
Electrochemical modification of Si surfaces 

by methyl groups (CH3, CD3), ethynyl derivatives, 

pyrrole and thiophene 

DISSERTATION 

zur Erlangung des akademischen Grades 
doc to r  r e rum na tu ra l i um 

(Dr. rer. nat.) 
im Fach Chemie 

eingereicht an der 

Mathematisch-Naturwissenschaftlichen Fakultät I 

der Humboldt-Universität zu Berlin 

von 

M.Sc.-Phys. Florent Yang 

geboren am 07.05.1981 in Paris 

Präsident der Humboldt-Universität zu Berlin 

Prof. Dr. Christoph Markschies 

Dekan der Mathematisch-Naturwissenschaftlichen Fakultät I 

Prof. Dr. Lutz-Helmut Schön 

Gutachter:  1. Prof. Dr. Klaus Rademann 
  2. Prof. Dr. Norbert Esser 

eingereicht am:    16.10.2008 
Tag der mündlichen Prüfung: 09.12.2008



 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my parents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 



Zusammenfassung 

Silizium (Si) wird für eine breite Palette von Anwendungen wie z.B. in Solarzellen, 

Mikroelektronik, Biochips und so weiter eingesetzt. In dieser Arbeit wurden neue 

Hybridsysteme aus Si und organischen Molekülen, bezüglich der Oberflächenpassivierung 

des Halbleiters und der resultierenden elektronischen Eigenschaften untersucht. Insbesondere 

wurden Methyl-Gruppen (CH3 und CD3), Ethynyl-Derivate (H−C≡C-, CH3−C≡C-, und 

C6H5−C≡C-), sowie Pyrrol und Thiophen aus Grignardlösungen untersucht. Bezüglich 

Stabilität und Defektkonzentration konnte gezeigt werden, dass organisch modifizierte 

Si-Oberflächen eine höhere Stabilität an Luft haben als Standard wasserstoffpassivierte 

Si-Oberflächen und dabei eine nur geringfügig höhere Defektkonzentration aufweisen. 

Untersuchungen mit Infrarot Spektroskopischer Ellipsometrie (IRSE) und Synchrotron 

Röntgen Photoemissions Spektroskopie (SXPS) zeigen, dass die Oxidationsrate für 

Oberflächen mit CH3-Terminierung stark reduziert ist. In der vorliegenden Arbeit gelang es 

erstmalig mittels IRSE die charakteristische „Umbrella“-Schwingungsmode zu beobachten 

und SXPS Messungen zeigten die Spin-Orbit-Aufspaltung der Si 2p Emission für 

CH3-passivierte Si-Oberflächen. Die CH3-Gruppen besitzen einen hohen Grad von Ordnung 

auf der Si(111)-Oberfläche. Das Aufbringen von Ethynyl-Derivaten führt zu extrem dünnen 

polymerisierten Schichten auf Si durch elektrochemische Radikaloxidation der C≡C 

Dreifachbindung. Diese Schichten sind homogen und haften sehr gut an der Si-Oberfläche. 

Weiterhin konnte gezeigt werden, dass die Abscheidung von Ethynyl-Derivaten vom Typ des 

Halogenatoms im Grignard-Precursor abhängig ist, wobei Br im Vergleich zu Cl zu 

geringeren Rekombinationsgeschwindigkeiten an der Polymer/Si-Grenzfläche führen. Eine 

Änderung der Austrittsarbeit von bis zu 0.5 eV und der Bandverbiegung von bis zu 0.24 eV 

wurde nach der Abscheidung dieser Moleküle gemessen. Diese elektronischen Eigenschaften 

hängen linear vom Oberflächendipol ab. 

 

 

Schlagwörter: Silizium, Organischen Schichten, Grignard, Elektrochemie, Passivierung, 

Infrarot Ellipsometrie, Röntgen Photoemissions Spektroskopie, Photolumineszenz 

 

 

 



 

 

 

 



Abstract 

Organic functionalization of silicon (Si) surfaces has received a tremendous interest in the 

development of organic/semiconductor hetero-structures for plenty of potential applications 

from microelectronics, molecular electronics, photovoltaics to bio-applications. In this thesis, 

tailoring of the electronic properties and passivation properties of such organic hetero-

structures have been investigated. Direct grafting of organic layers like methyl groups 

(CH3 and CD3), ethynyl derivatives (H−C≡C-, CH3−C≡C-, and C6H5−C≡C-), and heterocyclic 

molecules (pyrrole and thiophene) onto Si(111) surfaces have been performed in a one-step 

electrochemical process by anodic treatment in Grignard electrolytes. Organically modified Si 

surfaces show low interface recombination rates as measured by photoluminescence 

technique and reveal also a much better passivation with respect to stability in ambient air 

than H-terminated Si surfaces. Grafting of ethynyl derivatives and heterocyclic molecules 

lead to the formation of ultrathin polymeric layers, where the thickness depends on charge 

flow applied to the Si electrode, while methyl groups lead to a monolayer on Si(111) surfaces. 

Only a very small amount of oxidation states of Si has been observed by infrared 

spectroscopic ellipsometry (IRSE) and synchrotron X-ray photoemission spectroscopy 

(SXPS). For the first time, IRSE and SXPS measurements reveal the “umbrella” vibrational 

mode characteristic from methyl groups and a well-defined spin-orbit splitting of the Si 2p 

core level emission, respectively, in the case of methylated Si(111) surfaces. For all ethynyl 

derivatives, high-resolution SXPS investigations reveal the incorporation of halogen atoms in 

the organic layers obtained. Thereby, exchanging Br for Cl in the Grignard compound leads to 

lower interface recombination rates at the polymer/Si interface. A shift in work function and 

surface band bending of up to 0.5 and 0.24 eV has been observed, respectively. The electronic 

properties reveal a linear relation between the work function and the surface dipole. 
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Chapter 1  

Introduction and motivations 

Since several years, research in the field of organic modification of semiconductor sur-

faces, especially for silicon (Si), has revealed an important increase in the development of 

new semiconductor-based devices. A tremendous interest in such organic/semiconductor sys-

tems occurred due to a wide range of potential applications in molecular electronics, biosen-

sors, microelectronics, organic hybrid devices, or photovoltaics, for instance.[1-5] Nowadays, 

the organic/semiconductor interface is becoming more and more important for surface       

sciences and for potential technological applications.[6,7] 

The formation of covalently attached organic monolayers on silicon surfaces is one of the 

many possibilities to obtain such heterostructures. Until now, a large variety of methods used 

to achieve such systems is well-documented including wet chemical processes, e.g., by alkyl-

Grignard, alkyllithium reagents, and electrochemical grafting or reaction in ultrahigh vacuum 

to name a few.[8-11] Organic modification of Si surface is known to possess attractive and 

prospective properties like superior resistance such as electronic passivation (low concentra-

tion of electronic states in the band gap) and chemical stability towards oxidation.[12,13] 

In this work, a particular interest has been focused to understand such hybrid Si/organic 

hetero-interface systems. Direct covalent grafting of various small organic molecules like  

methyl groups, ethynyl derivatives, and ultrathin polymers like polypyrrole and polythiophene 

on Si(111) surfaces has been attempted using a one-step Grignard electrochemical route.[14-18] 

Recently, several studies have been performed on the methylated terminated Si(111) sur-

faces since a complete coverage of the Si(111) surface can be achieved. Lewis’ group has in-

tensively investigated such surfaces in the last few years. However, these modified Si surfaces 

have been entirely prepared using a two-step alkylation Grignard method,[19-22] which includes 

a first halogenation step by chlorination and a subsequent reaction with Li- or Mg-

compounds. This procedure requires typically several hours. In the one-step Grignard method 

presented here no such first step is necessary. Therefore, the process to obtain organically 

modified Si surfaces is different (faster and more reliable). This electrochemical method has 
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the advantage to control the grafting process by means of current and potential applied to the 

Si electrode, and it takes typically only a few minutes. 

Electrochemical methods are especially attractive and efficient because they provide a 

straightforward and very fast way to generate radicals near the surface. The process used here 

is a one-step reaction where radicals R• are created (arising from the Grignard compounds) 

when an anodic current is applied to the Si surface. The radicals R• formed react with the 

H-terminated Si surface to create a dangling bond and, subsequently, another R• can react 

with the dangling bond from H-passivated Si surface, which allows to obtain Si surfaces   

organically modified with strong covalent Si−C bondings. The processing in anhydrous solu-

tions avoids oxygen presence or other contaminations from the Si surface. 

 

The atomic distance between adjacent Si surface sites on an unreconstructed 1 × 1 

H−Si(111) surface is 3.84 Å.[23] The van der Waals diameter of methyl groups is estimated to 

~ 2 Å,[24] which indicates that methyl groups are small enough to fit on every atop Si(111) 

surface site. A complete coverage of the Si(111) surface can be thus achieved.[24] Due to steric 

constraints, other molecules like long alkyl chains or phenyl groups could not yield a com-

plete coverage of the Si(111) surface but a partial coverage of ~ 50% has been reached.[25-27] 

Further potential candidates for the complete coverage of the Si(111) surface are unsaturated 

organic species such as ethynyl or propynyl moieties (−C≡C−R, where R = H, CH3) because 

of the linearity of these molecules. The modification of Si surfaces by −C≡C− group opens 

new reaction pathways for further functionalizations of these surfaces, e.g., in biological   

applications.[28-30] Moreover, pyrrole and thiophene heterocyclic molecules well known to 

polymerize easily can both present conductivity properties and passivate Si surfaces as well. 

H-terminated Si(111) surfaces present a flat and well-ordered structure, which can be easily 

achieved using chemical methods. However, even if these H-passivated Si surfaces show low 

surface recombination velocity, they tend to degrade rapidly (e.g., oxidation) in ambient air. 

One aspect in this thesis is to investigate if such organic monolayers are possible candi-

dates to passivate silicon surfaces as well. Additionally, since the presence of surface conta-

minants can lead to a strong degradation in device performance and because device dimen-

sions become smaller and smaller, the near surface region will become more and more 

important. That is the reason why atomically clean surfaces have to be prepared and have 

been investigated in this work. 

In this thesis, the principal investigations were performed on p-type Si(111) surfaces be-

cause the orientation presented by this surface shows well-ordered flat structures with atomic 

steps and terraces. However, other orientations (like Si(100) or porous Si structures) have 
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been studied as well. Moreover, the deposition of organic molecules on Si surfaces induces 

the creation of dipoles on the surface. These surface dipoles play an important role in such 

heterostructures and change the electronic properties (work function, band bending, electronic 

affinity…). The electronic properties determined for such organically modified Si surfaces 

will be presented and discussed. Electrochemistry has been chosen since this method is an 

easy and quick way to prepare such organic hetero-systems. Principally, two routes are used, 

the reduction (like aryl groups for instance)[31-36] or the anodization of radicals (e.g., alkyl-

Grignard).[14,16,17,24,37] For a complete overview of the Grignard compounds used in this thesis, 

see page 34 (Tab. 4.2). 

 

The work presented here addresses several related issues concerning the covalent grafting 

of organic layers onto Si surfaces and more particularly in case of Si(111) surfaces through 

the one-step Grignard electrochemical route. This is summarized as followed: 

Chapter 2 briefly introduces the basics of electronic and structure properties of the Si 

semiconductor. The change in electronic properties of Si surfaces by the organic molecules 

deposited on Si surfaces and the electrochemical grafting method used by the one-step    

Grignard electrochemical route to modify Si surfaces are presented. 

Chapter 3 outlines the experimental methods performed for the investigations and charac-

terizations of the modified Si surfaces. 

Chapter 4 describes the different substrates used and the corresponding preparation     

methods to obtain H-terminated Si surfaces. IRSE characterizations of such H-terminated Si 

surfaces are presented. The experimental conditions for the Grignard grafting process are  

described and the Grignard solutions used are listed. The preparation conditions for both   

pyrrylmagnesium and thiophen-2-yl magnesium bromide are presented. 

Chapter 5 summarizes the intensive characterization of the methylated Si surfaces and 

shows that a complete coverage of a monolayer has been achieved. The electronic properties 

induced by the surface dipoles will be discussed. Both p- and n-type methylated Si(111) sur-

faces are compared. Moreover, passivation and stability properties of such methyl-terminated 

Si surfaces are investigated. 

Chapter 6 concerns the deposition of ethynyl derivatives onto Si(111) surfaces. The for-

mation of ultrathin polymeric layers via the variation of the charge flow applied during the 

electrochemical grafting is presented. The different molecules are compared and the Grignard 

mechanism which is different from the grafting of methyl groups is proposed. Moreover, the 

role of the halogen used in the Grignard solutions and the electronic properties ascertained 

from such modified Si surfaces are discussed. 
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Chapter 7 introduces one of the first attempt to anchor covalently bonded polypyrrole and 

polythiophene using the one-step Grignard electrochemical route. First results reveal the  

presence of ultrathin, homogeneous, adhesive and robust polymeric films of polypyrrole and 

polythiophene, respectively. The thickness of the polymeric layers can be influenced by the 

charge flow. 

The last chapter is dedicated to give an overview and to summarize the results discovered 

during this thesis. 
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Chapter 2  

Basics of organic/Si heterostructures 

2.1 Silicon surfaces 

a) b)a) b)

 

Fig. 2.1: Schematic representation of (a) Si(111) and (b) Si(100) surfaces from side view. 

Fig. 2.1 shows a sketch of Si(111) and (100) surfaces side views in the ideal case, where 

Si(111) surface exhibits one dangling bond (i.e., one surface bond possibly bonded to organic 

molecules or hydrogen) and Si(100) surface reveals 2 dangling bonds. These surfaces have 

different signatures in IR spectroscopy and of course, different reaction possibilities and/or 

rates during grafting procedures. Additionally, they behave different with respect to surface 

passivation by hydrogen or oxide, and maybe also by organic molecules. The Si(100) orienta-

tion is widely used in technology due to a better passivation by SiO2 than for Si(111) surfaces. 

However, H-terminated Si(111) surfaces are much better passivated than Si(100) surfaces due 

to the achievement of flat surfaces with less amount of defects.[38] 
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2.2 Semiconductor surface electronic properties induced by 
organic molecules 

The basic concepts related to the surface electronic properties are of particular importance 

in the case of heterostructures like organic molecules or/and molecular polymeric layers de-

posited upon semiconductors or metals. In our case, the electron energetics of organic layers 

deposited onto Si surfaces was determined by XPS measurements under synchrotron radiation 

(SXPS). Surface and interface regions from modified semiconductors with organic molecules 

or layers are crucial for development of organic devices since their modifications lead to sur-

face dipoles, which induces a change in the band bending and affect the work function. The 

energy band diagram of organically functionalized Si surface will be adopted in this study 

according to Hunger et al.[39] 

The energy band diagram of a functionalized Si surface is shown in Fig. 2.2. The position 

of the Fermi level at the Si surface can be derived from the position of the binding energy 

from the bulk Si 2p3/2 emission, BE(Si 2p3/2), which is determined by a curve fitting procedure 

using Voigt line shape and spin-orbit doublet from the measured Si 2p spectra. The binding 

energy of Si 2p in the volume denoted as BEv(Si 2p3/2) is a constant (BEv(Si 2p3/2) = 

98.74 eV)[40] and is independent of the surface band bending. 

 

Evac

Ecb

Evb
EF

χ
Φ

BEv (Si 2p3/2)
= 98.74 eV

Eg = 1.12 eV

eVbb Evbm

|Evb-EF|vol = 0.2 eV

= 4.05 eVχSi

BEv (Si 2p3/2)

Bulk Surface

δ

Organic layer

 

Fig. 2.2: Energy band diagram of modified p-Si surface with an organic layer. 
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The energy between the Fermi energy and the valence band maximum level denoted as 

Evbm can be then determined from the relation: 

 

   v
3/2 3/2BE(Si 2p ) BE (Si 2p ) vbmE = −       (2.1) 

 

The work function (Φ) is defined as the energy difference between the Fermi level (EF) 

and the vacuum level of the semiconductor (Evac), which is equivalent to the energy that needs 

an electron to get escape from the semiconductor bulk. Thus, the vacuum level of the        

organic/semiconductor interface could be established with the determination of Φ. Since the 

position of EF is located above Evbm, the work function is expressed as: 

 

   χg vbmE EΦ = − +          (2.2) 

 

where Eg is the band gap of Si (Eg = 1.12 eV),[38] and χ is the electron affinity of the sur-

face. The work function (Φ) is a characteristic property of the surface and depends sensitively 

on the chemical and electronic structures of the organic layers deposited on the solid. For  

instance, some polar molecules (like halogen or oxygen atoms with a high electron negativity) 

could be adsorbed on the surface and induce a dipole (i.e., change in surface charge distribu-

tion), which opposes the escape of electrons by raising the work function of the sample. This 

change is detected as an increase in kinetic energy of the electrons at the photoemission sec-

ondary electrons cutoff. Experimentally, XPS measurements give a direct measure of the work 

function of a metal or semiconductor by extrapolation of the secondary electrons cutoff edge, 

which represents the local vacuum level Evac of the sample. However, Φ can also contain a 

contribution due to the band bending, in addition to contributions of the chemical potential 

and surface dipoles. The surface dipole is associated with the dipole moment of the deposited 

organic molecules. Thus, a shift in work function is not only due to electron affinity, but also 

to the change in surface band bending. 

The band bending is the result of an electrostatic field, which changes the potential of the 

surface with respect to the bulk and shifts the Fermi level at the semiconductor interface. This 

induces a change in the work function even without any change of the surface dipole (i.e., 

electron affinity). All surface electronic levels, from core levels to filled valence levels, empty 

conduction levels, and Evac(s) follow the band bending. The band bending (eVbb) can be deter-

mined from the following expression: 
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   bb vbm g F vol
eV E E E= − −         (2.3) 

 

The electron affinity (χ) in Eq. (2.4) is defined as the energy required to excite an electron 

from the bottom of the conduction band minimum (Ecb) at the surface to the local vacuum 

level. The effect of the presence of a surface termination layer or by an adsorbate layer on the 

surface can be ascertained such that the “intrinsic electron affinity” of Si (χSi), which is a   

constant (χSi = 4.05 eV),[41] is modified by a contribution of a surface dipole (δ) that depends 

on the charge distribution at the interface and within the adsorbate layer:[5] 

 

   Siχ = χ + δ            (2.4) 

 

Finally, the surface dipole (δ) which induces a potential step at the surface is positive 

(δ > 0) when the electron affinity increases, and negative (δ < 0) when the electron affinity 

decreases. The surface dipole can be determined from Eqs. (2.2) and (2.4) leading to: 

 

   Siχ  vbm gE Eδ = − + Φ −         (2.5) 

 

2.3 Mechanism of the electrochemical Grignard grafting route 

Presence of water in the electrolyte solution during anodization of silicon leads inevitably 

to formation of a layer of silicon oxide SiOx. Therefore, it is crucial to perform anodic treat-

ments of silicon under anhydrous conditions, if oxide formation on Si surface is not desired. 

Thus, it appears that anhydrous organic solvents are required. Using Grignard compounds 

(RMgX) for the electrochemical modification of Si surfaces has the advantage that the Grig-

nard compounds (extremely reactive in contact with water) are always in water-free solution. 

Additionally, the electrochemical treatments have to be performed in an inert atmosphere. 

Grignard compounds are also especially attractive as precursors because of the availability 

from several varieties of aliphatic, aromatic and aryl groups. 

Grignard solutions are electrolytes containing RMgX molecules, which can be possibly 

dissociated in the form R– MgX+, so that in a first step R– can be oxidized to lead to the     

formation of radical R• when an anodic current is applied (see Eq. (2.6a)). 

 

RMgX + h+  →  R• + MgX+       (2.6a) 

or  RMgX  →  R• + MgX+ + e–        
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Then, the alkyl radical R• formed may react by following different pathways: by dimeriza-

tion (2.6b), recombination by capture of a hydrogen atom from the solvent (2.6c), or even by 

abstraction of a hydrogen atom from the H-terminated Si surface (2.6d). 

 

R• + R•   →  RR        (2.6b) 

R• + SolvH  →  RH + Solv•       (2.6c) 

≡SiH + R•  →  ≡Si• + RH (fast)      (2.6d) 

 

Moreover, the dangling bonds created at the silicon surface (≡Si•) are expected to be high-

ly reactive and may then react electrochemically with the Grignard compound (2.6e) or with 

another radical to form a Si–C bond as illustrated in Eq. (2.6f): 

 

≡Si• + RMgX + h+ →   ≡SiR + MgX+ (slow)     (2.6e) 

≡Si• + R•  →  ≡SiR (slow)      (2.6f) 

 

In this grafting mechanism, other cases have been disregarded like the chemical reaction 

of the dangling bond at the silicon surface (≡Si•) with RMgX compound, which may lead to 

the formation of another radical, for instance. However, it has been already demonstrated that 

the scheme presenting here exhibits a better fit with kinetic models proposed.[17] According to 

the reaction step of the above scheme, the transfer of two elementary charges per attached 

alkyl group is required. The complete coverage of a Si(111) surface by alkyl groups has been 

reached if all hydrogen atoms from the H-terminated Si surface were replaced by alkyl 

groups, i.e., when a charge flow of ~ 240 µC/cm2 has been applied. Furthermore, creation of 

halogen radicals (X•) was not taken into account, even if they are well known to be generated 

in the case of alkylmagnesium iodides.[42] 

The chemical reaction route using Grignard electrolytes in the case of alkyl groups have 

been proposed by Chazaviel and co-workers.[17,18] This electrochemical mechanism has     

already proved to operate well in the case of alkyl layers.[15,24] However, in the case of alkyne 

or more complex groups, it seems that this “simple” grafting mechanism is no longer valid,[18] 

and should be amended by some additional reaction steps during the electrochemical grafting 

route as will be discussed in the chapter concerning the grafting of acetylene derivatives 

(see Chap. 6). 
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Chapter 3  

Experimental methods 

In this chapter, several experimental methods used for the preparation and the characteri-

zations of the modified Si surfaces obtained are presented. First, infrared spectroscopic     

ellipsometry (IRSE) measurements have been performed to provide information about the 

composition and/or chemical structure of the grafted layers. Then, X-ray photoemission spec-

troscopy method (XPS) has been performed to characterize and determine the chemical   

composition of the organic/Si interface of the functionalized Si surfaces. Furthermore, photo-

luminescence (PL) and surface photovoltage (SPV) techniques have also been performed to 

obtain information about the change in non-radiative surface recombination velocity and the 

change in surface potential (band bending) created by the grafted organic layers. Finally, 

complementary information about the morphology and chemical structures of the modified Si 

surfaces have been obtained by additional surface techniques like scanning electron micro-

scopy (SEM) and Raman spectroscopy, and will be shortly described as well. 

