of the investigated surfaces: (a) HF-treated, hydrogen-terminated p-$idith)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 l@vest surfac
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.

binding energy of Si2p with respect to the valence band (e) Tailoring of the Electron Affinity. The desired functions
maximum of the organic adsorbate layer in terms of functionalization of
silicon surfaces are twofolt:(i) chemical and electronic
BE'(Si2p)= BE(Si2p)— E,py, (10) 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

is a constant and independent from the surface band bendlngOy the nitro- and bromobenzene multilayers deposited in the

(cf. Figure 7). BE(Si2p) was determined for the hydrogen- electrochemical grafting process. The resulting surfaces are close
terminated reference sample as the energy difference between g gp ’ 9

the measured core level BE and the steep emission onset at thé0 flat-band conditi(_)n_s V.Vith a remaining sgrfa_ce band bending
valence band edge in He ll-excited spectra (not shown), which of only ~0.1 eV. This is in agreement with in situ phot_ovoltage
yieldedE,om = 0.68(5) eV. A value of BESi2p) = 98.71(10) measurementd where a reduction of band bending was
eV was determined which agrees well with literature values observed. The charge distribution within the interface and the

08.74(4) eV, For the phenvl adsorbate lave was then adsorbat_e layer effects an increase in the electron affini_ty by
((:alcula(te)d ac?cording topeq i/O YeESom an effective potential step 6f0.3 to+0.4 eV. Generally, this

h ¢ | . . lculated for th effective dipole moment is attributed to the dipole contributions
h -grc;a ::ljrtsrcrﬁinea?:ér?g;grgr:ggirgssstr\gteerzn((:jatﬁz atr?en ?;ésgrof the individual adsorbate molecules which due to their ordering
bgte Igyers from the experimental data of the Wo?k fuﬁction, giveriseto a macro_scc_)pic eIe_ctrostat_ic potent_ial step across the
WF, and BE(Si2p) as described above. The results are listed inadsorbate layer. This is consistent with the dipole moments of

- . . - covalently bonded nitro- and bromobenzene which were cal-
Table 1. Using the derived numerical values, the corresponding culated to be 3.9 and 1.6 D, respectivély

surface energy band diagrams were constructed in Figure 8. For
the adsorbate multilayers of nitro- and bromobenzene, the N the case of a covalently bonded methoxybenzene molecule

observed band bendingyks, is small with only~0.1 eV; hence, ~ With a covalent Si-C bond at the 4-position of the phenyl ring,
these surfaces are close to the flat-band condition. For bothth€ Projection of the molecular dipole on the surface normal
surfaces, the electron affinity, is increased. This increase is  Would give an effective dipole momept;er, of —0.5 D where
attributed to the dipole contribution of the adsorbate layer. The the negative sign indicates the opposite orientation with respect
potential step,d, associated with the adsorbate layers is !0 Nitro- and bromobenzene (cf. Figure 2). Hence, a lowering
+0.36(15) and+0.33(15) eV for Pk-NO, and Ph-Br multi- pf the surface electron affinity Woulq result. Such an effect was
layers, respectively. For the HF-treated Si(111) surface, aindeed observed for the sample subjected to the electrochemical
comparatively high band bending of about 0.5 eV was observed Polarization in methoxybenzene diazonium solution with an
which indicates that the hydrogen termination was not perfect, ffective dipole moment contribution, of about—0.3 eV. The
because in this case flat-band conditions would have beenXPS quantification estimated the amount of organic material
observed. [In our experiencBypm ~ 0.7 €V is the usual pinning ~ ©N the surface to about 0.5 ML equivalents of methoxybenzene.
position for partially oxidized Si(111):H surfaces. The surface The UPS analysis indicated at the same time a considerable
states responsible for this Fermi level pinning can be attributed nonintended oxidation and Si@rmation at the surface during
to oxygen in the back-bonds of the outermost Si surface at®ms. the electrochemical processing. The defects associated with the
For the substrates employed with a bulk dopant density of aboutoxide formation are the presumable reason for the substantial
4 x 10 cm?, a surface state density of 1OML is sufficient band bending at this surface 6f0.6 eV. Hence, the desired
to effect the observed band bending of 0.5 eV which explains €electronic passivation of the surface was not achieved by the
why a corresponding Siemission is not observed in the Si2p  methoxybenzene process. The second function, a reduction of
XPS signal (Figure 3).] The emission at about 8.8 eV in the surface electron affinity, was indeed observed, and the
the Hel UPS spectrum is typical for O2p in OH groups, surface dipole was quantified te0.3 eV. With the present
indicating as well a partial OH termination of the HF-treated experiments, it cannot be decided, however, to what extent the
sample®® The surface potential step), of this surface is concurring phenomena of methoxybenzene attachment and
—0.27(10) eV, implying that the electron affinity is lowered by surface oxidation contribute to this alteration.
the imperfect hydrogen termination. In conclusion, the electrochemical grafting process is effective
The surface potentials of the silicon surface subjected to the for nitrobenzene and bromobenzene with the desired surface
grafting process with methoxybenzene were similar to that of functionalization and passivation. Further process development
the imperfect hydrogen termination. In particular, a rather high should focus on the suppression of multilayer formation, because
band bendingg Wy, of ~0.6 eV was found, as well as a lowering  both functions, modification of the electron affinity and passi-
of the surface electron affinity by = —0.32(15) eV. vation by covalent bonding, are governed by the first monolayer
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adsorbate only. The surface functionalization of silicon by the  In terms of methodology, the combined application of UPS
electrochemical grafting of methoxybenzene could not be and XPS to electrochemically modified silicon surfaces allowed
evidenced as clearly as that for bromo- and nitrobenzene. A for the construction of complete energy band diagrams and the
much lower grafting yield was observed which was explained simultaneous analysis of electronic and chemical surface proper-
by the unfavorable molecular “mechanics” of the grafting ties. It could be demonstrated that the analysis of the electronic
process for methoxybenzene radicals. Due to the only partial structure of organic adsorbates by UPS is feasible for wet,
surface coverage, the distinction between the effects of meth-electrochemically processed systems, and not only for vacuum
oxybenzene-related functionalization and concurring surface adsorbed material.

oxidation is difficult. In further developments, the process should

be refined such that the nonintended, concurring surface Acknowledgment. We thank M. Gensch and K. Hinrichs
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