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a b s t r a c t

The binding of nitrobenzene (NB) molecules from a solution of 4-nitrobenzene-diazonium-tetrafluorobo-
rate on a Si(1 1 1)-H surface was investigated during the electrochemical processing in diluted sulphuric
acid by means of infrared spectroscopic ellipsometry (IR-SE). The grafting was monitored by an increase
in specific IR absorption bands due to symmetric and anti-symmetric NO2 stretching vibrations in the
1400–1700 cm�1 regime. The p- and s-polarized reflectances were recorded within 20 s for each spec-
trum only. NB molecules were detected when bonded to the Si(1 1 1) surface but not in the 2 mM solu-
tion itself. Oxide formation on the NB grafted Si surface was observed after drying in inert atmosphere
and not during the grafting process in the aqueous solution.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

In situ investigations of Si surfaces during (electro)chemical
modification are of high interest to understand reaction schemes
and process steps. Beside the characterization of the grafted mate-
rial such studies provide information about intermediate surface
species during processing and species post-formed after the treat-
ment in solution. Grafting of organic molecules is a widely used
process to functionalize Si surfaces with respect to nanopatterning,
passivation, changing electronic properties like work function and
band bending [1–12] or to introduce the possibility of biochemical
sensing by means of biocompatible Si substrates [13,14]. Function-
alization of Si surfaces is performed by radical induced reactions. In
this work, diazonium type molecules are used for which radicals
can be produced via electron transfer from Si surface to the mole-
cules. However, little is known about the processing itself which
preferably can be investigated by means of in situ studies. So far,
in situ investigations of such radical mediated reactions have been
performed e.g. by in situ photoluminescence [3,5], photovoltage
[3,5] and current–voltage techniques [2,15]. These experiments
provide information on the charge transfer induced radical forma-

tion, and on electronic properties like interface recombination and
charging of the organic/c-Si interface. No information about
molecular orientation, the amount and type of surface species,
and the role of side reactions, e.g. silicon oxide formation, can be
extracted directly from these types of measurements. Therefore,
cross-checking with a material specific method is desirable.

In this paper, we present in situ IR-SE experiments using a sin-
gle reflection of a polarized IR beam [14,16] to investigate the
grafting process of nitrobenzene (NB) from 4-nitrobenzene-diazo-
niumtetrafluoroborate (4-NBDT) in 0.01 M H2SO4 solution. Mate-
rial specific absorption bands of the grafted 4-NB and the
interface oxide species are discussed for different spectra recorded
during and after the grafting process.

2. Experimentals

Fig. 1a shows the electrochemical cell used for the in situ IR-SE
measurements. The working electrode (WE) was a float-zone Si
wedge ((1 1 1) oriented side to the electrolyte, p-doped, 2–
4 X cm) contacted and fixed by a steel frame on the backside
(M). The electrolyte was pumped through or was exchanged by a
sliding pump and silicone hoses via two in/out Teflon tubes (I/O)
during the measurements. A Pt ring and Au wire served as counter
(CE) and reference electrode (RE), respectively. The cell had a vol-
ume of about 5 ml and a quartz window (QW) permitted illumina-
tion with light. The electrode potential was controlled by a
potentiostat (Bank PGS 88). The Si wedge was H-terminated prior
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to the experiments by use of standard Piranha oxide/NH4F
(40%) treatment [17]. The 4-NBDT salt was cleaned by several
re-crystallization procedures. The IR-SE measurements have been
performed with an ellipsometer externally attached to a Bruker
Vertex 70 Fourier Transform spectrometer [18,19]. The ellipsomet-
ric parameters tanW, D and the p- and s-polarized reflectance
spectra (Rp and Rs) were determined from intensity measurements
at four polarizer azimuths, while the analyzer was fixed at 45� or
90�/0� with respect to the plane of incidence. The time to record
Rp or Rs was slightly below 20 s at 64 scans, using a mercury–cad-
mium–telluride (MCT) detector. No D spectra have been recorded
for this limited numbers of scans because of the not sufficient sig-
nal to noise ratio.