 

3.1 Infrared spectroscopic ellipsometry (IRSE) 

Infrared (IR) spectroscopy is one of the most widely used techniques for the determination 

of molecular structure and for the identification of compounds. IR spectroscopy is a non-

destructive method used to examine the chemical species present on surfaces or interfaces, 

which can be easily performed under atmospheric or nitrogen-purged conditions. Moreover, 

no specific vacuum conditions are required for the measurements. For these reasons, experi-

mental methods using IR spectroscopy are especially interesting for the characterization of 

organically modified surfaces. IR spectroscopy has the particularity to operate either in trans-

mission or in reflection modes. Among the several methods using IR spectroscopy technique 

are e.g., Fourier-Transform Infrared spectroscopy in ATR-mode (FTIR-ATR), Transmission 

Infrared Spectroscopy (TIRS) or Infrared Spectroscopic Ellipsometry (IRSE) to name a 

few.[43,44] IRSE will be presented here because this sensitive technique has been mainly used 
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in this work to identify the presence of the chemical species grafted onto Si surfaces by the 

determination of the typical vibrational modes observed from the organic molecules. Fur-

thermore, IRSE is an ideal tool for the investigation of organically modified semiconductor 

since the composition, the molecular orientation, the thicknesses, and the optical constants can 

be determined by the evaluation of IR ellipsometric spectra.[45,46] A large area for applications 

in nanotechnology for device bases on organic films is recovered from ferroelectric films of 

SrTiO3, ZnO, organic silicon, to inorganic materials passing through functional hybrid       

material to biosensors, and microelectronic devices.[47-50] In-situ measurements have also  

recently been performed as described in ref. [51] The principal advantage of the IRSE        

technique is the analysis of thin organic films with thicknesses from a few micrometers down 

to single molecular monolayer due to its high sensitivity.[47] 

 

3.1.1 Theorie 

The principle of the IR spectroscopy is to absorb light radiation and observe vibrational 

bands from the change in the dipole moment. Ellipsometric spectroscopy measures the change 

in the polarization state of radiation after reflection (or transmission) from the sample surface. 

In general, upon reflection from the sample surface, linearly polarized radiation becomes  

elliptically polarized. The polarization state of the radiation is analyzed with the analyzer. 

Since the optical properties of the sample are considered isotropic for an organically modified 

Si substrate within the surface plane of the sample, the polarization state of the reflected    

radiation can be characterized by the experimental quantities tan Ψ and Δ. These two inde-

pendent experimental parameters can permit to assign vibrational bands by the identification 

of the Kramers-Kronig relations from the determination of specific pair of shapes, i.e., a rela-

tion between an IR-absorption band shape observed in tan Ψ with the related band shape in 

the corresponding Δ spectrum, which is another advantage of this technique because of the 

possibility to determine consistent pairs of the absorption and the refractive index (real and 

imaginary part of the dielectric function, respectively).[52] The measured ellipsometric       

parameters tan Ψ and Δ represent the amplitude ratio and the relative phase shift difference 

between p- and s-polarized components of the reflected waves, respectively. These ellipsome-

tric parameters contain information on those material properties that contribute to the optical 

response of the sample and have been defined by the quantity ρ, which is the ratio of the com-

plex reflection coefficients rp and rs, through the following relation: 
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tan  pi

s

r
e

r
ρ Δ= Ψ =          (3.1) 

 

where rp and rs are the reflection coefficients of the two orthogonally polarized compo-

nents from the reflected waves, and tan Ψ the absolute amplitude ratio. 
 

  tan p

s

r
r

Ψ =           (3.2) 

 

The polarized reflectances Rp and Rs oriented perpendicular and parallel with respect to 

the plane of incidence are given by: 
 

  2
p pR r=   and 2

s sR r=          (3.3) 

 

In the measurements performed in our studies,[46,53] the ellipsometric parameters are       

determined from the intensity measurements at four azimuthal angles of the polarizer (0°, 90°, 

45°, and 135°) at a fixed analyzer position (45°): 
 

  
0 0

0 0

(90 ) (0 )cos 2
(90 ) (0 )

I I
I I

−Ψ =
+

        (3.4) 

 

  
0 0

0 0

(90 ) (0 )sin 2 cos
(90 ) (0 )

I I
I I

+Ψ Δ =
−

       (3.5) 

 

From these formulae, it is evident that p- and s-polarized reflectance spectra can be        

included in our measurement scheme when cos 2Ψ is determined. The band shapes observed 

in IRSE spectra of organic thin films are characteristic for the molecular orientations. 
 

3.1.2 Instrumentation 

Infrared ellipsometry measurements were performed with a photometric ellipsometer at-

tached to a Bruker IFS 55 Fourier Transform Interferometer[46,53] using a Mercury-Cadmium-

Telluride (MCT) detector with a spectral resolution of 4 cm-1 (model KV104-1, Kolmar  

Technologies, USA). The IRSE measurements were performed at 65° angle of incidence, and 

the polarization state of the reflected radiation was analyzed using the experimental setup as   

described in Fig. 3.2 (see ref. [46]). 
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Fig. 3.1: Principle of the IRSE measurement. 

The setup was purged with dry air. These specific parameters were used for most of the 

IRSE measurements presented herein. Otherwise, it was specifically noticed in the corres-

ponding text or figure. All IRSE spectra were recorded at the ISAS institute in Berlin. The 

schematic setup illustrated in Fig. 3.2 shows the path taken by the radiation light. The IR   

radiation from the Bruker IFS 55 FTIR spectrometer after passing a series of mirrors was  

linearly polarized after passing through the polarizer. After reflection from the surface sample, 

the linearly polarized radiation light became generally elliptically polarized. The polarization 

state of the reflected light was passing through the analyzer and was then focused onto a MCT 

detector through another series of mirror. The two ellipsometric parameters (tan Ψ and Δ)  

obtained from the analyzer can be thus determined. 
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Fig. 3.2: Ellipsometry setup used in this study. 
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3.2 X-ray photoemission spectroscopy (XPS) 

Complementary to the IRSE analysis, X-ray photoemission spectroscopy (XPS) measure-

ments were performed to determine the electronic states and chemical analysis of the organic 

molecules grafted onto Si surfaces. The chemical state of oxidation, the composition and the 

thickness of the surface layers (organic or Si oxide) have been investigated. Moreover, band 

diagrams of organically modified Si surfaces have been obtained for different types of       

molecules by measuring the work function, the position of the bulk Si 2p3/2 emission, and the 

assumptions of typical values (e.g., the electron affinity or the position of the bulk Si 2p emis-

sion). Most of the XPS measurements presented here were performed with synchrotron     

radiation in BESSY II synchrotron facility under ultrahigh vacuum (UHV) with a pressure of 

~ 5.8 10-10 mbar.  

 

3.2.1 Theorie 

X-ray photoemission spectroscopy technique is based on the photoelectric effect. For XPS 

measurements, photons from a monochromatic source radiation could arise from a classical 

X-ray source like MgKα (hν = 1253.6 eV) or AlKα (hν = 1486.6 eV) anodes or even from a 

higher energy source like a synchrotron radiation. The synchrotron radiation compared to  

laboratory sources presents the main advantage that the photon energy can be selected from a 

continuous energy spectrum over a wide energy range. Moreover, variable polarization, high 

intensity and brightness, and a narrow photon spot are also accessible with a synchrotron  

radiation source. The principle of photoemission process consists of the ejection of a photo-

electron from inner shell (ionization of atom) under excitation by a monochromatic radiation 

as depicted in Fig. 3.3. The kinetic energy (Ekin) of the ejected inner shell photoelectrons is 

collected by an electron analyzer and is expressed as: 

 

 kin BE sE h Eν φ= − −          (3.6) 

 

where hν is the photon energy, EBE represents the binding energy (energy relative to the 

Fermi level), and sφ  is the work function of the spectrometer. 

 



 – 15 –

a) b)a) b)

 

Fig. 3.3: Schematic representation of (a) an XPS experiment and (b) the corresponding     
photoemission process. The angle of incidence (emission of the photons) (α) and the takeoff 
angle (or polar angle) of the photoelectron ejected (θ) are defined with respect to the surface 
normal. Φ is the work function of the sample and, Evac and EF are the vacuum energy level 
and Fermi energy, respectively. 

Fig. 3.4 shows an XP survey spectrum where additional features than the main photo-

electron peaks appeared such as X-ray sources satellites (for non-monochromatic X-rays), 

shake-up and shake-off peaks, and Auger peaks.[54] 
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Fig. 3.4: Survey XP spectrum of a hydrogenated Si(111) surface recorded under synchrotron 
radiation. Si 2p, Si 2s emissions and respective plasmons noticed P’, and P” are observed in 
the low binding energy region, and C 1s, O 1s and Auger peak Si LMM emissions are distin-
guished in the higher binding energy range. 
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Moreover, in a core level spectrum, usually not only a single emission occurs from the 

ejection of an electron from the inner shell of a given element because of chemical shift, or 

orbit-spin coupling, for instance.[55] The molecular environment including oxidation states and 

bonding can be determined by the electronegativity of the elements present on the surface 

from the chemical shifts which occur in the core level emission spectra recorded. For in-

stance, a carbon atom bounded to a more electronegative atom (N, O, F, Br, …) will have its 

valence electronic density rarefied and so, the repulsion field by its inner electrons will be 

lower. Thus, it will be more difficult to eject one of these electrons since the inner electron 

binding energy will increase. If this carbon atom is bonded to a less electronegative atom, 

then the inverse behavior will occur. One important parameter, which has to be taken into 

account in the XPS measurements, is the inelastic mean free path (IMFP), λ. The inelastic 

mean free path can be defined as the distance where an electron can escape from the surface 

without undergoing energy losses before being inelastically scattered. The “universal” inelas-

tic electron mean free path, λ (in Å), is given as function of the electron energy as depicted in 

Fig. 3.5. In the energy range of ~ 10 to 1000 eV, the escape depth of electrons is in the order 

of a few Å only.[56] This spectrum shows that in this energy range, due to the short λ (~ 10 Å) 

only the outermost surface region was probed under surface-sensitive conditions. Further-

more, the photoionization cross section of a material has also to be known since this parame-

ter varies from such factors depending of the elements, and the energy of the photon energy 

(ionizing radiation). The photoionization cross section, σ, is defined as the likelihood of ioni-

zation of an electron from a given orbital in an atom with a given photon energy. 
 

 

Fig. 3.5: Universal schematic representation of inelastic mean free path of electron in solid as 
a function of the electron energy. (taken from ref. [56]) 
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Quantitative analysis 

The energy resolved from the XP spectra of emitted core electrons exhibits peaks at bind-

ing energies corresponding to elastically scattered electrons, and an associated background 

due to inelastically scattered electrons. Thus, for quantitative compositional analysis, a sub-

traction of background is necessary to determine the elastic photopeaks area. A background 

subtraction accorded to Shirley[57] or Tougaard[58] has been used. The measured photoelectron 

intensities produced by the organic film depend on its composition. The intensity of electrons 

for a given energy observed in a homogeneous material is defined as:  

 

( )    exp xdI F n T KE dxσ λ
λ
−⎛ ⎞= ⎜ ⎟

⎝ ⎠
       (3.7) 

 

where F is the flux of X-ray photons, σ is the photoionization cross section for the parti-

cular transition (in a given shell of a given atom for a given X-ray energy), n is the atomic 

volume density (number of atoms in a given volume element), λ is the electron mean free path 

(depends on the kinetic energy of the electron and the nature of the material of which it must 

travel through), and T(KE) is the transmission function of the analyzer (depending on the  

kinetic energy). Thus, for a bulk homogeneous material as a silicon material for instance, the 

intensity of the elastic peak is given by: 

 

( )2 2
2

    expSi p Si p
Si p

xI F n T KE dxσ λ
λ

∞ ⎛ ⎞−= ⎜ ⎟⎜ ⎟
⎝ ⎠

     (3.8) 

 

The closed overlayer model has been chosen for a quantitative estimation of the thickness 

according to ref. [54] Here, the intensity of the photoemission signal of a substrate has been 

monitored as a function of the thickness of the overlayer. The thickness of the organic layers 

deposited (in our case, the emission from C–Si bonds will be used) can be estimated from the 

relative intensity ratio of C 1s (overlayer) and Si 2p (substrate) from the XP core level emis-

sion spectra, IC1s/ ISi2p. The substrate and the overlayer photoelectron intensities depend on the 

overlayer thickness, d. The intensity of the overlayer signal (C 1s) is: 

 

1 1 0
1

1 expC s C s
C s

dI I
λ

∞ ⎡ ⎤⎛ ⎞−= −⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦

        (3.9) 
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and the intensity for the substrate signal (Si 2p) is: 

 

2 2 0
2

expSi p Si p
Si p

dI I
λ

∞ ⎛ ⎞−= ⎜ ⎟⎜ ⎟
⎝ ⎠

        (3.10) 

 

where 2Si pI ∞  is the photoelectron intensity from the substrate without the overlayer, 1C sI ∞  is 

the photoelectron intensity from the thick overlayer. 0
2Si pλ  and 0

1C sλ  are the electron mean free 

path of the overlayer (C 1s) and the substrate (Si 2p) signal in the overlayer (o), respectively. 

 

Data analysis 

The detailed analysis of the SXP emission spectra acquired under normal emission angle 

was analyzed using Wavemetrics Igor Pro 4 (macros routine) software. The SXP core level 

emissions were deconvoluted with a Voigt line shape (combination of Gaussian and           

Lorentzian functions) using a least-squares fitting procedure after subtraction of a Shirley or 

Tougaard background.[57,58] For Si 2p and Br 3d core level emissions, the spectra were decon-

voluted using spin-orbit doublets of Voigt line shapes with respective branching ratio of 0.5 

and 0.67, and spin-orbit splitting of 0.605 and 1.05 eV, respectively.[59] The C 1s core level 

emission spectra were fitted with four or five peaks. 

 

3.2.2 Instrumentation 

SXPS (Synchrotron) 

Synchrotron X-ray photoemission spectroscopy (SXPS) experiments were performed at 

the undulator beamline U49/2-PGM2 from the BESSY II synchrotron facility in Berlin.    

Photoemission spectra were recorded in normal emission with a Phoibos 150 electron ana-

lyzer (SPECS GmbH, Berlin, Germany) with a set of 9 channeltrons at the experimental    

SoLiAS station[60] using photon energies of 650 and 150 eV (for bulk and surface sensitive 

information). The SXPS measurements were performed with an overall energy resolution of 

about 80 meV from the total apparatus (monochromator and analyzer), an angular resolution 

of + 8°, and under takeoff angle of θ = 72° with a pass energy of 10 eV. The vacuum of the 

analysis chamber was in the range of 5.8 10-10 mbar. A clean gold foil or an evaporated gold 

film set at a binding energy of 84.0 eV for the Au 4f7/2 core level signal was used to calibrate 

the XPS energy scale using an excitation energy, hv = 150 eV. The photoemission energy 
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scale was then referenced to the Fermi energy of the gold sample. For the annealed measure-

ments, the different Si substrates were laid down on a hot metal plate and were annealed at 

390 or 430 °C for 30 min. The annealing temperatures performed were accurately determined 

by a pyrometer as a function of the heater current. The measurement of the work function was 

performed in normal emission (θ = 0°) under an excitation energy of hν = 150 eV with a pass 

energy of 1 eV and with an applied bias voltage of – 6.0 V. 

 

XPS Laboratory 

XPS measurements were performed in an ultrahigh vacuum (UHV) chamber with a base 

pressure of 5 10-9 mbar. Photoemission spectra were excited by a non-monochromated X-ray 

source equipment with two anodes (AlKα = 1486.6 eV and MgKα = 1253.6 eV), operated at 

300 W, and measured by means of a hemispherical electron-energy analyzer with a multi-

channel detection system. Photoelectrons were collected at a take-off angle of ~ 75° with  

respect to the surface normal. However for some samples, a take-off angle of θ = 30° was also 

performed to enhance the sensitivity to the surface. The Au 4f7/2 and Cu 2p3/2 signals were 

used as reference to calibrate the XPS energy scale. The information depth reached by the two 

anodes AlKα and MgKα was ~ 30 and 33.3 Å, respectively.[61] 

 

3.3 Pulsed photoluminescence (PL) and surface photovoltage 
(SPV) techniques 

3.3.1 Theorie of PL 

The pulsed photoluminescence (PL) spectroscopy is a method which permits to correlate 

the chemical and morphological structure of the surface with the surface recombination     

velocity, when combined to techniques like high-resolution energy electron loss spectroscopy 

(HREELS), or even, low electron energy diffraction (LEED), for instance.[62] The PL charac-

terization gives a quantitative analysis of the surface defect densities with pulsed laser excita-

tion. The presence of electronic surface states in the forbidden band gap causes the recombi-

nation of electron-hole pairs at surface and can act as traps or recombination active centers. 

The efficiency of interband photoluminescence of crystalline Si (c-Si) at room temperature is 

limited by non-radiation bulk and surface defects. The pulsed PL yields information about 

surface (interface) passivation by the changes in the band-to-band recombination related PL 

due to the PL quenching by the surface recombination active defects at the interface.[63] 
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Fig. 3.6 depicts the elementary processes at a semiconductor surface under strong illumi-

nation. Short light pulses are used to generate electron-hole pairs by absorption of the light by 

the semiconductor (1). The excess of charge carriers produced diffuse into the bulk. Non-

radiative recombination in the bulk (2) or at the surface (3), and a radiative band-to-band   

recombination (4) also known as photoluminescence (PL) occur. Moreover, Auger recombina-

tion appears as well (5). Under high excitation intensity (~ 1 mJ/cm2), the excess of electrons 

and holes generated are considered as equal (δn = δp) and reach a concentration value of 

~ 1018 cm-3. Since the concentration of excess charge carrier is much larger than the equili-

brium carrier concentration, the band bending is neglected and the bands at the semiconductor 

surface are considered flat. For indirect semiconductors, the radiative band-to-band recombi-

nation efficiency at room temperature is very low because phonons are involved in the transi-

tion process. Thus, it is evident that the corresponding radiative recombination lifetime is very 

long (more than 10 ms). Moreover, in the case of non-radiative recombination processes, such 

as Shockley-Read-Hall (SRH) recombination, the recombination processes are usually much 

faster. Therefore, the recombination is dominated by non-radiative bulk and/or surface       

recombination processes. 
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Fig. 3.6: Elementary processes at a semiconductor surface under strong illumination: (1) 
light absorption, (2, 3) non-radiative bulk and surface recombination, (4) radiative band-to-
band recombination (PL), and (5) Auger recombination. 
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However, by considering no change in the bulk lifetime (the excess carriers recombine 

mainly in non-radiative processes, and thus limit the lifetime of the electron-hole pair to the 

range in ms), the changes of the non-radiative surface recombination indicate the PL intensity 

since the quenching of the PL signal contains information about non-radiative recombination. 

The PL transient and intensity at high excitation level are obtained from the one dimensional 

kinetic equation as calculated by Timoshenko et al.:[63] 

 
2

2 3
2

0

( , )dn n nD G x t n n
dt x

β γ
τ

∂= + − − −
∂

,      (3.11) 

 

where n is the non-equilibrium carrier density (light induced charge carriers), t is the time, 

D is the ambipolar diffusion coefficient (D = 15 cm2/s for c-Si), G(x,t) is the generation rate of 

non-equilibrium carriers, 0τ  is the carrier lifetime in the bulk, β is the coefficient of interband 

radiative recombination (3 10-15 cm3/s), and γ is the Auger recombination coefficient       

(2 10-30 cm6/s).[64]  

The relation between the surface recombination velocity (S) and the concentration of non-

radiative surface active defects (Ns) is defined by following relation:[63] 

 

S= σ  ν  s thS Ν           (3.12) 

 

with σs  the surface recombination cross section (commonly taken as σs  = 10-15 cm-2 for 

highly efficient recombination active centers, e.g., non-radiative recombination centers like 

silicon dangling bonds on Si surface),[65] and νth  the thermal velocity of carriers (for a c-Si, 

νth  = 107 cm/s at room temperature). Thus, S is on the order of 100 cm/s for Ns = 1010 cm-2. 

The transient and the integrated PL intensities are respectively given by: 
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where d is the thickness of the sample, and effτ  is the effective carrier lifetime with 

1 1 1

eff bulk surfaceτ τ τ
= +  (3.15), and since τbulk >> τsurface, the equation becomes eff surfaceτ τ≈  and 

finally, 

1 1S2 σ ν 2
surface PL

S I
d d

Ντ − −= = ≈         (3.16) 

 

Therefore, the change in the PL amplitude is proportional to the change of the inverse of 

the non-radiative surface recombination for a given experimental condition. 
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Fig. 3.7: PL intensity (IPL) spectrum of H-terminated Si(111) surface (laser excitation: 
500 nm, 70 µJ per pulse, 0.6 ns pulse width). 

The measured PL transient allows then the experimental determination of the surface non-

radiative recombination velocity, S. Then, pulsed PL is performed to inspect the surface     

passivation by the changes in the band-band recombination related PL of Si due to quenching 

of the PL by surface defects. For instance, a typical PL intensity spectrum response for         

H-terminated Si(111) surface is shown in Fig. 3.7. 

3.3.2 PL experimental setup 

The experimental setup used for the PL characterization is depicted in Fig. 3.8. A dye laser 

pumped by a nitrogen laser was used as excitation light source to emit single pulses at a wave-

length of 500 nm (pulse width: 0.6 ns, pulse energy: about 300 µJ cm-2). The PL intensity 
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from the Si substrate (band gap of c-Si, Eg = 1.12 eV, i.e., wavelength is ~ 1150 nm) was   

recorded by time integration using an InGaAs detector during about 400 µs. The PL signal 

was connected to a Lock-In amplifier. A computer (PC) controlled the dye laser through a 

trigger signal given by the lock-in amplifier. The laser beam was focused on the sample by a 

lens and mirror. The detection of the PL intensity has been performed by 2 possibilities: a) an 

interference filter was used to measure the PL intensity as a function of time at constant wave-

length of 1150 nm (see Fig. 3.8) or b) a prism monochromator (Carl Zeiss Jena) was placed in 

front of the detector to measure the spectrum of the PL signal. Hereby, a lens was mounted in 

front of the monochromator to focus the PL signal to the entrance slit of the prism mono-

chromator. Finally, the PL signal was recorded by a Lock-In which gave the signal to the PC. 
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Fig. 3.8: Experimental setup for PL measurements. 

3.3.3 Theorie of SPV 

The pulsed surface photovoltage (SPV) is an attractive method because of its contactless 

and non-destructive characterization technique to measure the minority carrier life-

time/diffusion length. Thus, low defect densities can be determined as low as 109–1011 cm-3. 

An overview of the SPV theory and applications has been published in the literature.[66] The 

determination of surface band bending can be obtained under in-situ and ex-situ conditions by 

SPV measurements.[67] In the case of ex-situ SPV technique, the energetic distribution of   

surface or interface state density Dit(E) can be determined by measuring the surface photo-

voltage, UPh, as function of the external bias voltages, Uf, as described in ref. [68] Here, a brief 

summary of this publication. Under illumination at the semiconductor, electron-hole pairs are 
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generated in both the space charge region (SCR) and in the p-type semiconductor, respec-

tively. The change in band bending is acquired by the spatial separation of excess charge   

carriers (electrons and holes) generated by a laser light pulse excitation. Three basic mecha-

nisms of charge separation occur: a Dember voltage effect (due to different mobility of excess 

electrons and holes), a built-in electric field and a preferential trapping of either positive or 

negative charges. The electron-hole pairs in the SCR are quickly separated by the electric 

field, where for instance, in a p-type semiconductor electrons drift towards the surface and 

holes drift towards the bulk. The negative charges in the SCR are partially compensated by 

the excess positive charges resulting to a decrease in the band bending. The surface photo-

voltage (UPh) is defined as the maximum deviation of the band bending in the SCR region 

from the equilibrium value (initial band bending in the dark) after illumination, leading to the 

relation: 
 

 UPh = Φs – Φs°          (3.17) 

 

where Φs and Φs° represent the surface band bending under illumination and in the dark, 

respectively. The time decay (required to return to the equilibrium) of UPh provided informa-

tion about interface recombination behavior (bulk lifetime).[69] 

 

Fig. 3.9 shows the energy band diagram of a p-type semiconductor in the thermal equilib-

rium (in the dark) and directly after light excitation. The intrinsic Fermi level position is    

located in the midgap region due to surface states. For a p-type semiconductor, the Fermi  

level is close to the valence band edge. 
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Fig. 3.9: Principe of photovoltage measurements on a p-type semiconductor surface. Band 
diagram of a p-type semiconductor surface in the dark (solid curve) and under illumination 
(dashed curve). 
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Under illumination, the Fermi level (in the non-equilibrium case) is splitting into two    

quasi-Fermi levels (for electrons EF(n) and holes EF(p), respectively) with UPh equal to the split-

ting potential. The surface photovoltage is obtained from the change in the band bending after 

illumination divided by the electron charge. The surface potential and consequently informa-

tion on the band bending is obtained from the maximum value of the photovoltage pulse. For 

a p-type semiconductor the sign of UPh is negative while in the case of n-type semiconductor, 

a positive sign occurs. 

 

3.3.4 Experimental setup for SPV measurements 

The photovoltage transients were excited by single light pulses from a laser diode with a 

wavelength of 902 nm (pulse width: 100 ns, intensity: 150 µJ cm-2). A parallel-plate capacitor 

used for the SPV measurements consisted of a semi-transparent conductive electrode (TCO) 

on top (see Fig. 3.10), a thin mica foil dielectric spacer, the sample and an ohmic electrode at 

the bottom (for light trapping). 
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Fig. 3.10: Schematic sketch of the experimental setup for transient PV measurements on a 
p-type semiconductor surface with c-Si sample, insulator (Mica spacer) and the conducting 
TCO electrode. 

UPh was measured between this parallel-plate capacitor under light illumination and as a 

function of time. An oscilloscope recorded UPh via a resistance in the GΩ range and a high 

impedance buffer with a time resolution of 5 ns. An external bias potential could be applied 

between the c-Si sample and the TCO electrode. 
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3.4 Additional techniques for the characterization of the modified 
surfaces 

Additionally to the experimental techniques described above, the investigations about the 

structure and the morphology of the modified Si surfaces have been completed with different 

additional surface methods. In this subsection, these surface methods are only shortly        

described since this thesis is not focused on these experimental methods. 

Scanning electron microscopy (SEM) has been performed to obtain complementary in-

formation about the morphology and to determine the thickness of some organically modified 

c-Si surfaces (ethynyl derivatives, polypyrrole, and polythiophene). SEM measurements have 

been carried out by use of a Hitachi S-4100 SEM microscope with a cold field-emission-

cathode where an electron beam was scanned across the Si surfaces. The secondary electrons 

emitted from the Si substrates were collected by a detector, and the morphology of the surface 

has been obtained since these secondary electrons are sensitive (weak kinetic energy) to the 

surface morphology. The information depth of this experimental technique is in the nm range 

because of the re-absorption of the secondary electrons in the bulk material, and a resolution 

up to 1.5 nm can be reached. Moreover, energy of the primary electron beam can be continu-

ously varied between 0 and 30 keV. Finally, SEM pictures were obtained with a tilt angle of 

30° in relation to the surface to investigate the waste edges of the samples. 

Moreover, Raman spectroscopy has been applied to inspect the vibrational modes of the 

polymeric layers (i.e., polypyrrole and polythiophene) grafted onto Si(111) surfaces. A Raman 

spectrometer (Dilor, Labram) with He-Ne laser excitation (632.8 nm, about 200 µW on sam-

ple surface) was used for the measurements. Raman spectroscopy is based on the change in 

the molecules polarisability. After excitation with the laser light, the elastically scattered light 

(Rayleigh scattering) was separated from the excitation beam by a notch-filter and the       

scattered light (Stokes and anti-Stokes lines) has been collected by a Si-charge coupled device 

(CCD) after passing a holographic monochromator. Finally, Raman spectra were obtained in 

the spectral range from 25-4000 cm-1 with a resolution of 1 cm-1. 

Additional information about the detailed description and theory of these experimental 

techniques can be found in refs. [70,71] 
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Chapter 4  

Preparation of Si samples 

Since the electronic properties of the organic modified Si samples can be drastically influ-

enced by the preparation of the H-terminated Si surfaces (starting substrate), a special atten-

tion has been focused on the first step of preparation of the hydrogenated Si samples.      

Moreover, the grafting of organic molecules onto Si surfaces requires similarly precautions 

during the electrochemical deposition process or even the rinse procedure. In this chapter, 

first, the different types and orientations of Si wafer used in this work are presented. Then, the 

experimental procedures to obtain H-terminated Si surfaces from Si(111), Si(100) and porous 

Si (PSi) surfaces are described and IRSE characterizations of these surfaces are shown. Fur-

thermore, the electrochemical procedure for the deposition of organic layers onto Si surfaces 

by a one-step modification route using Grignard solutions is depicted. Finally, the current-

potential behaviors of Grignard containing pyrrol and thiophene heterocycles are shown and 

discussed. 

 

4.1 Preparation and characterization of H-terminated Si surfaces 

The quality of H-terminated Si surfaces obtained depends on several parameters like the 

quality of the Si substrate, the quality of the chemicals used during the preparation process, 

but also on the careful handling by the experimenter. To work under the best experimental 

conditions, ultrapure water (Milli-Q) with a resistivity of 18 MΩcm was used for rinsing   

procedures. All chemicals used for the preparation of H-terminated Si surfaces were made 

from VLSI grade and were purchased from Aldrich Chemical Corp. Moreover, it is important 

to mention that all chemical materials (beakers and tongs) were cleaned in hot piranha solu-

tion (conc. H2SO4:H2O2 = 2:1) before starting every hydrogenation process in order to be sure 

that no contaminants were present on the surfaces. Thereafter, the Si samples were rinsed  

abundantly with ultrapure water before a further used. Furthermore, a special attention was 

taken to handle carefully the Si wafer by the extreme edge in order to avoid scratching of the 
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surface. These scratching could cause severe damage concerning the structural defects and 

might then influence the chemical and electronic properties. Each Si wafer was cut in small 

pieces with a diamond pen. As it can be noticed, H-terminated Si surfaces always show     

hydrophobic characteristic. 

 

Silicon wafers 

Four different types of Si wafer were used for the study of organically modified Si sur-

faces. Three Si wafers were doped with different concentrations of boron leading to p-type Si 

characteristics while the other one was doped with phosphor and exhibited n-type Si characte-

ristics. Each Si wafer was cut from float zone (FZ) single crystal in order to avoid interstitial 

oxides and has small amount of defects in the bulk. The four doping concentrations and     

characteristics from these different Si wafers are summarized below in Tab. 4.1. 

Tab. 4.1: Characteristics of the different Si wafers used in this work.  

Si Wafer 
(doping) Orientation Preparation 

process Side polished Resistivity 
(Ωcm) 

     

p-doped <111> FZ One 0.5 – 2.63 

p-doped <100> FZ One 0.7 – 2 

p-doped <100> FZ Double 5 – 10 

n-doped <111> FZ One 0.7 

 

4.1.1 H-terminated Si(111) and H-terminated Si(100) surfaces 

Preparation 

First, the Si samples were placed in a Teflon® beaker and cleaned in 2-isopropanol during 

8 min in an ultrasonic bath to take off remnant contaminants (grease, dust particles, foreigner 

elements...). Afterward, the Si samples were rinsed with plenty of ultrapure water 

(18 MΩcm), and then immersed in another Teflon® beaker containing hot acid piranha solu-

tion (conc. H2SO4:H2O2 = 2:1) for 15 min at about 100 °C to remove organic residues and 

form a thin oxide layer. Then, the Si samples were rinsed again with ultrapure water during 

several minutes and finally, atomically flat and hydrogenated Si(111) surfaces were obtained 

by dissolving the chemical oxide in 40% NH4F during 15 min.[72,73] H-terminated Si(111)  
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surfaces obtained were then rinsed again thoroughly with Milli-Q water and dried under a 

nitrogen stream, N2(g). The samples were then immediately transferred into the experimental 

equipment and thus characterized by the several experimental methods used here (IRSE, XPS, 

PL and SPV) or into the glove box purged by N2(g) for further chemical modification with 

Grignard reagents. 

The H-terminated Si(100) surfaces were prepared by the same procedure than used for 

Si(111) surfaces, but etching by 40% NH4F solution was replaced by etching in 5% HF solu-

tion for 5 min.[74] Afterward, the Si(100) samples were rinsed with copious amounts of      

Milli-Q H2O and dried under a N2(g) flow. 

 

IRSE characterization 

Fig. 4.1 shows tan Ψ spectra of fresh H-terminated Si(111) and H-terminated Si(100) sur-

faces in the Si–H stretching vibrational mode. Atomically flat H-terminated Si(111) surfaces 

obtained from dipping in 40% NH4F solution show a strong and sharp peak at 2083 cm-1, 

which is assigned to Si–H stretching vibrational mode, ν(Si–H).[75] According to previous 

studies, polarized IR radiation used for the determination of flat H-terminated Si(111) surfaces 

(obtained through etching in 40% NH4F solution) has also revealed a sharp peak at 2083 cm-1 

when the sample is illuminated with a p-polarization light, while in s-polarized light only a 

small ν(Si–H) signal is observed at 2083 cm-1.[75] The sharp and strong peak observed in       

p-polarized light indicates that Si–H bonds are perpendicular to the surface, whereas the small 

peak observed in s-polarized light suggests the increase of small amounts of Si surface atoms, 

which are present along a terrace step or from defect site on the flat surface. Thus, the strong 

and sharp peak at 2083 cm-1 gives clearly evidence of the achievement of atomically flat      

H-terminated Si(111) surfaces, and that Si–H bonds are perpendicular to the surface. On the 

other hand, atomically rough H-terminated Si(100) surfaces obtained through etching in 

5% HF solution show a small IR-absorption at 2110 cm-1 due to Si–H2 stretching vibrational 

modes, which are shifted by ~ 27 cm-1 with respect to ν(Si–H) on Si(111) surfaces.[76,77] 
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Fig. 4.1: Tan Ψ of H-terminated Si(111) and H-terminated Si(100) surfaces measured by IRSE 
spectroscopy. 

4.1.2 H-terminated porous Si surfaces 

Preparation 

Since a wide range of possible applications concerning porous silicon (PSi) has already 

been exhibited,[78-80] a considerable effort has to be realized for the understanding and the  

control of the pores formation mechanism. For this reason, the preparation of H-terminated 

porous Si surfaces (H-PSi) has also been performed for some organic functionalization to  

increase the amount of surface species for IRSE measurements. Here, both side polished 

Si(100) samples were used for the preparation of H-PSi. H-terminated porous Si surfaces 

were prepared like H-terminated Si(100) surfaces. Afterward, the Si samples were transferred 

on a sample holder (metal plate), and an electrochemical Teflon® cell with a diameter aperture 

of about 2 cm2 was mounted and sealed by a Viton® ring on top of the Si sample. The electro-

chemical Teflon® cell (opened on the top side) was pressed strongly to the Si sample (to avoid 

leakage) but carefully (for not breaking the sample up), and the solutions could be easily filled 

in and out. Indeed, the electrochemical cell was filled with a mixture of 48% HF and ethanol 

(ratio 1:1) to prepare H-PSi surfaces. An anodic current density of ~ 2 mA/cm2 for 600 s was 

applied to the Si sample, and bubbles formed in the mixed solution during the electrochemical 
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process were blown away by a pipette. A three electrode configuration was used with Au as 

reference and as a counter electrode, respectively. Finally, after this electrochemical treatment 

H-PSi samples were obtained and were rinsed rigorously with Milli-Q water followed by  

drying under N2(g) stream. The H-PSi samples were then immediately measured by IRSE 

spectroscopy or transferred into a glove box for further organic modification. The experimen-

tal setup for the preparation of H-terminated PSi is shown in Fig. 4.2. 

 

Sample holder

Reference
electrode

(Au)

Counter-
electrode

(Au)

Working
electrode

(Si)

Potentiostat

 

Fig. 4.2: Experimental setup for the preparation of H-terminated porous Si surfaces. 

IRSE characterization of H-terminated porous Si surface 

The tan Ψ spectrum of hydrogenated porous Si surface (H-PSi) is shown in Fig. 4.3. In 

addition to the MCT detector, a liquid He cooled bolometer has been used here to acquire a 

better resolution in the lower frequency region. However, the spectrum obtained from the  

bolometer reveals a peak down feature at ~ 600 cm-1 range (Fig. 4.3b), which is an artefact of 

the detector. In the lower frequency region, tan Ψ spectrum of H-PSi (Fig. 4.3a) shows three 

prominent absorption peaks due to bending vibrational modes at 636, 669, and 906 cm-1,   

respectively. 
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Fig. 4.3: Tan Ψ spectra of (a) hydrogenated porous Si surface (H-PSi) prepared by an anodic 
current density of 2 mA/cm2 for 600 s. The setup feature (b) coming from the bolometer is dis-
played with the light gray curve. 

The absorption band at 636 cm-1 is attributed to Si–H bending mode, δ(Si–H),[81-83] while 

the other absorption band at 669 cm-1 is assigned to the Si–H wagging vibrational mode, 

δwag (SiH2).[82,83] Finally, the absorption band at 906 cm-1 is ascribed to the SiH2 bending   

scissors vibrational mode, δsc (SiH2).[81-83] In addition, another IR-absorption band more asso-

ciated to the bolometer set-up than a contribution from the H-PSi also appears at 625 cm-1. In 
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the higher frequencies region, tan Ψ spectrum exhibits three other distinctive absorption bands 

in the stretching vibrational modes region. These peaks located at 2094, 2121, and 2140 cm-1 

are assigned to ν(Si–Hx) stretching vibrational modes with x = 1, 2 and 3, respectively.[81-83] 

However, neither absorption band at 2200 and 2250 cm-1 due to oxide in the Si–Si backbonds 

Oy–Si–Hx molecular vibrational modes,[84] nor strong broad absorption band in the oxide   

region (1000-1250 cm-1), which comes from SiO2 stretching vibrational modes have been 

observed. The absence of these peaks is a good indication that no oxide species are formed 

during the preparation of H-PSi surface. Moreover, H-PSi surface obtained here reveals a cer-

tain structure of PSi which exhibits a certain anisotropy distribution from SiHx bonds related 

to formation of pores. 

The direction of the absorption bands in tan Ψ spectra gives information about the direc-

tion of the molecular vibrational transition dipole moments.[43] Peak-down features in the low 

frequencies region suggest that the absorption through the molecular vibrational transition 

dipole moment are oriented perpendicularly to the surface, while the peak-up features present 

in the high frequencies region are supposed to have transition dipole moment more tilted to 

the surface. These observations support the model of PSi, which presents formation of pores 

in the Si surface. In compliance with other works,[79,85-87] the presence of pores in the Si sur-

face is formed as walls and is perpendicular to the Si surface plane. These perpendicular walls  

possess a high volume for hydrogen passivation, which is reflected by the presence of the 

band shapes characteristic from Si–H vibrational modes in the IRSE spectra of PSi. 

 

4.2 Grignard reagents used for the electrochemical modification 

All solvents and Grignard reagents used for the electrochemical modification of Si sur-

faces to obtain organically modified Si surfaces were anhydrous, and have been stored in a 

glove box under nitrogen atmosphere. All chemicals have been received from Sigma Aldrich 

and were used as supplied without any further purification. Except pyrrylmagnesium bromide 

solutions, which were prepared by the chemical group of Dr. Janietz from IAP Golm. 

Several Grignard compounds were used for the electrochemical grafting of organic mole-

cules on Si surfaces. To this, three different kinds of molecules containing Grignard reagents 

were attempted to be grafted onto Si surfaces using this specific electrochemical Grignard 

method. First, Si samples modified with Grignard containing alkyl (methyl) groups were per-

formed followed by Grignard containing alkynyl (ethynyl) derivatives, and finally, Grignard 

containing heterocyclic rings like pyrrole and thiophene structures were investigated. A list of 

all Grignard compounds used in this work can be seen on Tab. 4.2. 
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Tab. 4.2: List of all Grignard compounds used in this work (DEE = diethyl ether, 
THF = tetrahydrofuran). 

Grignard reagent Name Concentration 
(mol/L) Solvent 

CH3MgBr
 

Methylmagnesium     
bromide 3.0 DEE 

CH3MgI
 

Methylmagnesium     
iodide 3.0 DEE 

CD3MgI
 

Methyl-d3-magnesium 
iodide 1.0 DEE 

CH CMgBr  Ethynylmagnesium    
bromide 0.5 THF 

CH CMgCl  Ethynylmagnesium   
chloride 0.5 THF 

CH3C CMgBr
 

Propynylmagnesium  
bromide 0.5 THF 

 

Phenylethynylmagnesium 
bromide 1.0 THF 

N
MgBr  

Pyrrylmagnesium       
bromide 0.1 THF 

S MgBr
 

Thiophen-2-yl           
magnesium bromide 1.0 THF 
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4.3 Preparation of organically modified Si surfaces 

H-terminated Si samples were freshly prepared as described previously in this chapter and 

were then transferred via an antechamber into a N2(g)-purged glove box for further electro-

chemical treatments. However, Grignard reagents are extremely reactive and explosive in 

contact with oxygen and water; that is the reason why the modification of Si surfaces was 

performed in a glove box which was permanently purged under a stream of N2(g), and where 

an inert controlled atmosphere was constantly present so that concentrations of O2 and H2O 

were below 0.1 ppm. Afterward, the H-terminated Si samples were hanged up with an alliga-

tor clip on top of an open parallelepipedic Teflon® cell and can be filled with ~ 5 ml of the 

Grignard solutions. The electrochemical Teflon® cell and the set-up of the electrochemical 

treatment are sketched on Fig. 4.4. 
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Fig. 4.4: Setup of the electrochemical treatment for organic modification of silicon substrates. 

The electrochemical modification was performed under galvanostatic conditions in a two-

electrode cell equipped with a “U”-shaped platinum (Pt) plate as counter electrode where  

different anodic treatments were applied to Si electrodes for several minutes depending on the 

Grignard solutions present in the electrochemical Teflon® cell. Here, the Si substrates served 

as the working electrode (anode). A current passed through the Si substrates into the Grignard 

electrolytes and the electrochemical reaction started. The accurate parameters used for the 

different organic modifications will be indicated timely together with the corresponding Grig-

nard compounds. Modified Si substrates obtained were then removed from the solution and 
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rinsed successively in anhydrous tetrahydrofuran (THF) or diethyl ether (DEE) (depending on 

the solvent present in the corresponding Grignard solution), respectively. Finally, the samples 

were rinsed with bromobutane (BrBu) to eliminate all remnants from residual Grignard com-

pounds. After this, the modified Si samples were taken out from the glove box and rinsed 

again with pure ethanol (VLSI grade) to remove possible magnesia compounds. In a final 

step, each modified Si substrate was rinsed with ultrapure water followed by drying under 

stream of N2(g). 