The reaction scheme for grafting of NB from the 4-NBDT onto
Si(1 1 1) is as follows [2]:
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3. Results and discussion

Fig. 1b shows the time behavior of the current flowing through
the Si wedge at a constant potential of �1.4 V in the 4-NBDT free
0.01 M H2SO4 solution (I) and after exchange for the 4-NBDT con-
taining solution (II, sol. I + 2 mM 4-NBDT). The negative current
peak after exchange of the solution (I) by (II) indicates the grafting
process [4,20]. The referenced RP and RS spectra recorded at times
B, C, D, and E are plotted in Fig. 1c, where the horizontal bars reflect
the time for the p- and s-polarized state of the IR-SE measure-
ments, respectively. There are no bands observed in the spectrum
just before the exchange for solution (II). When the current starts
to increase, new absorption bands at 1349 cm�1 and 1520 cm�1

arise due to symmetric and anti-symmetric NO2 stretching modes
from the grafted NB molecules [21]. These bands increase in inten-
sity with ongoing time of grafting (Rs is measured after Rp as indi-
cated by the arrows in Fig. 1c), indicating the formation of a NB
film on the surface. Spectra recorded at longer times of processing
show no distinct change in the IR peak intensities, i.e. the grafting
process is completed when the current has decayed (position E).

To ensure that the IR-peaks between 1340 and 1600 cm�1 are
due to grafted NB on the Si surface, we used another Si wedge cov-
ered by a very thin oxide layer (prepared in piranha solution) and
measured the spectra in solutions (I) and (II) (see Fig. 2a), respec-
tively. The referenced spectrum (tanWsol.(II)/tanWsol.(I)) shows no
absorption peaks in the NO2 stretching mode region. Obviously,
the concentration of 2 mM 4-NBDT in the solution is too low to
show an IR response. Therefore, the observed IR peaks in the
1340–1600 cm�1 region are due to the grafted NB molecules only
(see Fig. 2b, tanWSi–NB/sol.II/tanWSi–H/sol.I (=tanWPos.D/tanWPos.A)).
The dashed and grey line in Fig. 2 represents the calculated spec-
trum using the following procedure. The transport of infrared radi-
ation in the silicon wedge of the in situ cell is described by
formulae (1). The incidence angles at the different interfaces were
used as given in Refs. [14,16].

qeff ¼ q0air=silicon�59:2� � qsilicon=NB-layer�13:8� � q0silicon=air�12:3� ð1Þ

with q ¼ rp

rs
eiDr and q’ ¼ tp

ts
eiDt , where tp and ts are the p- and s-polar-

ized transmission coefficients, respectively. The measured spectra
were simulated in an isotropic three layer model: silicon/NB-
layer/water. A thickness of 2.5 nm, n1 = 1.31 and two resonances
in the Lorentz oscillator model were used in the calculation of elli-
psometric tanW spectra for the NB-layer. In this model the dielec-
tric function ê ¼ e0 þ i � e00 is calculated from the sum of harmonic
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Fig. 1. (a) In situ electrochemical cell: top view with principle of IR light pathway,
P: polarizer, D: detector (for details see text), (b) time behavior of the current flow
through the Si wedge at �1.4 V in 0.01 M H2SO4 (solution (I)) and after exchange for
the 4-NBDT containing solution (II), (sol. II = sol. I + 2 mM 4-NBDT). (c) Referenced
in situ measured Rs (j) and Rp (h) spectra at time positions B, C, D and E; the
horizontal bars reflect the time needed for recording s- and p-polarized reflectance
spectra which is 20 s for each only. The spectrum of the Si wedge in 0.01 M H2SO4

served as reference (position A). The inset in (c) shows the integrated peak area of
the symmetric and asymmetric vibrations of the NO2 groups in the NB film for the
s- and p-polarized reflectance as a function of the electric charge Q.
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