 

4.4 Current-potential behavior of Si(111) in pyrrylmagnesium 
bromide and thiophen-2-yl magnesium bromide solutions 

Concerning the grafting from pyrrole and thiophene containing Grignard solutions, cyclo-

voltammetry (CV) measurements were performed to observe the current behavior on the   

applied potential for the Si electrode in contact with these electrolytes. Additionally,          

galvanostatic techniques were also studied. The charge flow could be determined from the 

following relation: 
 

 Q I t=            (4.1) 
 

In the following section, current-voltage (Cv) and current-time (Ct) curves will be dis-

cussed for pyrrylmagnesium bromide (Pyl-MgBr) and thiophen-2-yl magnesium bromide 

(Tyl-MgBr), respectively. In these preliminary preparations for the grafting of polypyrroles 

(PPy) and polythiophenes (PT) onto Si(111) surfaces from Grignard compounds, the corres-

ponding modified Si substrates have been then characterized by XPS measurements (see 

Chap. 7). Thus, the results obtained here for the H-passivated Si(111) surfaces modified by 

the different electrochemical treatments applying different charge flows have been called  

substrates A, B, C, D, and X, Y, Z, for Si substrates modified with Pyl-MgBr and Tyl-MgBr, 

respectively. 

FZ-purified Si wafers (p-doped, (111)-oriented, single-side polished) with a resistivity of 

0.5 – 2.63 Ωcm were used for the functionalization by Pyl-MgBr and Tyl-MgBr, respectively. 

The samples were cut in a manner that the dimension of the Si substrates immersed into the 

solution was ~ 1 cm2; except for some samples which have been noticed in text. In case of CV 

measurements, electrochemical treatments were performed in a three electrode cell configura-

tion with Au wire as reference electrode, Pt plate as counter electrode, and H-terminated Si 

substrate as working electrode. The setup and the Teflon® cell used have already been pre-

sented in Fig. 4.4. 
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First, electrochemical treatments of p-Si(111) surfaces in Pyl-MgBr solution were per-

formed. Thereby, one cycle of a CV from 0 V to + 1.2 V was applied to H-terminated Si(111) 

substrate with a scan rate of 100 mV/s (see Fig. 4.5). At the beginning of the scan, the initial 

value of the current is very small, ~ 0.042 µA. The current starts to increase monotonously 

from ~ 0.2 V to + 1.2 V reaching a value of ~ 3.35 µA. The current decreases then constantly 

until ~ 0.4 V in the back scan. A charge flow of ~ 30 µC/cm2 is calculated. This modified Si 

substrate is called “A” for the XPS measurements (see Chap. 7). 
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Fig. 4.5: Cyclic voltammetry of pyrrylmagnesium bromide deposited on p-Si(111) surface. The 
scan direction is indicated by the arrows and starts from 0 V. 

Then, two different constant potentials in potentiostatic mode were applied to 

H-terminated Si(111) surfaces for different time of anodization. For one sample, a potential of 

1.2 V was applied for 80 s (sample B), whereas a potential of 0.7 V for 300 s (sample C) was 

supplied to another Si substrate (see Fig. 4.6). Sample B (left panel) starts to decrease from a 

current density of ~ 1.57 µA/cm2, while sample C (right panel) starts to decrease with a little 

bit higher current density of ~ 2.15 µA/cm2. Fig. 4.6 shows that sample B reaches more     

rapidly a constant current than sample C, but the change in current density (Δi) is more pro-

nounced for sample C. Thereby, application of potential in sample B was switched off after 

~ 80 s, while in the case of sample C, the potential was switched off after ~ 300 s. The inte-

gration of the corresponding curves reveals a charge flow of ~ 110 and 230 µC/cm2, for both 

modified Si surfaces, respectively. 
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Fig. 4.6: Potentiostatic mode applied to fresh H-terminated Si(111) surfaces in Pyl-MgBr 
solution. Dimension of Si substrate in the left panel was ~ 1 cm2, while in the right panel it 
was ~ 2 cm2. 

In order to deposit thicker films of polypyrrole using Pyl-MgBr solution, a high anodic 

current of 0.1 mA/cm2 was applied for 20 min (in galvanostatic mode) to a fresh H-terminated 

Si(111) surface. Fig. 4.7 illustrates the demeanor of the corresponding potential of this anodic 

treatment. The graph gives evidence that a high potential was applied to the Si electrode to 

overcome the potential drop in the electrolyte. The increase in potential is quite linear from 

~ 24.65 to 29.70 V and points to additional potential drop by the formation of a less conduc-

ting surface layer, which increases in thickness with time. Such high potential may also lead 

to the oxidation of solvent species. 
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Fig. 4.7: Potential as function of duration time when an anodic current density of 0.1 mA/cm2 
was applied to H-terminated Si surface for 1200 s in Pyl-MgBr solution.  
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However, the charge flow is calculated to be ~ 120 mC/cm2. A thick polymeric layer has 

been achieved after this electrochemical treatment because a brown film was visible with the 

naked eye. This thick modified Si surface obtained is called sample D. Afterward, the same 

electrochemical treatments were applied to Tyl-MgBr solution as well. As a consequence, 

Fig. 4.8 shows a CV from 0 V to + 2.0 V with a scan rate of 100 mV/s of a fresh H-terminated 

Si(111) surface immersed into Tyl-MgBr solution. The behavior observed for this CV curve is 

similar to the case of Pyl-MgBr solution. However, it seems that the slope of the curve at the 

beginning is less inclined than in the case of Pyl-MgBr solution. Moreover, the current density 

is much higher than for Pyl-MgBr solution at 1.2 V. The current drops faster in the back scan 

than in the case of sample A because the polymeric surface layer is thicker and blocks the e– 

transfer. A charge flow of ~ 550 µC/cm2 is calculated. The modified Si substrate with 

Tyl-MgBr solution in such condition is called sample X for the XPS measurements (see 

Chap. 7). 
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Fig. 4.8: Cyclic voltammetry of p-Si(111) surface in thiophen-2-yl magnesium bromide solu-
tion. Arrows indicate the scan direction starting from 0 V. 

Fig. 4.9 shows the current density-time behavior of p-Si(111) during deposition of 

Tyl-MgBr solution by applying a potential of 1.0 V. The current decreases rapidly and levels 

out at ~ 300 s. The corresponding charge flow is calculated to be ~ 460 µC/cm2 because the 

area immersed into the Grignard solution was about 2 cm2. A thick polymeric film has been 

prepared similarly to the deposition from Pyr-MgBr solution. 

 



 – 40 –

0 50 100 150 200 250 300
0

1

2

3

4

5

6

 

Thiophen-2-yl magnesium bromide on Si(111)
Potentiostatic mode, 1 V for 300 s

C
ur

re
nt

 d
en

si
ty

 (μ
A

/c
m

²)

Time (s)

Q = 460 μC/cm²

 
Fig. 4.9: Deposition from Tyl-MgBr solution onto p-Si(111) surface by  applying a constant 
potential of 1.0 V for 300 s. Dimension of Si electrode immersed in solution was 2 cm2. 

In addition, an anodic current density of 0.5 mA/cm2 has been applied in galvanostatic 

mode for 900 s as depicted in Fig. 4.10. The corresponding potential obtained starts from 

~ 12.6 V and reaches a value of ~ 22 V after 900 s. 
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Fig. 4.10: Potential-time behavior by applying an anodic current density of 0.5 mA/cm2 to 
H-terminated Si surface for 900 s in Tyl-MgBr solution. 

In the beginning, the potential of this modified Si surface increases exponentially, whereas 

the one observed for Si surface treated in Pyl-MgBr solution shows a linear behavior. These 

trends may arise from the concentration of the solutions and indicate that in case of Si modi-

fied in Tyl-MgBr solution the formation of a thin surface layer is faster since the potential 

tends to reach a constant value after 900 s. Using Pyl-MgBr solution, it seems that even after 

the same time, the deposition process of the layer is still not finished and continues further. 
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Chapter 5  

Modification by methyl groups: IRSE, 
SXPS, and PL 

 Methyl groups are very small molecules and are small enough to fit in each Si atop site 

from a Si(111) surface.[24] A complete coverage of the surface can be achieved, and can thus 

show interesting and attractive properties for this kind of surface orientation. For this reason, 

since the last few years, methylated Si(111) surfaces have been intensively investigated by 

Lewis’ group using the two-step alkylation Grignard method.[19,20,22,88,89] Methylated Si(111) 

surfaces have already shown to have good passivation properties. However, the two-step alky-

lation method requires a first step of chlorination followed by a second step of heating or  

illumination with light in Grignard solutions for several hours.[20,88] Here, in order to avoid 

such constraints, another grafting method to obtain methylated Si surfaces has been used. The 

one-step electrochemical Grignard route method has been chosen here to achieve such modi-

fied Si surfaces.[17,18,24] This method is totally different from the two-step alkylation method 

because the radicals created for the grafting of the organic molecules on Si surfaces are gene-

rated electrochemically, whereas in the two-step alkylation method, a first step chlorination is 

necessary to generate the radicals for the grafting process. Moreover, only few minutes are 

needed to achieve a complete coverage of the Si surfaces with this electrochemical grafting 

method using Grignard solutions. In this chapter, the grafting of Si surfaces with methyl 

groups (CH3 and CD3) by the Grignard electrochemical route will be discussed. First, these 

methylated Si(111) surfaces have been investigated with IRSE measurements to check the 

presence of the methyl groups by typical vibrational modes signatures arisen from the methyl 

groups on the Si surface. Moreover, the grafting of CH3 groups have also been performed on 

other orientations like Si(100) and porous Si surfaces. Then, SXPS measurements on the mod-

ified Si(111) surfaces have also been performed under synchrotron radiation in BESSY II to 

provide quantitative information about the methyl layer grafted onto Si(111) surfaces. In addi-

tion, the methylated Si(111) surfaces have been investigated using PL and SPV techniques to 

afford particularity information about the electronic properties at the organic/silicon interface 
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like non-radiative recombination active defects and band bending, respectively. Furthermore, 

the grafting on both p- and n-type Si wafers using these investigations methods has also been 

compared. Finally, the stability and the robustness of these methylated Si(111) surfaces in 

ambient atmosphere and under treatment with 5% HF solution have also been investigated 

with IRSE, SXPS and PL experimental techniques. 

 

5.1 IRSE characterization 

Verification of the Grignard process with CH3 groups 

The electrochemical grafting process proposed by Chazalviel and co-workers[17,18] using 

Grignard electrolytes for organic modification of Si surfaces has been verified by the use of 

CH3 groups. 

First of all, a hydrogenated Si(111) sample has been just dipped in CH3MgBr electrolyte 

for 5 min without any application of current or potential. This experiment has been performed 

to check that no spontaneous grafting occurred. This Si sample has been compared to another 

one which has been handled in the same solution by applying an anodic current density of 

1 mA/cm2 for 5 min. The results can be observed in Fig. 5.1. On this figure, tan Ψ spectra of 

the modified Si(111) surfaces have been referred to a H-terminated Si(111) surface and were 

plotted in the 1100-1400 cm-1 region. 
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Fig. 5.1: Tan Ψ spectra of Si(111) surfaces modified in CH3MgBr electrolyte (a) without a 
current and (b) with application of an anodic current density of 1 mA/cm2 for 5 min. The spec-
tra have been shifted for visual convenience. 
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It can be clearly seen that no relevant IR-absorption band due to the presence of CH3 

groups appears for the curve corresponding to the Si sample only dipped in the Grignard solu-

tion (Fig. 5.1a), while a weak band appears at ~ 1255 cm-1 for the Si surface of which an   

anodic current has been applied in the same solution (Fig. 5.1b). This band is assigned to the 

symmetric bending vibrational mode of CH3 groups, δs (CH3), which is also well known as 

the “umbrella” mode.[24,90,91] No peaks corresponding to the symmetric and asymmetric   

stretching vibrational modes of CH2 or/and CH3 groups at around 2800-3000 cm-1 have been 

observed (not shown here). Obviously, these vibrational modes are too weak to be conspi-

cuous. However, the “umbrella” mode is a strong hint of the binding of methyl groups on the 

Si surface. Nevertheless, further studies by IRSE measurements have been performed to    

investigate whether the weak band attributed to δs (CH3) “umbrella” bending vibrational mode 

was real or just an artefact. Therefore, Δ spectra have been recorded and the protons of the 

CH3 groups have been replaced by deuterium atoms to form CD3 groups. Exchanging H for D  

atoms is expected to shift the “umbrella” mode to the lower frequencies.[92,93] In the same 

manner, the Δ spectra should show a deviation like structure if the vibrational modes observed 

in tan Ψ spectra are real. However, Fig. 5.1 reveals that the application of an anodic current to 

the Si electrode is needed to initiate the electrochemical Grignard reaction route as mentioned 

in Chap. 2. 

 

5.1.1 Grafting of CH3 and CD3 groups onto p-Si(111) surfaces 

Since the grafting of CH3 molecules has been well achieved using this electrochemical 

method, another attempt has been performed using a Grignard solution containing also methyl 

groups but with deuterium atoms instead of hydrogen atoms. Thereby, the “umbrella” bending 

vibrational mode for CD3, δs (CD3), is expected to be shifted to a lower energy because of the 

heavier mass of the deuterium atoms in comparison to hydrogen atoms. 

Fig. 5.2 shows tan Ψ spectra of methyl-terminated Si(111) surfaces referenced to 

H-terminated Si(111) surface. Tan Ψ spectra for both methyl-terminated Si(111) surfaces point 

out intense upward pointing peaks at 2083 cm-1. These peaks are assigned to the Si–H      

stretching vibrational mode and correspond to the complete loss of Si–H surface species by 

the  grafting of organic molecules.[94] Simultaneously, weak downward pointing peaks appear 

at ~ 908 and 1253 cm-1. These peaks are ascribed to the C–D and C–H symmetric bending 

vibrational modes (also called “umbrella” mode) of CD3 and CH3 groups, respectively.[92,93] 
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Fig. 5.2: IRSE spectra of p-Si(111) surface modified by methyl groups, CH3 (red dashed 
curve) and CD3 (blue solid curve), respectively. Tan Ψ of CH3- and CD3-modified Si(111) sur-
faces are referenced to tan Ψ of H-terminated Si(111) surface. Both methyl-terminated Si(111) 
surfaces have been obtained by the application of 0.5 V for 5 min. 

The shift of the methyl (CH3 and CD3) groups on the corresponding spectra indicates the 

grafting of CH3 and CD3 groups onto p-Si(111) surfaces. Since these reliable contributions for 

the grafting of methyl groups are located near the silicon oxide region, an additional parame-

ter from the IRSE measurements, Δ, has to be also performed in parallel to give evidence of 

the real presence of these bands. 

 

Complementary parameter, Δ, performed to verify the signals observed by tan Ψ 

Fig. 5.3 illustrates tan Ψ and Δ spectra of CH3- and CD3-terminated Si(111) surfaces refer-

enced to H-terminated Si(111) surface. The figure is separated into two panels for a better 

distinction of the optical abrupt change of Δ parameter (bottom panel) in correlation with the 

appearance of a band feature in the tan Ψ spectra (top panel), respectively. 
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Fig. 5.3: Correlation between the Kramers-Kronig parameters related tan Ψ and Δ spectra is 
obtained by IRSE measurements for CH3- and CD3-terminated Si(111) surfaces (red dashed 
and blue solid curves, respectively). The spectra have been referenced to H-terminated Si(111) 
surface, respectively. 

Methylated Si(111) surfaces obtained by electrochemical modification are depicted in red 

and blue curves for CH3 and CD3 groups, respectively. IRSE measurements clearly reveal a 

concordance between the typical bands of “umbrella” vibrational mode from methyl groups 

observed on tan Ψ spectra at 980 and 1253 cm-1 for δs (CD3) and δs (CH3), respectively, with 

an optical abrupt change on the Δ spectra in respect to these bands, respectively. Thus, the 

direct correlation of change in tan Ψ and Δ characteristic for the “umbrella” mode clearly  

indicates that these IR-absorption bands are not artefacts. However, since the “umbrella” 

mode is an obvious hint of the well achievement for the grafting of methyl groups onto 

Si(111) surfaces, these “umbrella” modes will be discussed and compared in the following 

subsections. 
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5.1.2 Influence of different parameters in the change of δ (CH3) 

Fig. 5.4 depicts three tan Ψ spectra of CH3-terminated Si(111) surfaces of which different 

charge flows have been applied during the electrochemical grafting to investigate the influ-

ence on the grafting process. Thereby, the Si electrode modified by potentiostatic mode 

(0.5 V, ~ 215.2 mC/cm2) is illustrated by a dot curve, while the ones modified by galvano-

static mode (0.5 and 1 mA/cm2, ~ 150 and 300 mC/cm2) are indicated with the dashed and 

solid curves, respectively. Each modified Si(111) surface has been obtained after treatment in 

CH3MgBr electrolyte for 5 min. As observed on the figure, there is no tremendous difference 

of the “umbrella” vibrational mode at 1253 cm-1 between the different electrochemical treat-

ments which have been modified either by galvanostatic or by potentiostatic mode. However, 

if an anodic current of 1 mA/cm2 is applied (solid curve), the “umbrella” mode is slightly 

shifted to an higher energy at approximately 1255 cm-1, which is the value also observed from 

other groups.[20,24] The insert in Fig. 5.4 depicts the integrated IR-absorption of the “umbrella” 

mode plotted as a function of the calculated flown charge (see Tab. 5.1). This investigation 

shows that the charge flow applied to the Si substrate does not influence the ratio of CH3 

groups grafted onto Si surfaces. These results are consistent with the fact that only 

~ 240 µC/cm2 are required to replace all hydrogen atoms present on H-terminated Si(111) 

surfaces by CH3 groups. Moreover, the small intensity difference observed for these bands in 

the different curves is certainly due to the fact that more or less signal coming from the     

methyl groups is detected. However no polymerization process may occur with the utilization 

of methyl groups (since alkyl groups did not possess double or triple bonds). Thus, when the 

Si electrode has received enough radicals to react with every H atoms from the atop sites of a 

Si(111) surface, the excess of additional radicals formed do not affect the Si surface. Further-

more, it seems that H-terminated Si(111) surface modified in galvanostatic mode with appli-

cation of 1 mA/cm2 for 5 min exhibits a higher integrated IR signal of the “umbrella” band 

observed. 

 

Further PL studies have also revealed that the charge flow applied to the Si electrode      

affect the electronic properties in the amount of non-radiative active defects at the interface 

for these methylated Si surfaces (not shown). Besides, it has been found that the CH3-

terminated Si(111) surfaces of which an anodic current density of 1 mA/cm2 for 5 min has 

been applied, present the “best” grafting concerning the non-radiative recombination active 

defects and for this reason, anodic current density of 1 mA/cm2 for 5 min has been applied in 

most of the further experiments. 



 – 47 –

Tab. 5.1: The calculated flown charge applied to Si electrodes during the electrochemical 
grafting process and the corresponding integrated IR signal of the “umbrella” mode. 

Grafting process Charge applied IRSE integral of 
“umbrella” band 

Potentiostatic mode 
0.5 V for 5 min 215.2 mC/cm2 3.9 ± 0.39 

Galvanostatic mode 
0.5 mA/cm2 150 mC/cm2 3.3 ± 0.33 

Galvanostatic mode 
1 mA/cm2 300 mC/cm2 3.8 ± 0.38 
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Fig. 5.4: The “umbrella” bending vibrational mode, δs (CH3) at ~ 1253 cm-1 of methylated 
Si(111) after different charge flow applied for 5 min in CH3MgBr electrolyte (potentiostatic: 
⋅⋅⋅⋅⋅⋅ 0.5 V; galvanostatic: ----- 0.5 mA/cm2, ––– 1 mA/cm2). Tan Ψ spectra were referred to 
H-terminated Si(111) surface. The spectra have been shifted for visual clarity. Insert shows 
the integrated IR intensities as a function of the applied charge flow. 
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5.1.3 Role of halogen atoms during the electrochemical grafting of methyl 
groups 

Fig. 5.5 shows the normalized tan Ψ spectra of CH3-terminated Si(111) surfaces electro-

chemically modified with two different Grignard electrolytes (CH3MgBr and CH3MgI) that 

contains different halogen atoms Br and I, respectively. The electrochemical reaction has been 

performed for both Grignard compounds by applying an anodic current density of 1 mA/cm2 

for 5 min. At first glance, it can be noticed that obviously no prominent difference is observed 

between the two curves obtained (CH3MgBr: red; CH3MgI: blue). 
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Fig. 5.5: Normalized tan Ψ spectra of CH3-terminated Si(111) surfaces modified with different 
Grignard electrolytes (CH3MgBr and CH3MgI) containing Br and I as halogen atoms, respec-
tively. An anodic current density of 1 mA/cm2 has been applied for 5 min. 

However, regarding more precisely the tan Ψ spectra, one can remark that for the modifi-

cation in CH3MgBr electrolyte a higher band assigned to “umbrella” vibrational mode at 

~ 1255 cm-1 is conspicuous, while for the one treated with CH3MgI electrolyte the “umbrella” 

vibrational mode is located at ~ 1253 cm-1. The integral of the corresponding IR-absorption 

bands determined reveals quite the same area with ~ 10% error due to the weak peak, but also 

because of the asymmetry of the peak. No prominent difference can be observed with IRSE 

measurements. Besides, it will be demonstrate on further experiments that halogen influence 

sorely the grafting process of some molecules (e.g., ethynyl groups), and could by the same 

manner totally change the chemical, vibrational and electronic properties of the modified Si 

surface obtained (see Chap. 6). 
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5.1.4 CH3-terminated Si(111) surface versus CH3-terminated Si(100) 
surface 

In this subsection, the comparison between CH3 groups grafted onto p-Si(111) and 

p-Si(100) surfaces have been investigated with the Kramers-Kronig related tan Ψ and Δ spec-

tra obtained by IRSE measurements. The aim of this study is to verify whether the grafting 

Grignard method also works with a Si surface presenting another type of surface orientation; 

since in technology, Si(100) surface is the most relevant one. H-terminated Si(100) surface 

shows different surface structure in relation to H-terminated Si(111) surface (2 dangling bonds 

instead of 1, see Chap. 2), Si–H stretching vibrational mode is known to be shifted from 2083 

to 2110 cm-1 for H-terminated Si(111) to H-terminated Si(100) surfaces (Fig. 5.6), respec-

tively.[76,77] Thus, CH3-terminated Si(100) surface is also expected to indicate a shift of the 

IR-absorption band arising from the “umbrella” bending vibrational mode of CH3 groups. 

Fig. 5.6 shows the normalized tan Ψ and Δ spectra of CH3-terminated Si(111) and Si(100) 

surfaces, respectively. An anodic current density of 0.5 mA/cm2 has been applied for 5 min to 

obtain these CH3-terminated Si surfaces. On this figure, Si–H peak disappears after electro-

chemical grafting for both Si surfaces (Fig. 5.6b). Nevertheless, the tan Ψ spectrum obtained 

from CH3-terminated Si(111) surface (red curve) shows the band assigned to “umbrella” 

bending vibrational mode at ~ 1252 cm-1, while a very weak band appears at ~ 1268 cm-1 for 

the CH3-terminated Si(100) surface (brown curve). This weak band at ~ 1268 cm-1 can be 

related to a real IR-absorption band because an optical change in Δ spectrum is also observed 

at this wavenumber in tan Ψ spectrum (Fig. 5.6a). Therefore, this weak peak could be as-

signed to the CH3 “umbrella” mode of CH3 groups grafted onto Si(100) surface. The observed 

shift for the CH3 “umbrella” vibrational mode from Si(100) to Si(111) surfaces is ~ 16 cm-1. 

This shift is in the same direction as observed for the Si–H stretch peak from H-terminated 

Si(111) to Si(100) surfaces and is ~ 27 cm-1. Finally, no specific orientations have been     

determined in this study concerning the CH3 groups, nonetheless to obtain such information, 

computational methods should be performed. 
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Fig. 5.6: Kramers-Kronig related tan Ψ and Δ spectra for CH3-terminated Si(111) and Si(100) 
surfaces in the (a) CH3 “umbrella” mode region and in the (b) Si-H symmetric stretching 
mode region. Please pay attention that the scales on both panels are not similar. The spectra 
have been shifted for visual convenience. 

5.1.5 Methyl groups grafted on porous Si 

Grafting of CH3 groups onto porous Si (PSi) has not been intensively studied until now. 

However, this is quite interesting to understand how the grafting of methyl groups onto PSi 

will be influenced by the initial H-terminated PSi (H-PSi) structure (see Fig. 4.3) in term of 

the orientation of the bonds which will be formed between the PSi surface and the methyl 

groups. In addition, more surface area leads to a higher IR signal of the grafted CH3 species. 

As already explained in the previous chapter, H-PSi starting surface for the grafting of methyl 

groups has exhibited anisotropic morphology with very small pore structures. 

Methyl-terminated porous Si (MePSi) is obtained using the same electrochemical grafting 

method than used for the deposition of organic molecules onto H-terminated Si(111) and 

H-terminated Si(100) surfaces (CH3MgBr, 0.5 mA/cm2 for 5 min). Fig. 5.7 shows tan Ψ, Rp 

and Rs spectra from (a) MePSi, (b) H-PSi, and (c) tan Ψ of MePSi divided by tan Ψ of H-PSi, 

and (d) tan Ψ of MePSi in a wider spectral region. The binding of CH3 groups on PSi surface 

is well observed by typical absorption bands due to CH3 termination (Fig. 5.7a, c and d). 

However, absorption bands due to SiHx groups are also conspicuous in Fig. 5.7d, as indicated 

in tan Ψ spectrum of MePSi surface. Thereby, after grafting of CH3 groups onto H-PSi sur-

face, the presence of downward pointing peak features assigned to Si–H bending vibrational 

modes (at 669 cm-1, δwag(Si–H) wagging vibrational mode and at 906 cm-1, δ(SiH2) scissor 

vibrational mode) are still distinguishable in the lower spectral range (Fig. 5.7d). Besides for 
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these corresponding peaks, only a slight number of Si–H surface species are grafted by CH3 

after electrochemical modification. Similarly, the same behavior is also observed in the Si–H 

stretching vibrational region between 2000-2200 cm-1, where upward pointing peak features 

are ascribed to Si–H stretching vibrational modes, ν(SiHx) (with x = 1, 2, 3). These peaks ex-

hibit a small diminution of intensities as well upon CH3 modification. This observation could 

then buttress the assumption that not every Si–H bonds from H-PSi surface has been replaced 

by CH3 groups after the electrochemical grafting. Additionally, no prominent SiO2-related 

modes have been observed in the oxide range for MePSi surface. On Fig. 5.7 b, CH2 and CH3 

absorption bands in the 2900-2970 cm-1 region are also ubiquitous on H-PSi surface, which 

indicates the presence of some CHx-containing contaminants from the atmosphere. On 

Fig. 5.7d, another absorption band as downward pointing peak appears at 773 cm-1 in the  

lower frequencies region and is attributed to the rocking vibrational mode of CH3 molecules, 

ρ(CH3). In the higher frequency region, distinguishable absorptions bands are also observable 

as upward pointing peaks in the 2900-2970 cm-1 range and are assigned to C–H stretching 

symmetric and asymmetric vibrational modes of methylene groups, νas(CH2) at 2931 cm-1 

(due to hydrocarbon contaminants) and methyl groups, νs(CH3) and νas(CH3) at 2902 and 

2969 cm-1, respectively. However, Fig. 5.7c shows tan Ψ spectrum of MePSi divided by the 

tan Ψ spectrum of HPSi and clearly indicates the disappearance of the CH2-related absorption 

band at 2930 cm-1, leaving thus only the true bands originating from the grafted CH3 groups. 

Interestingly, no “umbrella” mode, δs(CH3) is observable at 1253 cm-1, like it was the case for 

the methylated Si(111) and Si(100) surfaces. Another assumption that MePSi still follows the 

initial pattern of H-PSi is indicated with the presence of Si–H vibrational modes. This is    

observed by the IR-absorption bands assigned to the stretching vibrations which appear as 

upward pointing peak features, while the IR-absorption bands attributed to the bending vibra-

tions appear as downward pointing peak features. Thus, the spectra obtained from the MePSi 

surface exhibit obviously the preservation of anisotropy of the porous silicon structure from 

the initial hydrogen passivated PSi surface after electrochemical grafting by the CH3 groups. 

Table 5.2 summarizes the IR absorption bands and their assignments. This behavior has not 

been seen for instance in the case of NB grafted onto porous Si, where the Si–H modes have 

disappeared totally from the Si surface.[95] 

 



 – 52 –

 

Fig. 5.7: Tan Ψ and Rp, Rs spectra as obtained from (a) MePSi and (b) H-PSi samples at 65° 
angle of incidence. The background of Rp has been shifted in respect to Rs by +0.482 in (a) 
and by +0.534 in (b) for visual convenience, (c) illustrates tan Ψ spectrum of MePSi refe-
renced to tan Ψ spectrum of H-PSi, and (d) depicts tan Ψ spectrum of MePSi in the extended 
spectral range. The arrows emphasize the directions of the observed absorption bands.          
ν: stretching; ρ: rocking; δ: bending vibrational modes. Please notice that the right and left 
sides of the panels (a) and (b) indicate different y-scales. 
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Tab. 5.2: Absorption bands observed from the MePSi spectrum (Fig. 5.7) with the corres-
ponding assignments (δ: bending; ρ: rocking; ν: stretching vibrations). 

Absorption peak 
position            
(cm-1) 

Assignment 
Reported                

absorption peaks         
(cm-1) [refs.] 

669 δwag(Si-H) 667 [81] 

773 ρ(C-H)CH3 757 [20] 

906 δsc(Si-H2)     910 [83,96] 

2904 νs(C-H)CH3 2900 [96] 

2931 νas(C-H)CH2 2928 [20] 

2967 νas(C-H)CH3     2965 [20,92] 

 

5.2 SXPS characterization 

In this section, methylated (CH3 and CD3 groups) and H-terminated Si(111) surfaces have 

been investigated using X-ray photoemission spectroscopy under synchrotron radiation 

(SXPS). The chemical and electronic properties of these modified Si surfaces have been dis-

cussed, also in term of thermal stability. Methyl groups grafted onto Si(111) surfaces have 

revealed a high stability against the annealing treatment since the C 1s photopeak attributed to 

carbon atoms bonded to silicon surfaces are still remained on Si surfaces. Only a small 

amount from the initial contribution of this peak (fresh sample) is reduced. Moreover, after 

this annealing treatment, the methylated Si samples have also revealed a well-distinguished 

spin-orbit splitting in the Si 2p core level emission. For the first time, this splitting is well 

observed for these methyl-terminated Si(111) surfaces of which the contribution arising from 

the bulk Si 2p emission and the one due to the bondings between silicon surface atoms and 

carbons atoms from methyl groups are clearly shown. This behavior gives then clear evidence 

that methyl groups are covalently attached to Si surface atoms. Furthermore, no prominent 

difference has been observed in the Si 2p and C 1s core level emissions between both        

methyl-terminated Si(111) surfaces achieved by CH3 and CD3 groups. However, methylated 

Si(111) surfaces grafted with CD3 molecules seem to present better passivated Si surfaces. 

Finally, it has been observed that the electronic properties can be strongly influenced by the 

presence of defects on the surface, as well as the bonding of organic molecules on the surface 

leading to a surface dipole. For this study, detailed SXPS measurements have been performed 
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and the results acquired for such modified Si surfaces have been discussed below in terms of 

change in work function, surface band bending, electron affinity, and surface dipole induced 

by the presence of organic molecules on the surface. Thus, in order to investigate these elec-

tronic properties, a band diagram has been constructed (see Fig. 5.13). 

All SXPS measurements have been performed under synchrotron radiation at the undula-

tor beamline U49/2-PGM2 at BESSY II in Berlin. Small dimensions of Si(111) samples, 

p-doped with a resistivity of 0.05 – 2.63 Ωcm have been used in this work. The Fermi-level 

position, EF, relative to the valence band maximum corresponding of this dopant concentra-

tion has been determined to be located at (0.20 ± 0.02) eV from the valence band maximum 

energy, Evbm, for the intrinsic Si(111) surface.[41] After insertion of the fresh modified Si sam-

ples into the vacuum system of the SoLiAS experimental station, the Si samples have been 

first recorded using photon energy, hv, of 150 and 650 eV. Then, the same Si samples have 

been heated at 390 °C for 30 min. In the case of CH3-terminated Si(111) surface, a second 

annealing has also been performed at 430 °C for 30 min. 

 

Comparison between Si 2p emissions under surface and bulk sensitive conditions 

Fig. 5.8 displays the high-resolution SXP spectra in the Si 2p core level emission region 

for a fresh H-, CH3- and CD3-terminated Si(111) surfaces. The Si samples are recorded at two 

different excitation energies, (a) hv = 150 and (b) 650 eV, respectively. At a photon energy of 

150 eV, the Si samples are probed under “surface” sensitive condition (escape depth ~ 5.4 Å), 

while at a photon energy of 650 eV, the spectra are recorded under “bulk” sensitive condition 

(escape depth ~ 17.5 Å). As expected, for Si surfaces the Si 2p core level spectra reveal a 

spin-orbit doublet which has been observed for each sample. This splitting corresponds to the 

spin-orbit doublet of the Si 2p emission and can be decomposed into similarly shaped 2p1/2 

and 2p3/2 contributions (ΔEBE = 0.605, and 1:2 peak area ratio).[59] Moreover, under surface 

sensitive condition (hv  = 150 eV), the intensities of Si 2p core level emissions are ~ 5 times 

more intense than under bulk sensitive conditions (hv = 650 eV). Beyond, no photopeaks in 

the binding energy corresponding to the region of silicon oxide SiO2 emissions (up to ~ 4 eV 

above the bulk Si 2p3/2 peak position) have been detected. This observation clearly indicates 

that no SiO2 species have been formed on the Si surfaces. 

At an excitation energy of hv = 650 eV, the high resolution Si 2p core level spectra show a 

small shift of the bulk Si 2p3/2 peak for CH3- and CD3-terminated Si(111) surfaces, respec-

tively, in relation to H-terminated Si surface (Fig. 5.8b). The bulk Si 2p3/2 peak of 

H-terminated Si(111) surfaces is located at ~ 99.41 eV and a shift of ~ 0.05 to 0.22 eV       



 – 55 –

towards the lower binding energy occurs for methylated Si(111) surfaces in comparison to 

H-terminated Si(111) surfaces. This small shift (< 1 eV) is consistent with the fact that organic 

molecules have been deposited onto Si(111) surfaces because it is well known that organic 

modification of Si surfaces leads to a small shift of the bulk Si 2p3/2 signal.[54,97] The intensity 

of the Si 2p photopeak decreases from H- to methyl-terminated Si(111) surfaces. The attenua-

tion of Si 2p photopeak has been expected whether methyl groups are grafted on top of the Si 

surface atoms (or whether chemical bonds are formed between the Si substrate and the carbon 

of the methyl groups). Moreover, the intensities of the methyl-terminated Si(111) surfaces are 

quite equivalent, which is consistent with the fact that no more than one monolayer can be 

achieved for both methylated (CH3 and CD3) Si surfaces. However, this attenuation is just a 

hint that the Si surfaces have sustained a change in the electronic properties of the Si and can 

not be taken as quantitative conclusion. These shifts in the lower binding energies as related to 

the bulk component of H-terminated Si(111) surfaces suggest that methyl-terminated Si(111) 

surfaces are less electronegative. From these shifts, the surface band bending of these modi-

fied Si(111) surfaces induced by the organic molecules grafted can be determined. Similarly, 

the same demeanors are also observed at more surface sensitive information, i.e., at excitation 

energy hν = 150 eV (Fig. 5.8a). Here again, no oxide or very few amounts of oxide have been 

detected. However, it seems that the H-terminated Si(111) surfaces indicate a very weak hump 

in the SiO2 region. This hump suggests that the fresh H-terminated Si(111) sample has been 

probably contaminated during the insertion into the vacuum system of the SXPS equipment. 

Moreover, a very weak feature is also detected in the higher binding energies at about 

+ 1.40 eV from the bulk Si 2p3/2 peak for both methyl-terminated Si(111) surfaces, respec-

tively. This small feature could be attributed to the contribution from the top layer Si surface 

atoms attached with halogen atoms according to Terry and co-workers.[98,99] These halogen 

atoms arose probably from the Grignard solutions and/or during the rinse with bromobutane 

solution. A change in Si 2p emission line shapes of the methylated and H-terminated Si(111) 

surfaces suggests that the observed Si 2p photopeaks consist of multiple spin-orbit doublet 

contributions. These multiple spin-orbit doublets are more prominent for CH3-terminated 

Si(111) surfaces. This statement supposes that another component occurs on the Si 2p emis-

sion spectra and is shifted to the higher binding energies (about + 0.18 eV) than the bulk 

component. This indicates that a charge is being transferred from the Si atoms to another ele-

ment more electronegative. This chemical shift can then points out that the Si atoms from the 

surface are bounded to carbon atoms from the methyl groups, as expected by their respective 

electronegativities (1.90 and 2.55, for Si and C atoms, respectively).[100] 
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Fig. 5.8: High resolution Si 2p core level emission spectra from H-, CH3- and CD3-terminated 
Si(111) surfaces have been recorded at photon energies (a) of 150 and (b) 650 eV, respec-
tively. The difference energy between the modified Si(111) samples have been indicated with 
the arrows. 

However, H-terminated Si(111) surfaces reveal a bulk Si 2p3/2 peak contribution located at 

99.42 eV, and a shift in the lower binding energies of 0.04 and 0.16 eV of the bulk Si 2p3/2 

peak has been observed from H- to CH3- and CD3-terminated Si(111) surfaces, respectively. 
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5.2.1 Successive annealing under different conditions 

All core level spectra have been fitted using a least-squares fitting procedure after a    

Shirley background subtraction. The Si 2p and Br 3d core level spectra have been fitted using 

spin-orbit doublets of Voigt line shapes. Necessary constraints have been maintained due to 

the spin-orbit doublet of Si 2p (∆EBE = 0.605, 1:2 peak area ratio), and Br 3d (∆EBE = 1.05, 

2:3 peak area ratio).[59] C 1s core level spectra have been deconvoluted using singlet Voigt line 

shapes. 

Annealing of the samples has been performed in order to remove adventitious contamina-

tions like aliphatic carbons or other remnant contaminations from the Si surfaces. Moreover, 

these annealing treatments can also give information about the stability of the bonding formed 

between Si surface atoms and C atoms from methyl groups. 

 

Fig. 5.9 shows the high resolution of (a) C 1s and (b) Br 3d core level spectra for H-, CH3- 

and CD3-terminated Si(111) surfaces before and after annealing treatments. Each spectrum 

has been recorded at photon energy of 650 eV. In Fig. 5.9b, the C 1s core level emissions of 

these modified Si samples reveal several carbon features. Before annealing, the H-terminated 

Si(111) surface indicates two components. The larger peak at 284.76 eV is attributed to the 

emission from adventitious aliphatic carbons bonded to other carbon or hydrogen atoms. This 

component can be then indicative of C–C, C–H, and/or C=C bondings.[54,97] These remnant 

carbon contaminants arise probably during the transfer to the experimental setup. A weak 

hump shifted to the higher binding energy by + 1.0 eV at 285.76 eV is also observed and is 

probably due to carbons bonded to the silicon back bonds oxide. After annealing, the compo-

nent corresponding to the aliphatic carbons is strongly reduced by ~ 70% and the hump at 

higher binding energy totally disappeared. In the case of the methylated Si surfaces, C 1s core 

level emissions show more peak features. The similar contribution components than 

H-terminated Si surface are also observed, but are shifted to the higher binding energies in 

relation to the H-terminated Si(111) surface by about + 0.37 and + 0.58 eV, i.e., at 285.13 and 

285.34 eV for CD3- and CH3-terminated Si(111) surfaces, respectively. These shifts in the 

higher binding energy from H- to CD3- and CH3-terminated Si(111) surfaces has also been 

noticed for alkyl chains grafted onto Si(111) surfaces according to Jaeckel et al.[101] Besides, 

these peak components reveal more aliphatic contamination carbons present in the case of 

CH3-terminated Si(111) surfaces. A weak feature appears like in H-terminated Si surfaces and 

is shifted by about + 1 eV from the respective position of the aliphatic carbon components for 

both methyl-terminated Si(111) surfaces. Here, these components are certainly due to carbon 
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atoms from adventitious remnant contaminants bonded to Br or O atoms coming from the 

rinse process or during the Grignard grafting process. In the case of CH3-terminated Si(111) 

surfaces, another component shifted to around + 4.08 eV occurs at 289.42 eV. This feature is 

most likely due to the satellite of the principal peak[102,103] or could be certainly due to conta-

minants from carboxylic groups (C=O) (electronegativity of oxygen, O is 3.44).[97,104,105] 

These carboxylic groups are probably arisen from the breaking of DEE molecules from the 

solvent contains in the Grignard solutions. The predominant C 1s photoelectron peak         

observed at 283.98 and 284.04 eV, respectively, for both CD3- and CH3-terminated Si(111) 

surfaces is assigned to C bonded to Si atoms, C–Si bonds.[88,101,106,107] This chemical shift by 

~ 1 eV which occurs in the lower binding energy in relation to the adventitious aliphatic    

carbons reveals that the C atoms from this emission are bonded to a less electronegative ele-

ment. This is in that case Si atoms because only the Si element which possesses this property 

is present. As compared to the aliphatic peak component, more C bonded to Si atoms are ob-

served since the C–Si peak emission reveals ~ 20 to 70% more contribution from this compo-

nent than the corresponding aliphatic components for CH3- and CD3-terminated Si(111) sur-

faces, respectively. These demeanors reveal then a better achievement of methyl-terminated 

Si(111) surfaces by CD3 groups in relation to CH3 groups. After the annealing treatments, 

most of the aliphatic carbons have been desorbed from the Si surfaces by ~ 50 and 80% for 

CH3- and CD3-terminated Si(111) surfaces, respectively. However, a second annealing at a 

higher temperature of 430 °C for 30 min is necessary in the case of CH3-terminated Si(111) 

surfaces to mainly remove these adsorbed aliphatic carbon contaminants and to obtain then a 

quite similar C 1s emission shape as compared to the CD3-terminated Si(111) surfaces. Albeit 

the desorbtion of the aliphatic carbons occurs after the annealing treatment, no prominent 

changes in the shape and in the intensity of C–Si contribution have been observed. However, 

for the CD3-terminated Si(111) surfaces, ~ 5% of the C–Si component has been “desorbed” 

and a small shift about + 0.04 eV to the higher binding energies occurred, which leads to the 

same energy position than the C–Si emission of the peak from CH3-terminated Si(111) sur-

faces. In the case of CH3-terminated Si(111) surfaces, all remnant adventitious adsorbates 

have been desorbed, after the second annealing treatment. The C–Si component emission of 

the peak from CH3-terminated Si(111) surfaces has not been affected, but a small feature at 

~ 283.5 eV appeared. This small shoulder is most likely due to the formation of silicon      

carbide, SiC, after the annealing treatments.[97,108,109] However, these results reveal that the    

C atoms from the methyl groups bonded to Si surfaces are stable up to 430 °C. This demenaor 

is in good agreement with the desorbtion of alkyl chains grafted onto Si surfaces of which a 

thermal treatment has been applied.[110] Since the annealed Si surfaces present less contami-
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nant on their surfaces, the discussions and the fitting of the C 1s and Si 2p emissions from the 

annealed methylated Si surfaces will be presented in the following subsection. 

 

High resolution Br 3d core level spectra for both methylated Si surfaces are shown in 

Fig. 5.9a. Br atoms are not detected on H-terminated Si(111) surfaces. The Br 3d core level 

spectra have been fitted (not shown here) and two different oxidation states have been found 

with respect to the necessary constraints from the Br 3d spin-orbit doublet contribution.[59] 

The first spin-orbit doublet peak appears at ~ 69.55 eV and is attributed to Br bonded to Si 

atoms, whereas a second spin-orbit doublet peak shifted to about + 1.05 eV to the higher bind-

ing energies at ~ 70.60 eV has been assigned to Br bonded to C atoms coming from remnant 

adventitious carbons. This shift is consistent with the literature.[97,111] The two spin-orbit 

doublet pair components are then overlapped. The attribution of these peaks has been done 

with respect to the electronegativities of these elements. C (2.55) is more electronegative than 

Si (1.90) so that the contribution from Br–C spin doublet emission should be shifted to higher 

binding energy than the component arising from Br–Si bonds. In the case of CH3-terminated 

Si(111) surfaces, the Br–Si spin-orbit doublet emission at ~ 69.55 eV decreases successively 

by about 50 and 75% from the first to the second annealing process, respectively, in relation 

to the initial peak, while almost all the Br–C component disappears already after the first an-

nealing. This demeanor is consistent with the observation deduced from the C 1s core level 

emissions. In the case of the CD3-terminated Si(111) surfaces, the peak due to Br atoms can 

only come from the rinse solution (bromobutane) because the Grignard solution used for the 

grafting of CD3 groups contains iodine atoms instead of bromine atoms. This suggests   

strongly that some remnant contaminants can also come from the rinse process. This behavior 

is observed by the high amount of Br–C components on this surface. However, surprisingly it 

seems that the CD3-terminated Si(111) surfaces are more reactive in contact with bromo-

butane solution as compared to CH3-terminated Si(111) surfaces because more contribution 

from Br–C bonds occurred. After annealed the Si sample terminated by CD3 groups, more  

Br–Si bonds seem to occur since the intensity of the corresponding peak is increased. This 

phenomenon suggests that during the annealing treatment, Br–C bonds have been probably 

cracked, and thus some of the Br atoms have reacted with the Si surface atoms. Moreover, in 

correlation with the C 1s core level emissions, the peak related to possible C–Br bonds also 

totally disappear after the annealing process. 
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Fig. 5.9: XP core level emissions of (a) Br 3d and (b) C 1s recorded at hν = 650 eV for H-, 
CH3- and CD3-terminated Si(111) surfaces, respectively, before and after annealing processes. 
Note that the intensity is in arbitrary units so that the graphs are not shown in the same count 
per seconds (cps) intensity regime (it means that the real intensity are not relative here and 
cannot be compared directly). 

Fig. 5.10 depicts the high resolution Si 2p core level spectra of H-, CH3- and CD3-

terminated Si(111) surfaces before and after annealing procedures. The SXPS measurements 

have been performed at photon energy of 150 eV to be in surface sensitive conditions. As  

already explained above, the line shape emissions of the spectra related to methyl- and 

H-terminated Si surfaces change. Moreover, the change in the line shape emissions are more 

pronounced after annealing of the Si samples. These demeanors indicate then that molecules 

are grafted onto Si surfaces since a shift occurs between the H-terminated Si(111) surface and 

the methylated Si(111) surfaces. Furthermore, the change in the line shape emission could 

also arise from the change in the Si surfaces after the annealing procedure, which could be 

related to the desorbtion of contaminant carbons. For H-terminated Si surfaces, the Si 2p core 

level spectra shows a decrease in intensity, which is probably correlated to the loss of the  

hydrogen bonded on the silicon by the irradiation of this surface by synchrotron radiation. 

However, very few amounts of oxidation states from Si (Si1+, Si2+,Si3+, and Si4+)[112,113] seems 

to appear after annealing. For CH3-terminated Si(111) surfaces, the intensity of the bulk 

Si 2p3/2 photopeak does not reveal a prominent change in relation to the H-terminated Si(111) 

surfaces. Conversely, the shape line changes and reveals a structure more pronounced of 

which two Si spin-orbit doublet emissions from the bulk silicon component (Si°) and also 
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from the Si atop atoms bonded to C atoms from the CH3 groups could be guessed. Again, this 

separation is more evident after a second annealing. However, apparition of very small 

amounts of oxides occurs as also observed for H-terminated Si(111) surfaces. In the case of 

the modified Si(111) surface terminated by CD3 groups, a very well-defined structure is    

revealed by the Si 2p core level spectra. Here, the two Si spin-orbit doublet contributions are 

extraordinary well-separated. A shift of + 0.27 eV is observed between the bulk Si° emission 

and the Si emission from the Si-C bonds.[98] 
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Fig. 5.10: High resolution of Si 2p core level emissions of the fresh and annealed H-, CH3- 
and CD3-terminated Si(111) surfaces, respectively, taken at photon energy of hv = 150 eV 
(surface sensitive condition). 

Additionally, no oxide is observed after annealing in contrast to the SXPS measurements 

of the other Si surfaces. Moreover, an increase of ~ 15% in the bulk Si 2p emission has been 

observed. This increase is consistently related to the desorbtion of the adventitious species 

observed in the high resolution core level emission of C 1s, and Br 3d spectra, respectively. 

This well-separated splitting of these two Si spin-orbit doublet contributions is a hint of the 

well grafting of CD3 groups onto Si(111) surface. This well-defined splitting is observed for 

the first time for this kind of electrochemical grafting onto Si(111) surfaces according to the 
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accessible literature. However, a splitting of a H-terminated Si(111) has been already reported 

in refs. [114,115] This phenomenon has been possibly observed due to the high resolution of the 

experimental setup performed under synchrotron radiation, but it is also due to the careful and 

meticulous manipulations of the Si surfaces during the grafting process. 

 

5.2.2 Deconvolution of C 1s core level emission  

Fig. 5.11 shows the C 1s core level spectrum of a methylated Si(111) surface terminated 

with CD3 groups after annealing and recorded with a photon energy of 650 eV. As suggested 

before, this spectrum should present only the component arose from Si bonded to C atoms 

from the methyl groups. However, the C 1s photopeak recorded presents an asymmetry     

towards the higher binding energies. The C 1s core level emission reveals thus a multiple 

peaks fine vibrational structure and is then deconvoluted into four components as recently 

reported by Hunger et al.[88] for the same system obtained with a two-step procedure on n-type 

Si surfaces. These C-related signal component found are labeled as Cn (n = 0, 1, 2, 3), and are 

assigned to C atoms from the methyl groups bonded to Si atoms (C0), the vibrational losses of 

the C–H stretching vibrations from the methyl groups (C1, C2), and the contaminations from 

remnant aliphatic carbons (C3), respectively. The first component C0 at the lower binding 

energy at ~ 284.06 eV corresponds to the adiabatic peak attributed to C–Si bonds. The C1 and 

C2 components were identified to come from satellite peaks that have the same initial state 

origin as C0, i.e., Si bonded to C atoms from the methyl groups in the first and second excited 

states of C–H stretching vibrational modes by vibrational losses of the final state. Since the 

final state losses lead to an equidistant shift of these two excited states in the higher binding 

energy[88,116] in relation to C0, the fitting procedure realized here has been adjusted to couple 

the binding energy shifts of C1 and C2 together (ΔEB2 = 2 ΔEB1, where ΔEB1 is the shift in 

binding energy between C0 and C1). Moreover, according to [88], ΔEB1 has been fixed at 

0.38 eV and the components C1 and C2 have been then shifted by + 0.38 and + 0.76 eV, i.e., at 

284.44 and 284.82 eV, respectively, in relation to C0 emission. With these fixed parameters, 

the fitting from the components coming from the C 1s emission of the modified Si sample 

presented here is in good concordance with the previous results reported in ref. [88] for CH3-

terminated n-Si(111) surface. The last component C3, at a higher binding energy of 285.33 eV 

(+ 1.27 eV), is ascribed to remnant contaminations from aliphatic carbons. Here again, this 

chemical shift determined is in well accordance with ref. [88] After annealing this sample, this 

component is reduced by ~ 90% from the initial peak and has a relative intensity of ~ 6% in 

relation to C0. The parameters obtained from the fitting results are found to be well correlated 
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with the values reported in ref. [88], which indicates that a clean methylated Si(111) surface 

have also been achieved in this work. Moreover, the observation of the vibrational mode 

emissions C1 and C2 on Si(111) surfaces gives clear evidence of the extraordinary cleanliness 

achieved for the preparation of CD3-terminated Si(111) surfaces by the one-step electro-

chemical Grignard grafting route. 

 

 

 

Fig. 5.11: High resolution of C 1s core level emission of CD3-terminated Si(111) surface after 
annealing. The SXP spectrum has been recorded with photon energy of 650 eV. The dots    
correspond to the raw data and the solid line represents the fitting curve result obtained. 
Component C0: carbon from the methyl groups bonded to silicon atoms; C1, C2: first and  
second C–H vibrational stretching features from methyl groups bonded to silicon; C3: adven-
titious aliphatic carbons. 
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5.2.3 Deconvolution of Si 2p core level emission 

Fig. 5.12 depicts the high resolution Si 2p core level emission spectrum of the Si(111) sur-

face terminated with CD3 groups after annealing at 390 °C for 30 min. This spectrum has been 

collected under surface sensitive conditions with a photon energy of 150 eV, which produces 

an inelastic electron mean free path λ of ~ 4 Å. The bulk Si 2p signal and the peak emission 

expected from the silicon bonded to carbons from methyl groups are well distinguished even 

without any fitting procedure. This observation gives then already a clear hint of the cleanli-

ness achieved for this modified Si sample since this splitting is sorely prominent. However, a 

fitting procedure has been done to obtain quantitative information. After a Shirley background 

subtraction, a fitting procedure has been realized using split-orbit doublets of Voigt line 

shapes with the necessary constraints maintained due to the spin-orbit doublet splitting of 

Si 2p (∆EBE = 0.605, 1:2 branching area ratio). Si 2p spectrum has been deconvoluted and 

reveals four components. Surprisingly, more than two features have been determined. The 

bulk Si 2p3/2 emission component has been founded at a binding energy of 99.23 eV whereas 

the Si 2p3/2 emission component attributed to Si bonded to C atoms from the methyl groups is 

chemically shifted by + 0.27 eV towards the higher binding energy at ~ 99.50 eV in relation to 

the bulk Si 2p3/2 signal. This chemical shift is in compliance with a methylated Si surface pre-

pared by the two-step alkylation method.[88] Moreover, due to the electronegativities of the Si 

and C, the chemical shift observed clearly exhibits the polarity of the bondings, where the Si 

atoms are more positively charged. The Lorentzian width for both components has been fixed 

at 0.039 eV. Furthermore, the two other features observed have also been chemically shifted 

towards the higher binding energy at + 0.81 eV (~ 100.04 eV) and + 3.32 eV (~ 102.55 eV) in 

relation to the bulk Si 2p3/2 emission, respectively. The component at ~ 100.04 eV has been 

assigned to Si bonded to Br atoms. The adventitious Br atoms arise evidently from the rinse 

process since the corresponding Grignard solution contains only iodide ions (methyl-d3-

magnesium iodide). The chemical shift of + 0.81 eV shows a similar energetically shift com-

pared to chlorinated Si(111) surface.[98,99] The other chemical shift at about + 3.32 eV has 

been ascribed to silicon oxide concentration from Si4+ oxidation state, but probably also from 

Si3+ in smaller quantity.[112,113] Moreover, it is well known that oxidation states of Si are 

shifted successively towards higher binding energies by about + 1.0 eV in relation to the bulk 

Si 2p3/2 emission (Si0). Thus, possible features from the first oxidation state of the silicon 

(Si1+) could be also overlapped with the signal which arises from the Si–Br component.   

However, these chemical shifts observed towards higher binding energies are consistent with 

the respective electronegativies of Si, Br, and O atoms (1.90, 2.96, and 3.44, respectively). No 
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investigations in the small range of the silicon oxide have been done to determine exactly the 

amount of the different oxidation states from the silicon oxide. However, according to the fit, 

a ratio of ~ 94% from the emission of Si–C component is determined in relation with the rela-

tive intensity of the bulk Si0 emission. In the case of the Si emissions arising from the Si–Br 

component signal and from the residual surface oxide concentration, only ~ 5% and ~ 1% of 

the relative intensity from the bulk Si0 emission have been found. These observations indicate 

then clearly the high surface quality of the grafted CD3 groups onto Si(111) surfaces by the 

electrochemical grafting method using Grignard solutions. 

 

 

 

Fig. 5.12: High resolution Si 2p core level emission of CD3-terminated Si(111) surface after 
annealing, has been recorded at an excitation energy of 150 eV (surface sensitive condition). 
The fitting has been obtained after a Shirley background subtraction and has been deconvo-
luted into spin-orbit doublets of Voigt line shapes. The dots represent the raw data and the 
solid line corresponds to the fitting curve obtained. 
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5.2.4 Construction of the energy band diagrams 

Fig. 5.13 illustrates the surface energy band diagrams of the H-terminated Si(111) surface 

in comparison with the methyl-terminated Si(111) surface after the annealing process. Each 

fresh Si sample has been first measured and then annealed at ~ 390 °C for 30 min. Only the 

Si(111) surface modified with CH3 groups has been sustained a second annealing at ~ 430 °C 

for 30 min. No pronounced changes occur in the surface electronic properties between the two 

successive annealing in the case of CH3-terminated Si(111) surfaces. Moreover, CH3- and 

CD3-terminated Si(111) surfaces present the same electronic properties after annealing.     

Arbitrary, only the energy band diagrams of H and CD3-terminated Si(111) surfaces have been 

constructed by following the physical explanations given in Chap. 2. 

However, the steps for the determination of the electronic properties shown here have 

been shortly summarized. First, the work function, Φ, has been determined by the extrapola-

tion of the secondary electrons cutoff edge from these Si samples (not shown). Then, the sur-

face band bending, eVbb, has been established from the position of the binding energy of the 

bulk Si 2p3/2 signal (relative to the Fermi energy) acquired from the curve fitting of the Si 2p 

core level emission spectra recorded at hν = 650 eV (bulk sensitive condition). For this deter-

mination, the binding energy of the Si 2p signal in the bulk with respect to the valence band 

maximum is assumed to be 98.74 eV,[40] and knowing the doping of the Si wafer, the position 

of the Fermi energy has been established. Moreover, taking into account the energy band gap 

of the Si (Eg = 1.12 eV) and the electron affinity of the bulk silicon as χSi = 4.05 eV,[41] the 

energy band diagram can be constructed and thereby, the electron affinity, χ, and the surface 

dipole, δ, as well can be then easily determined. The parameters obtained from these measure-

ments are reported in Tab. 5.3. 

From the electronic properties determined, a trend has been observed for the modified Si 

samples measured before and after annealing, respectively. For the fresh samples, the position 

of the bulk Si 2p3/2 emission seems to shift to the lower binding energies from H-, to CH3 and 

CD3-terminated Si(111) surfaces. This demeanor reveals then also a decrease of the band 

bending which goes to the flat band conditions direction from H- to methyl-terminated 

Si(111) surfaces. However, the CD3-terminated Si(111) surface seems to possess the better 

chemical passivated Si surface because the lower band bending (0.25 eV) occurs as compared 

to the other modified Si surfaces (0.42 to 0.48 eV). In the ideal case for a surface, the flat 

band conditions appear when every surface states of a surface have been totally passivated 

chemically and then no band bending occurs. Moreover, the work function, the electron    

affinity and the surface dipole are also decreasing from the H-, to CH3- and CD3-terminated 
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Si(111) surfaces, respectively. The corresponding Φ found for these modified Si surfaces are 

4.40, 4.05, and 4.07 eV, respectively, which is in compliance with previous studies.[88,117] The 

work function reveals a higher barrier for the electrons of slightly above ~ 0.33 eV in the case 

of H-terminated Si(111) surfaces as compared to methyl-terminated Si surfaces. A negative 

surface dipole has been found for each Si sample: – 0.09, – 0.48, and – 0.58 eV for H-, CH3-, 

and CD3-terminated Si(111) surfaces, respectively. Here, a difference about 0.10 eV is ob-

served between the two methylated Si surfaces, which is in the range of the uncertainty error 

for the determination of these parameters. However, this could also certainly arise from the 

presence of different adventitious species still present on the Si surfaces (i.e., more Br atoms 

on CD3-modified Si(111) surfaces, for instance). After annealing these samples, H-terminated 

Si(111) surfaces show no prominent change in the band bending. However, an important   

increase in the work function (+ 0.18 eV), electron affinity (+ 0.11 eV), and surface dipole 

(+ 0.11 eV) is observed.[118] In the case of CH3-terminated Si(111) surfaces, no tremendous 

difference appears between the first and the second annealing step. However, in comparison to 

the fresh CH3-terminated Si surfaces a tendency towards the flat band conditions is observed 

(– 0.07 eV), while for the electron affinity and the surface dipole only a small increase ap-

peared (+ 0.03 eV after the second annealing). An increase of + 0.10 eV for the work function 

is already observed after the first annealing step. In the case of CD3-terminated Si(111) sur-

faces, here again, an increase in the work function, electron affinity, and surface dipole occurs 

in relation to the fresh modified Si sample. In that case, higher increase of the band bending 

by + 0.07 eV is observed. The change in band bending, surface dipole and work function are 

probably due to the desorbtion of the adventitious Br atoms with the removal of the remnant 

aliphatic carbons from the Si surface. However, the electronic properties of the two type (CH3 

and CD3) of methylated Si(111) surfaces after the annealing step are well correlated. An error 

of about ± 0.02 eV is observed for both annealed surfaces, except the work function where a 

difference of about ± 0.10 eV appears. However, this difference could also arise from the un-

certainty error from the value determined for the work function. 

According to the C 1s and Si 2p core level emissions recorded, these two annealed methyl-

ated Si surfaces have shown similar line shapes and behaviors which are well correlated here 

with the surface electronic properties deduced from the SXPS measurements. 
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Fig. 5.13: Energy band diagrams of H- and CD3-terminated Si(111) surfaces after annealing 
at 390 °C for 30 min. 

Tab. 5.3: Surface electronic properties of H-, and CH3-, and CD3-terminated Si(111) surfaces 
before and after annealing as determined from SXPS measurements. 

R= 

Binding 
energy, 
Si 2p3/2  

(eV) 

Surface band 
bending,  

eVbb        
(eV) 

Work     
function,     

Φ           
(eV) 

Electron  
affinity,       

χ            
(eV) 

Surface   
dipole,        

δ           
(eV) 

–H 99.41 0.47 4.40 3.96 -0.09 

–H            
(annealed) 99.42 0.48 4.58 4.07 0.02 

–CH3 99.36 0.42 4.05 3.57 -0.48 

–CH3 
(1st annealing) 99.29 0.35 4.14 3.57 -0.48 

–CH3    
(2nd annealing) 99.29 0.35 4.15 3.60 -0.45 

–CD3 99.19 0.25 4.07 3.47 -0.58 

–CD3         
(annealed) 99.27 0.33 4.24 3.61 -0.44 

incertitude ± 0.05 ± 0.05 ± 0.10 ± 0.15 ± 0.15 

1st annealing: 390 °C for 30 min; 2nd annealing: 430 °C for 30 min; Si 2p3/2 at hν = 650 eV. 
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5.3 PL characterization 

In this section, non-radiative recombination active defects at the interface have been inves-

tigated for H-, CH3-, and CD3-terminated Si(111) surfaces. The PL intensity (IPL) for these 

surfaces has been measured since IPL is inversely related to the amount of non-radiative     

recombination active defects at the interface (see Chap. 3). Thereby, the study of IPL gives 

information about the passivation of the modified Si surfaces obtained. Methyl groups (CH3 

and CD3) have been well grafted onto Si(111) surfaces as shown previously by IRSE and 

SXPS measurements. Nevertheless, the results obtained so far for these modified Si(111) sur-

faces do not give any information about the electronic (passivation) properties of these layers 

at the Si interfaces. Therefore, PL investigations have been performed to observe the changes 

in the amount of non-radiative recombination active defects at the interfaces of these methyl-

terminated Si(111) surfaces in relation with H-terminated Si(111) surfaces. 

 

Comparison between H-, CH3- and CD3-terminated Si(111) surfaces 

Fig. 5.14 shows the IPL spectra of H-, CH3-, and CD3-terminated Si(111) surfaces, respec-

tively. IPL is the highest for H-terminated Si(111) surfaces (which corresponds to the lowest 

number of non-radiative recombination active defects at the interface). However, the methyl-

ated Si surfaces have only twice less IPL in relation to H-terminated Si(111) surfaces. This 

behavior points out to a well passivated interface even for this type of surface modification. 

Likewise, a ratio intensity of ~ 30% is observed between CH3- and CD3-terminated Si(111) 

surfaces. Obviously, the modification of Si surfaces with CD3 groups seems to present a better 

passivation than those modified with CH3 groups. This demeanor is consistent with the SXPS 

results found out in the previous section of which the CD3-terminated Si(111) surfaces have 

shown to possess a better splitting between the bulk and the surface contributions from Si 

surface (Si° and Si-CD3, respectively) than the CH3-terminated Si(111) surfaces. In the case of 

CH3-terminated Si(111) surfaces, a second annealing has been necessary to observe in Si 2p 

core level spectra a splitting similar of those obtained by CD3-terminated Si(111) surfaces. 

The IPL of each Si(111) surfaces is centered at ~ 1140 nm, which corresponds to the band gap 

of the Si (Eg = 1.12 eV). Moreover, a slight shift in the higher wavelength (~ 10-15 nm) is 

noticed for the signals corresponding to methyl-terminated Si(111) surfaces in relation to 

H-terminated Si(111) surfaces. 
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Fig. 5.14: IPL of (a) H-terminated, (b) CH3-terminated and (c) CD3-terminated Si(111) sur-
faces (excitation : 500 nm, 70 µJ per pulse, 0.6 ns pulse width). 

5.4 n-Si(111) surfaces modified by methyl groups 

The electrochemical grafting of methyl groups on p-type Si surfaces has been successfully 

achieved following the electrochemical Grignard route. The same experiments have also been 

attempted on n-type Si(111) surfaces. The grafting of methyl groups on n-Si(111) surface is 

interesting in the development of a-Si/c-Si structure solar cells, for instance, where methyl 

layers could play the role of a buffer layer to enhance the passivation of the a-Si(p)/c-Si(n) 

interfaces. 

Since n-type Si wafers possess an intrinsically majority of electrons in relation to holes, a 

halogen lamp (white light, 60 W) has been used during the electrochemical process to enligh-

ten the Si electrodes. The light creates photo-induced holes for the electrochemical reaction 

with the Grignard solution. 
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5.4.1 IRSE measurements 

Fig. 5.15 displays tan Ψ and Δ spectra obtained by IRSE measurements for n-Si(111) sur-

faces (a) oxidized in ambient air and a CH3-terminated Si(111) surface which has been modi-

fied in CH3MgI solutions, and (b) CH3- and CD3-terminated Si(111) surfaces which have been 

respectively modified in CH3MgBr and CD3MgI solutions. An anodic current density of 

1 mA/cm2 has been applied for each Si surface in the respective Grignard solutions. As ex-

pected the oxidized Si surface (Fig. 5.15a, black curve) reveals a large band at ~ 1212 cm-1 

and is ascribed to SiOx surface species.[119] The methylated Si surface (Fig. 5.15a, red curve) 

shows no band in the oxide region but a weak band at 1254 cm-1 due to the “umbrella” mode 

δs(CH3) is well seen like for methylated p-Si(111) surfaces. Fig. 5.15a shows also the Δ spec-

tra of these samples which exhibit an abrupt change only when a band occurs in the respective 

tan Ψ spectrum. This correlation gives a clear evidence of the omnipresence of silicon oxide 

and the real band corresponding to the CH3 “umbrella” mode at ~ 1254 cm-1 for the respective 

modified Si surfaces. Moreover in both cases, the peak at 2083 cm-1 assigned to the sym-

metric vibrational mode of Si–H, νs (Si–H), is reflected by upward pointing peak feature. This 

indicates that the H atoms initially present on the surface have totally disappeared from the Si 

surfaces leaving place to oxide formation or methyl groups, respectively. Finally, all these 

results and more particularly the presence of the “umbrella” vibrational mode, δs(CH3), is the 

better hint of the presence of methyl groups on Si surfaces and reveals the well achievement 

of methyl-terminated Si(111) surfaces even on n-type Si(111) wafers. 

 

Nevertheless after having discovered that CH3 groups can also be grafted onto n-Si(111) 

surfaces, the electrochemical grafting of CD3 groups onto n-Si(111) surfaces has also been 

performed to observe and verify the typical shift expected between the “umbrella” vibrational 

modes, δs(CH3) and δs(CD3), for both CH3- and CD3-teminated Si(111) surfaces (Fig. 5.15b). 

Similarly, not only the methyl groups (CH3- and CD3) grafted onto p-Si(111) surfaces, but 

also methylated Si(111) surfaces obtained with n-type Si(111) surfaces show the presence of a 

downward pointing peak in the tan Ψ spectra. These downward pointing peaks at 975 and 

1255 cm-1 are attributed to the “umbrella” vibrational mode of CD3 and CH3 groups, δs(CD3) 

and δs(CH3), for both methyl-terminated Si(111) surfaces, respectively. These bands are also 

well related to an abrupt change in the corresponding Δ spectra, which confirms the well 

grafting of these methyl groups onto n-Si(111) surfaces. In the same manner, it is noticed that 

the upward pointing peak at 2083 cm-1 corresponding to νs (Si-H) disappears. 
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Fig. 5.15: Tan Ψ and Δ spectra of (a) CH3-terminated and oxidized n-Si(111) surfaces, and of 
(b) CH3- and CD3-terminated n-Si(111) surfaces, respectively. All spectra have been refe-
renced to a H-terminated Si(111) surface.  
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5.4.2 Comparison between n- and p-Si(111) surfaces using SXPS 

The Si 2p3/2 peaks from n- and p-Si(111) surfaces exhibit the same trend for both H- and 

CD3-terminated Si(111) surfaces, respectively. First, a shift is revealed after annealing the 

different Si surfaces at 390 °C for 30 min in relation with the same Si substrates non-

annealed. A shift of about – 0.05 eV towards the lower binding energies for H-terminated 

Si(111) surfaces is observed, while in the case of CD3-terminated Si(111) surfaces a shift of 

about + 0.03 eV is measured in the higher binding energies, for both n- and p-Si(111) type, 

respectively (not shown here). 

However, Fig. 5.16 depicts the SXP spectra of Si 2p core level emissions in the case of 

H-terminated Si(111) and CD3-terminated Si(111) surfaces after annealing of both n- and 

p-type Si(111) surfaces, respectively. A shift towards the lower binding energies at about 

+ 0.30 eV is observed between n- and p-type H-terminated Si(111) surfaces. This shift is con-

sistent with the EF level of both p- and n-type Si.[120] Moreover, another shift about – 0.08 eV 

is also noticed between H-terminated Si(111) and CD3-terminated Si(111) surfaces for both 

type of doped Si wafers, respectively. The shift of the bulk Si 2p3/2 emissions from 

H-terminated Si(111) to CD3-terminated Si(111) surfaces is consistent with the fact that     

organic molecules have been grafted onto Si surfaces and thus modify the electronic structure 

of theses surfaces (organic molecules/Si interfaces). However, the shift which occurs for both 

type Si is in the same direction (towards the lower binding energy). This behavior is not clear 

until now since the shift of the CD3-terminated n-Si(111) surfaces is expected to be towards 

the higher binding energy in relation to the H-terminated n-Si(111) surfaces. Thus, further 

investigations have to be performed with other organic molecules to understand this interest-

ing phenomenon. Furthermore, no amount of SiO2 at ~ 104 eV is observed for both 

H-terminated Si(111) surfaces. In the case of both CD3-terminated Si(111) surfaces, a very 

tiny hump arises out of the background at ~ 104 eV. This suggests that very few amounts of 

SiO2 have grown after the modification of Si(111) surfaces. However, these amounts are very 

small as related to the formation of SiO2 with a thickness of 2 nm. Amazingly, these Si 2p 

core level spectra for both methylated Si(111) surfaces obtained by the grafting of CD3 mole-

cules on Si(111) surfaces show a well-defined splitting between the contribution for Si 2p 

from the bulk Si° and the Si–C bonds formed from the CD3 groups. Nevertheless, this split-

ting is more significant for p-type than for n-type CD3-terminated Si(111) surfaces and is a 

result of a clean and a well modified Si(111) surfaces terminated with CD3 groups. 
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Fig. 5.16: SXP spectra of Si 2p core level emission from H- and CD3-terminated Si surfaces 
for both n- and p-Si(111) substrates. Each spectrum has been recorded with photon energy of 
150 eV (surface sensitive condition). 

5.4.3 Comparison between n- and p-Si(111) surfaces using SPV 

The change in band bending of organically modified Si surfaces can be easily observed 

with SPV measurements as illustrated in Fig. 5.17. The measurements have been performed 

with the application of a short laser pulse (λex = 902 nm, pulse width 150 ns) after 4 µs of pre-

polarization under a potential of 20 and 200 mV for methylated (CH3 and CD3 groups) and 

H-terminated Si(111) surfaces, respectively. A short transient has been applied in order to  

observe the shape and to determine the accurate value of the photovoltage response, UPh, from 

these Si surfaces. Thus, the change in band bending can be determined by the change ob-

served in the photovoltage response since these two physical “magnitudes” are proportional. 

For this, n- and p-doped Si(111) wafers have been investigated after organically modification 

of the Si samples to verify the direction change of the band bending due to the different dop-

ing of the Si wafers used. Fig. 5.17 depicts the change occurred between H- and the methyl-

terminated Si(111) surfaces for (a) p-type and (b) n-type Si(111) wafers, respectively. 
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In the case of p-doped Si(111) surfaces, H-terminated Si(111) sample exhibits a photo-

voltage response at UPh  ≈ – 483.6 mV. This observation is consistent with previous values 

reported in the same energy range for H-terminated Si(111) surfaces, but with a small devia-

tion due to the different doping of Si wafers studied. The methylated Si surfaces modified in 

CD3MgI and CH3MgBr solutions reveal a smaller UPh at around – 9.5 mV and – 23.3 mV, 

respectively, in relation to H-terminated Si(111) surface. The change in UPh between the 

H-terminated and the methylated Si surfaces by more than a factor 10 gives rise to the pres-

ence of methyl groups on the modified Si(111) surfaces. Since a smaller band bending is   

observed for both CH3- and CD3-terminated Si(111) surfaces in comparison to H-terminated 

Si(111) surface, these modified Si surfaces indicate a smaller depletion, which can be inter-

preted as an easier charge transfer between the methyl groups and the p-type Si substrate. 

Moreover, these smaller band bending reveal a better electronic passivation since more sur-

face gap states are recovered, which indicates a direction to the flat band conditions. Further-

more, a difference of UPh about 13 mV occurs between CH3- and CD3-terminated Si(111) sur-

faces. This is certainly due to the presence of some remnant adventitious species on the 

surface (aliphatic carbons, Br or I atoms,…) which can strongly change the band bending at 

the Si surface. However, the results observed here is consistent with those obtained from 

SXPS and PL measurements, which have also revealed a “higher” efficiency in the case of Si 

surfaces modified in CD3MgI solution. 

 

In the case of n-doped Si(111) surfaces, an expected change in UPh in the other direction 

occurs. The H-terminated Si(111) surface reveals a value at UPh ≈ 80.7 mV while methylated 

Si surfaces modified in CH3MgBr and CD3MgI solutions lead to an UPh of about 192.5 mV 

and 266.8 mV, respectively. The increase of the band bending due to the presence of these 

molecules is consistent with the fact that methyl groups are electron donator molecules. On 

n-type Si surfaces, the electron transfer from the methyl groups to the Si surface results to a 

higher band bending, i.e., to a stronger depletion in the space charge region near the surface, 

in relation to H-terminated Si(111) surface. However, here again, CD3-terminated Si(111) sur-

face indicates a “higher” efficiency of charge transfer since a difference of UPh about + 74 mV 

occurs between methylated Si surfaces modified in CH3MgBr and CD3MgI solutions, respec-

tively. 
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Fig. 5.17: SPV transients of methylated (CH3 and CD3 groups) and H-terminated Si(111) sur-
faces on (a) p-Si(111), and (b) n-Si(111) substrates recorded after 4 µs under a potential of 
20 mV and 200 mV, respectively. The methylated surfaces have been electrochemically pre-
pared from methylmagnesium bromide and methyl-d3-magnesium iodide Grignard solutions. 
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5.5 Stability of methylated Si(111) surfaces 

Hydrogenated Si(111) surfaces are known to possess low interface state densities 

(Dit ≅ 5 1010 cm-2 eV-1).[121] Unfortunately, these passivated Si surfaces degrade rapidly in am-

bient atmosphere (after just some hours or even few minutes). Thus, an alternative way to 

avoid this demeanor, is to protect the Si surface by the creation of an organic surface layer.[22] 

For this purpose, methyl groups are chosen as potential organic layer since methyl groups 

present the specific particularity to have a van der Waals diameter of ~ 2 Å. These molecules 

are small enough to fit in all atop Si surface atoms (atomic distance between adjacent Si sur-

face sites is 3.8 Å). For this reason, the stability and robustness of methylated Si(111) surfaces 

have been investigated with IRSE, SXPS and PL experimental techniques. In this section, the 

stability of methylated Si(111) surfaces in ambient atmosphere has been compared to the 

H-terminated Si(111) surfaces by IRSE characterizations for a period of 22 days and after 

several months as well. Additionally, methylated Si(111) surfaces have been investigated with 

SXPS and PL techniques during a period of 12 days and 1 year, respectively. 

 

5.5.1 IRSE investigations 

Stability of CH3-terminated Si(111) surfaces against oxidation in ambient air 

Fig. 5.18 shows (a) the evolution of normalized tan Ψ spectra of H- and CH3-terminated 

Si(111) surfaces in the 1000-1350 cm-1 range, and (b) tan Ψ spectra of H-terminated Si(111) 

surfaces in the 1800-2220 cm-1 region, up to 22 days of oxidation in ambient air. In Fig. 5.18a, 

each spectrum has been referenced to the fresh H-terminated Si(111) surface. The two tan Ψ 

of the fresh Si surfaces: H-, and CH3-terminated Si(111) surfaces have been used as Si sub-

strates reference for both modified surfaces, respectively. The IRSE study reveals that the 

δs(CH3) “umbrella” mode at 1253 cm-1 is still conspicuous after 22 days in ambient air in the 

case of CH3-terminated Si(111) surfaces. Moreover, no protuberant peak in the oxide region is 

observable for this modified surface even after 22 days of exposure in ambient air. Only a 

weak hump at ~ 1200 cm-1 could be suggested. On the contrary, in the case of H-terminated 

Si(111) surfaces, the peak related to Si–H at 2083 cm-1 decreases rapidly in 4 days whereas 

the peak related to SiOx clearly appears after 12 days. 
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Fig. 5.18: (a) tan Ψ spectra during the oxidation process of H-Si(111) and CH3-Si(111) sur-
faces (black and red curves, respectively) in ambient air up to 22 days (---, fresh methylated Si 
surface); (b) oxidation of H-Si(111) surface in the ν(Si-H) regime. The spectra were shifted for 
visual convenience. 

This behavior is quite uncommon since H-terminated Si(111) surfaces are well known to 

oxidize more rapidly (normally after already some hours in ambient atmosphere). However, 

the humidity of the laboratory room where the samples were laid down has not been       

measured. Obviously, an intermediate Si–OH or Si–O–Si–H (silicon backbond oxide) layer is 

formed and is stable for a longer time period. However, in the case of H-terminated Si(111) 

surfaces after 22 days, a prominent peak is observable in the 1100-1250 cm-1 range and is 

assigned to an amount of ~ 1 nm (3 ML) of silicon oxide (SiO2). 

 

Fig. 5.19 compares the CH3- and H-terminated Si(111) surfaces stayed for a period of 5 

months in ambient atmosphere with a fresh CH3-terminated Si(111) surface. As expected in 

the case of H-terminated Si(111) surfaces, a tremendous peak centered at 1218 cm-1 occurs 

due to the formation of silicon oxide, SiO2. Moreover, two weak peaks are also observed at 

1095 and 1108 cm-1, respectively, and are certainly due to other vibrational modes from SiO2. 

CH3-terminated Si(111) surfaces did not reveal any band centered at 1218 cm-1 corresponding 

to SiO2 vibrational modes. However, a weak hump located in the 1060-1190 cm-1 region    

appears for the CH3-terminated Si(111) surface exposed to ambient atmosphere for 5 months. 

Both CH3-terminated Si(111) surfaces exhibit a weak band at 1253 cm-1 assigned to δs (CH3) 

symmetric “umbrella” vibrational mode of CH3 groups. However, the absorption band due to 

δs (CH3) seems to be slightly reduced after 5 months in ambient air but was still present. 
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These results suggest that CH3-terminated Si(111) surfaces are much better passivated against 

oxidation in ambient air than H-terminated Si(111) surfaces. 
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Fig. 5.19: Tan Ψ spectra of (a) freshly CH3-terminated, (b, c) CH3- and H-terminated si(111) 
surfaces after 5 months in ambient atmosphere. Each spectrum has been referenced to a fresh 
H-terminated Si(111) surface and has been shifted for better clarity. 

Effect of the pulsed laser on Si(111) surfaces 

The effect of the pulsed laser used in the PL equipment to characterize CH3-terminated 

Si(111) surfaces will be discussed and compared to the PL measurements performed on 

H-terminated Si(111) surfaces. 

Fig. 5.20 shows tan Ψ spectra of (a) a fresh H-terminated Si(111) surface, (b) a 

H-terminated Si(111) surface after 5 months in ambient atmosphere, and (c) a H-terminated 

Si(111) surface which has been investigated with PL (laser-irradiated) up to 45 days. In the 

case of samples (b) and (c), the presence of Si–H peak located at 2081 cm-1 is not seen any-

more. However, Si–H peak is present for the freshly prepared H-terminated Si(111) surface 

(not shown here). The disappearance of this peak is consistent with the growth of oxide on the 

Si surfaces leading to a higher amount of non-radiative recombination centers which quenches 

the PL intensity. Besides in the case of sample (b), vibrational bands in the SiO2 region are 
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observed and are totally different from the bands which are observed in the case of sample (c). 

Obviously, different type of oxide species are formed when a pulsed laser has been used to 

investigate H-terminated Si(111) surfaces. In the case of sample (c) more vibrational struc-

tural changes are indicated in comparison to sample (b). 
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Fig. 5.20: Tan Ψ spectra of (a) fresh H-terminated Si(111) surface, and (b, c) H-terminated 
Si(111) surfaces after 5 months in ambient air and after PL irradiation, respectively.  

Besides in the case of sample (b), two pronounced bands at 1091 and 1216 cm-1, and two 

slight shoulders at 1143 and 1301 cm-1 are observed, while the sample (c) exhibits a very huge 

hump centered at 1115 cm-1 (which has recovered the two separated peaks observed in the 

sample (b)), a weak band at 1216 cm-1 (weaker than the sample (b)), and  a small shoulder at 

1301 cm-1 (bigger than the sample (b)) as well. Therefore, it seems that the oxidation mecha-

nism which occurred for these two different H-terminated Si(111) surfaces did not follow the 

same process. 

 

Fig. 5.21 depicts several CH3-terminated Si(111) surfaces treated in the same manner than 

the H-terminated Si(111) surfaces in Fig 5.20. The laser processing leads to oxide formation, 

even on the CH3-terminated Si(111) surfaces. Obviously, the oxidation of CH3-terminated 

Si(111) surfaces is much less pronounced than for the H-terminated one. However, the CH3-

terminated Si(111) surface exposed to PL measurements for a period of 45 days reveals a 
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higher amount of silicon oxide than the CH3-terminated Si(111) surface which has been stored 

for 5 months in ambient air. Thus, this demeanor gives entirely evidence that pulsed laser used 

in the PL measurements plays a role (affect and damage the Si surfaces measured) in the rapid 

growth of the silicon oxide formation. 
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Fig. 5.21: Referenced tan Ψ spectra of (a) freshly prepared CH3-terminated Si(111) surface, 
(b, c) after oxidation in ambient air for 5 months and during PL treatment, respectively, and 
(d) H-terminated (111) surface after PL treatment. All spectra have been normalized to tan Ψ 
spectrum of a fresh H-terminated Si(111) surface. 

Another important role that CH3-terminated Si(111) surfaces revealed, is that even after 

storing the Si sample for 5 months in ambient air (Fig. 5.21b), δs (CH3) “umbrella” vibrational 

mode is still distinguishable. Moreover, very few oxide amounts are observable in that case. 

These results indicate a very good stability of the methylated Si(111) surface prepared. Fur-

thermore, in comparison to the H-terminated Si(111) surface which has also been characte-

rized by PL measurements (Fig. 5.21d), it is well shown that the CH3 groups strongly protect 

the Si surfaces against oxidation (see the tremendous difference between CH3- and H-

terminated Si(111) surfaces exposed to PL measurements, Fig. 5.21). Additionally as remark, 

CD3-terminated Si(111) surface which has also been sustained by the same PL measurements 

shows no distinct difference to the results obtained for the CH3-terminated Si(111) surface 

illustrated here (not shown). 
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Treatment in 5% HF solution reveals the robustness of CH3-terminated Si(111) surfaces 

The aim of this experiment is to discover whether methyl groups are still anchored to 

Si(111) surfaces after treatment in 5% HF solution (Fig. 5.22), like it was already observed in 

the case of aryl groups deposited on Si(100) surfaces.[122] The same CH3-terminated Si(111) 

surface has been characterized by IRSE measurements after treatment in 5% HF solution for 

different time periods. The fresh CH3-terminated Si(111) surface (red curve) has been first 

performed by IRSE, then the Si sample has been dipped in 5% HF solution for 5 min (violet 

curve), and measured again by IRSE. Finally, this same Si sample has been again dipped for 

25 min in the same solution (purple curve). No IR absorption due to SiO2 is visible in the 

1000-1200 cm-1 region for the fresh CH3-Si(111) surface. 
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Fig. 5.22: Referenced tan Ψ spectra of (a) a fresh CH3-terminated Si(111) surface, (b, c) dip-
ped in 5% HF solution for 5 and additional 25 min, respectively. Each spectrum has been 
referenced to tan Ψ spectra of H-terminated Si(111) surface. 
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Furthermore, the band corresponding to δs (CH3) “umbrella” vibrational mode is well ob-

served at ~ 1255 cm-1. Likewise, no bands in the SiO2 are revealed when the sample is dipped 

in 5% HF solution for 5 and 30 min, respectively. This demeanor shows clearly that CH3 

groups protect strongly the Si(111) surfaces towards oxidation in the etching solution, which 

is also a hint of the robustness of CH3 groups. However, even if the “umbrella” vibrational 

mode δs (CH3) is still present, it tends to decrease slowly after treatments in 5% HF (see top 

panel on Fig. 5.22). A probable explanation of this decrease can be that HF solution not only 

etches SiO2 on the Si surface but also attacks Si after a longer time period, and consequently 

some methyl groups are dissolved together with the Si atoms. However, this figure reflects the 

robustness of methylated Si(111) surfaces in presence of 5% HF solution even after 30 min of 

etching. 

 

Another sample which has been stored in ambient air for ~ 407 days (~ 13 months) has  

also been etched in 5% HF solution and the respective tan Ψ spectra in the CH3 “umbrella” 

mode region have been plotted in Fig. 5.23. Surprisingly, the peak at 1253 cm-1 assigned to 

the symmetric bending vibrational mode of CH3 groups is still ubiquitous after a period of 

more than one year in ambient air and only a slight IR-absorption band due to SiO2 is visible. 

Thus, the same treatment in 5% HF solution has also been performed for this “older” 

CH3-terminated Si(111) surface. Astonishingly, here again the δs (CH3) “umbrella” vibrational 

mode located at 1253 cm-1 is still visible even after 30 min in 5% HF solution. This behavior 

indicates the robustness of these methyl layers against oxidation and HF dipping, and gives a 

hint that these methyl groups are well attached to Si(111) surfaces. Moreover, the δs (CH3) 

signal is not slowly decreased like it has been illustrated in the case of the fresh 

CH3-terminated Si(111) surface after 30 min in 5% HF solution.  

After treatment in 5% HF solution for 5 min, the broad band attributed to silicon oxide in 

the 1000-1200 cm-1 region does not disappear at all. Nevertheless, after additional treatment 

for 25 min in 5% HF solution this band totally disappears. However, some additional features 

in the 1260-1300 cm-1 range grow up after ~ 407 days in ambient air and seem to disappear 

when the sample is treated in 5% HF solution for 5 min. But these peaks reappear after the 

treatment in 5% HF solution for additional 25 min. Until now, the origin of these additional 

peaks is still not clear. Further attempts have to be realized to understand the origin of these 

features. 
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Fig. 5.23: Referenced tan Ψ spectra of CH3-terminated Si(111) surfaces: (a) after 407 days in 
ambient atmosphere, (b, c) after subsequent 5% HF-dip for 5 and additional 25 min, respec-
tively. Each spectrum has been normalized to tan Ψ spectra of H-terminated Si(111) surface. 

5.5.2 SXPS measurements 

The stability of H- and CH3-terminated Si(111) surfaces have also been compared by 

SXPS measurements. For this, a Si sample has been prepared following the common process 

already explained in Chap. 4 with treatment in 40% NH4F concentrated solution in order to 

obtain flat H-terminated Si(111) surfaces, while another Si sample has been obtained after an 

additional electrochemical treatment under anodic current density of 1 mA/cm2 for 5 min in a 
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Grignard solution containing methyl groups (CH3MgBr solution). After the preparation of the 

samples, the Si samples have been directly transferred to the SoLiAS analysis chamber at the 

synchrotron BESSY II for SXPS measurements. For the investigations of these Si surfaces in 

ambient air as function of the time, the procedure performed for the measurements are as fol-

lowed: the fresh Si samples are first transferred into the analysis chamber under UHV condi-

tions and are measured. Then, they are taking out from the SXPS equipment and have been 

laid in ambient atmosphere for the period of time required. Afterward, the samples have been 

transferred again in the UHV chamber for the next measurements. The Si samples have also 

been transferred into a nitrogen-purged glove box from time to time in order to wait for the 

next SXPS measurements. 

 

The SXP core level spectra of Si 2p, C 1s, and Br 3d obtained from this series of mea-

surements are shown in Fig. 5.24. High resolution Si 2p and Br 3d core level emissions have 

been collected at photon energy of 150 eV to be under surface sensitive conditions, whereas 

C 1s core level emission has been performed with photon energy of 650 eV. The both H- and 

CH3-terminated Si(111) surfaces freshly prepared do not reveal the formation of SiOx species 

since no peak at around + 3.5 eV towards higher binding energies than the bulk Si 2p3/2 signal, 

labeled as Si0, has been observed. However, after half a day (~ 14 h) exposed in ambient air 

the former H-terminated Si(111) surface displays a prominent peak due to SiOx. This state-

ment reveals the fast growth of the silicon oxide on this surface. The area of this peak seems 

then to increase slowly, while the area of Si0 decreased strongly by ~ 40% after 14 h and after 

25 h as well. Then, the decrease is slightly less pronounced but still continues. Between 2 and 

4 days, the amount of oxide signals becomes more intense than the Si0 peak signal area.    

Obviously, CH3-terminated Si(111) surface exhibits a lower formation rate of SiOx than 

H-terminated Si(111) surface as observed from the SiOx peak area for these modified Si sur-

faces. Moreover, the Si0 peak of the CH3-terminated Si(111) surface continuously decreases 

by ~ 10% from the fresh sample until 2 days of measurements, and then a stronger decrease 

by ~ 50% occurs from 2 until 4 days of oxidation. After 4 days, the Si0 peak position is shifted 

to lower binding energy. As observed on Fig. 5.24, this peak area is still more prominent in 

comparison to the growth of SiOx species. 
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Fig. 5.24: High-resolution of Si 2p, C 1s and Br 3d core level emissions from H- and 
CH3-terminated Si(111) surfaces performed under synchrotron radiation (hν = 150 eV for 
Si 2p and Br 3d emissions, and 650 eV for C 1s emission, respectively). The Si 2p emission 
spectra are shown up to 12 days, whereas Br 3d and C 1s emissions are illustrated until 
4 days in ambient air. 

Additionally, C 1s and Br 3d core level spectra show the different type of C and Br atoms 

present on the surface. Fig. 5.24 indicates also the omnipresence of Br atoms on the CH3  

modified Si surfaces. The different features in the C 1s core level emissions have been already 

explained (see subsection 5.2.1). The more intense emission at ~ 283.97 eV is attributed to Si 

atoms bonded to C atoms from the CH3 groups, whereas the peak at ~ 285.30 eV is assigned 
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to adventitious aliphatic carbons. The weak shoulder at ~ 286.81 eV is ascribed to C bonded 

to O or Br atoms, obviously due to the rinse procedure after the electrochemical grafting 

process. The weak peak at 289.47 eV is probably due to C double bonded to O atoms and 

could be ascribed to C=O because of the high chemical shift observed towards the higher 

binding energies or to the satellite π-π*.[102,103] These attributions have been done with respect 

to the electronegativities of the element (C: 2.55 and O: 3.44, respectively). The C 1s photo-

peak recorded for H-terminated Si(111) surface exhibits no emission from C bonded to Si or 

Br atoms. This behavior is consistent with the fact that this surface has not been in contact 

with the bromobutane solution and has not also been treated with Grignard solutions. The 

C 1s photopeak spectra observed for H-terminated Si(111) surfaces show only emissions from 

aliphatic remnant carbons (C–H, C–C, or C=C bonds) at ~ 284.77 eV and a weak hump at 

~ 286.41 eV assigned to C bonded to O atoms (C–O bonds). However, the C 1s emission cor-

responding to the aliphatic carbon atoms increases slightly for both surfaces, while the C 1s 

emission due to the C–Si bonds from CH3 groups decreases slowly with the time, but is still 

visible even after 12 days in ambient air. Surprisingly, a shift towards lower binding energies 

occurs. Furthermore, the peak emissions of C–Si bonds and aliphatic carbon atoms observed 

after 1 day of measurement have approximately the same intensity. So, the presence of      

aliphatic carbons seems to adhere easily to the surface by physisorbtion. The high resolution 

of Br 3d core level spectra of CH3-terminated Si(111) surface reveal that more Br bonded to 

Si atoms (Br–Si) are present as Br bonded to C atoms (or others atoms) since main part of the 

signals arise from Br–Si bonds. However, the diminution of this peak could also arise from 

the “coverage” of the aliphatic carbons, but it is supposed here that this diminution is more 

probably due to the irradiation of the Si samples by synchrotron radiation since high energy is 

necessary to break these bondings. These assumptions will be discussed in more details     

together with the following figures and also by means of the PL characterization of these 

modified Si surfaces in relation to the H-terminated Si(111) surface. 

 

Since silicon oxide species in different oxidation states appear from about + 1.5 to 

+ 3.5 eV towards higher binding energies than the bulk Si 2p3/2 emission, Si0, the correspond-

ing peak intensity ratio is obtained from the integral of this area between 101.2 to 106.1 eV. 

The peak area corresponds to the coverage of Si1+, Si2+, Si3+, and Si4+ oxide species on the 

surface. Moreover, since the SiOx:Si 2p peak area ratio is independent of the photoionization 

cross-section of all the species present on the surface, the determination of the fraction of 

equivalent monolayers of silicon oxide, SiO2 can be easily estimated.  
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Fig. 5.25 depicts the SiOx:Si 2p peak area ratio as determined from data of Fig. 5.24 for H- 

and CH3-terminated Si(111) surfaces collected at excitation energy of hν = 150 eV and 

650 eV, respectively, for an extended exposed period time of up to 12 days in ambient air. 
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Fig. 5.25: Ratio of the oxidized Si 2p peak area, SiOx, to the bulk Si 2p peak area for H- and 
CH3-terminated Si(111) surfaces exposed to ambient air up to 12 days as calculated from the 
spectra in Fig. 5.24, respectively (hν = 150 eV, insert: hν = 650 eV). 

The SiOx:Si 2p peak area ratio corresponds to the measured ratio of oxidized (SiOx) to un-

oxidized Si surface (Si0). The ratio calculated is used to determine the monolayer equivalents 

of SiO2 present on the Si surfaces. The same trend occurred between the two excitation     

energies carried out and a factor ~ 10 is observed from 150 to 650 eV since lower excitation 

energy is more surface sensitive. The ratio of H-terminated Si(111) surfaces increases rapidly 

compared to CH3-terminated Si(111) surface. The increase from the H-passivated Si(111) sur-

faces follow an exponential tendency while the CH3-terminated Si(111) surfaces reveal a   

linear trend with a small slope. However, after about 100 h (~ 4 days) in ambient air, the 

CH3-terminated Si(111) surfaces exhibit only ~ 20 and 40% from the SiOx present on the 

H-terminated Si(111) surface at hν = 150 and 650 eV, respectively. Finally, after approximate-
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ly 288 h (~ 12 days), ~ 30 and 50% of SiOx has been determined on CH3-terminated surface 

as compared to H-terminated Si surface at hν = 150 and 650 eV, respectively. A good correla-

tion is observed between the SiOx:Si 2p peak area ratio calculated from the Si 2p emission 

spectra recorded at the two different excitation energies, which is not surprising. However, 

under surface sensitive condition (hν = 150 eV) a higher difference in the amount of oxide has 

been observed between the two modified Si surfaces. 

 

The evolution of the surface band bending of H- and CH3-terminated Si(111) surfaces    

established from the determination of the bulk Si 2p3/2 emission peak from the Si 2p core level 

spectra performed at hν = 150 eV is depicted in Fig. 5.26. A fresh H-terminated Si(111) sur-

face exhibits a surface band bending eVbb of ~ 0.48 eV, which is higher than the one observed 

for a fresh CH3-terminated Si(111) surfaces of ~ 0.44 eV. No prominent change occurred in 

the surface band bending for the H-terminated Si(111) surface, even after 12 days in ambient 

air. 
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Fig. 5.26: Surface band bending of H- and CH3-terminated Si(111) surfaces as determined 
from the position of the bulk Si 2p3/2 photoemission (fig. 5.24). The evolution of the surface 
band bending is shown for an extended time period of 12 days in ambient air. 
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In the case of CH3-terminated Si(111) surfaces, no change in surface band bending is     

observed until 4 days in ambient air. However, after this time period a tremendous continuous 

decrease appears up to ~ 0.12 eV after 12 days in ambient air. This behavior shows a change 

in the CH3-modified Si(111) surfaces and is probably due to the beginning of the total loss of 

Br atoms present on the surface. The total removal of these atoms which present a high     

electronegativity strongly modified the surface band bending of this CH3-modified Si surface. 

 

Fig. 5.27 depicts the change in work function, Φ, and electron affinity, χ, of H- and 

CH3-terminated Si(111) surfaces in relation with their irradiation time in ambient air. The 

fresh H-terminated Si(111) surface reveals a higher Φ and χ than the fresh methylated one. A 

tendency occurs for both Si surfaces: for H-terminated Si(111) surface, Φ and χ exhibit almost 

no tremendous change and stay at ~ 4.40 eV and ~ 3.96 eV, respectively, even after 12 days in 

ambient air. In the case of CH3-terminated Si(111) surface, Φ increases continuously from 

4.05 to 4.48 eV in the first 8 days and ends at ~ 4.41 eV, which is similar to the Φ of 

H-terminated Si(111) surface after 12 days in ambient atmosphere. A fresh sample of methyl-

terminated Si(111) surface indicates an χ of 3.57 eV. For this modified Si surface, χ seems to 

follow also the same tendency of the respective Φ of this surface and increases to 3.87 eV 

after 4 days and stays constant until 8 days. However, χ decreases between 8 and 12 days to 

3.62 eV. The results obtained here indicate clearly that Φ and χ seem not to be affected by the 

presence or formation of silicon oxide on H-terminated Si(111) surface even after 12 days in 

ambient air. However, this observation is consistent with the fact, that the H-terminated 

Si(111) surface has been already oxidized after 1 day in ambient air. Therefore, the changes 

after this time period are directly correlated to the surface atoms. This demeanor exhibits also 

that H-terminated Si(111) surface oxidized sustains no change in relation with the irradiation 

of the synchrotron radiation, while it is not the case for the methylated Si surface. For 

CH3-terminated Si(111) surface, the increase of Φ and χ are well correlated with the slow in-

crease of oxide formation on this modified Si surface, but also from the continuous desorbtion 

of the Br adventitious atoms bonded to Si atop atoms surface as revealed by the Br 3d emis-

sion discussed above (see Fig. 5.24). No more Br atoms are still present on the methylated 

surface after 8 and 12 days, so that χ decreases also strongly like the band bending observed 

in Fig. 5.26, while the Φ seems to rejoin the same Φ value of the H-terminated Si(111) surface 

oxidized after 12 days. However, there are only suppositions since unfortunately no Br 3d 

emission spectra have been recorded after 4 days, but these assumptions are well supported by 

the PL measurements show in the next subsection (see Fig. 5.30). The synchrotron radiation 

seems to modify the surface electronic properties of the methylated surfaces. 
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Fig. 5.27: Work function, Φ, and electron affinity, χ, for H- and CH3-terminated Si(111) sur-
faces as function of the time in ambient air as calculated from SXPS measurements. 

5.5.3 PL characterization 

H-terminated Si(111) surfaces prepared in 5% HF and 40% NH4F solutions 

First, different preparation of H-terminated Si(111) surfaces have been compared by    

photoluminescence (PL) technique. The H-terminated Si(111) surfaces have been obtained by 

chemical treatments in two different etching solutions: 5% HF hydrogen fluoride and 40% 

NH4F ammonium fluoride concentrated solutions, respectively. Fig. 5.28 displays the PL   

intensity response (IPL) of theses H-terminated Si(111) surfaces. The H-terminated Si(111) 

surface obtained by treatment in 40% NH4F solution reveals an about twice higher IPL as 

compared to the IPL obtained from H-terminated Si(111) surface treated in 5% HF solution. 

The maximum value of IPL is observed at ~ 1142 nm (which corresponds to the band gap of 

Si, Eg = 1.12 eV (≅ 1150 nm)). It is well known that H-terminated Si(111) surfaces prepared 

in 40% NH4F solution lead to atomically flat surfaces and establish less numbers of defects 

than H-terminated Si(111) surfaces prepared in 5% HF solution.[123] 
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Fig. 5.28: IPL spectra of H-terminated Si(111) surfaces prepared in (a) 5% HF and (b) 40% 
NH4F solutions, respectively. 

The oxidation process of H-terminated Si(111) surfaces has also been investigated by PL 

technique as function of time stored (700 h, ~ 29 days) in ambient atmosphere. The results 

obtained are summarized in Fig. 5.29 (bottom panel). The IPL of both H-terminated Si(111) 

surfaces decreases with increasing of time. However, the surface treated in 5% HF solution 

decreases from a lower IPL as already indicated in Fig. 5.28. The H-terminated Si(111) surface 

modified in 40% NH4F solution tends to reach more rapidly a lower IPL signal than the one 

which has been treated in 5% HF solution pointing to a less hindered diffusion effect during 

the oxidation process. The IPL of both surfaces decreases very rapidly and stays approximately 

at a low PL intensity after ~ 8 h exposed in ambient air. Nevertheless, it seems that 

H-terminated Si(111) surface prepared with 5% HF solution presents a higher PL signal after 

24 h stored in ambient air, but finally after ~ 680 hours (~ 28 days), both curves are rejoined. 

This behavior suggests that after this time duration, the Si surfaces present the same growth 

non-radiative recombination active centers since their PL signals are equivalent. 
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Fig. 5.29: Bottom: IPL of H-terminated Si(111) surfaces prepared in 5% HF and 40% NH4F 
solutions, respectively, as function of time. Top: IPL of H-terminated Si(111) prepared with 
40% NH4F solution measured every 6  or 24 hours  by the pulsed laser irradiation. 

Furthermore, an additional curve belonging to another H-terminated Si(111) surface 

treated in 40% NH4F solution has been added to show the lower degradation of Si surfaces 

when H-terminated Si(111) surface has been measured after every 24 h instead of every 6 h 

by the use of pulsed laser from PL equipment (Fig. 5.29, top panel). On the top panel of 

Fig. 5.29, the H-terminated Si(111) surface measured after 6, 12, 18 and 24 h until 168 h 

(black full circle) indicates a more drastically abrupt of the IPL signal than the other one (black 

empty circle) of which the measurements were performed only every 24 h. In the later case, 

the PL decay is less pronounced. This behavior gives clearly evidence that the Si surfaces 

more exposed to PL measurements are more promptly damaged by the pulsed laser of the PL 
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setup. Moreover, the decrease of IPL signal is an indication of the creation of defects which 

occurs on the Si surfaces. Consequently, the irradiation arising from the pulsed laser is sug-

gested to deteriorate the Si surface and leads to damage Si surfaces (where defects are 

created). The defects created could then react more rapidly with contaminants coming from 

the atmosphere, i.e., oxidation.[124] 

 

Comparison between H-, CH3- and CD3-terminated Si(111) surfaces 

IPL has also been measured for methylated Si(111) surfaces to inspect whether this         

demeanor occurs also on such modified Si(111) surfaces. Fig. 5.30 illustrates the evolution of 

CH3- and CD3-terminated Si(111) surfaces measured with PL technique. Methylated Si(111) 

surfaces are obtained by the application of an anodic current of 1 mA/cm2 for 5 min in 

CH3MgBr and CD3MgI solutions for both Si(111) surfaces, respectively. H-terminated Si(111) 

surface is also added to the figure for a direct comparison. Two series of methylation have 

been prepared at different days.  
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Fig. 5.30: IPL as function of time of methyl-terminated Si(111) surfaces of two different series, 
respectively. Anodic current of 1 mA/cm2 for 5 min has been applied for both Si(111) surfaces 
in the respective Grignard solutions (CH3MgBr, and CD3MgI). IPL of a H-terminated Si(111) 
surface prepared in 40% NH4F solution (black empty dots) has been added for comparison. 
The solid lines are added as guide to the eyes. 
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In contrast to H-terminated Si(111) surfaces, the behavior of IPL is completely different. 

For each methylated Si(111) surface, IPL starts at lower level than the one obtained for 

H-terminated Si(111) surface but then they increase drastically. CD3-terminated Si(111) sur-

faces (blue triangles) exhibit a faster increase in IPL and a slightly higher maximum IPL value 

than CH3-terminated Si(111) surfaces (red squares) after ~ 10 h of exposure to ambient air.  

 

The experiments have been continued for a longer duration time of ~ 275 days to observe 

the behavior of these methylated Si(111) surfaces as function of the time exposed to ambient 

atmosphere. Fig. 5.31 illustrates the evolution of IPL for CH3-, CD3-, and H-terminated Si(111) 

surfaces as function of long time exposure to air. Surprisingly, the strong increase in IPL up to 

21 days (see also Fig. 5.30) is followed by a strong decrease in IPL up to 57 days of exposure 

to ambient air. After this time period, the corresponding curves seem to reveal a constant IPL 

even up to 278 days for both CH3- and CD3-terminated Si(111) surfaces, which is much high-

er than for H-terminated Si(111) surfaces. The increase of IPL signal for both methylated 

Si(111) surfaces suggests that these surfaces could present some remnant contaminants (which 

are certainly arisen from contaminations due to the rinse process or from atmosphere like  

aliphatic carbons, Br atoms coming from the Grignard solvent…). These contaminants could 

probably affect the PL response since a surface charge pushes a charge carrier away from the 

surface, and therefore the recombination process of electrons and holes is suppressed. A high-

er PL signal is then supposed for these methylated Si(111) surfaces since IPL is inversely pro-

portional to the number of non-radiative recombination active defects at the interface. Finally, 

after 21 days the decrease of the IPL signals suggests a diminution of the contaminants present 

on the surface due to the irradiation of the substrates by the pulsed laser. After reaching the 

initial value of the fresh samples (after about 50 days), the IPL continues to decrease very 

slowly and stays quite constant. The constant behavior of these modified Si surface reveals 

the good stability and passivation of these substrates as function of time. Moreover, 

CD3-terminated Si(111) surface present a slightly higher IPL as compared to CH3-terminated 

Si(111) surface. This demeanor suggests that the Si(111) surfaces modified with CD3 groups 

exhibit a “cleaner” and a better passivated Si surface prepared with less contaminants present 

on the substrate, as already shown by SXPS and SPV measurements (see Figs. 5.10 and 5.17). 

 

In the case of H-terminated Si(111) surfaces, IPL already decreases dramatically after 4 h. 

Similarly to the methylated Si(111) substrates, a weak hump is also observable after about 

30 days. In this case, the weak hump occurs here is supposed to arise from the formation of a 

first “symmetric” backbonds Si–O–Si layer which contains less asymmetry than a layer   
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without order. Since this kind of surface reveals less “defects”, it is then obvious to observe a 

small increase in the PL response. 
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Fig. 5.31: IPL of H-, CH3-, and CD3-terminated Si(111) surfaces in ambient air. Methylated 
Si(111) surfaces have been prepared using CH3MgBr and CD3MgI solutions, respectively, 
with the application of an anodic current density of 1 mA/cm2 for 5 min. H-terminated Si(111) 
surface has been prepared in 40% NH4F solution. The lines are added to guide the eyes. 

Finally, the experiments performed here reveal the benefit of the grafting of methyl groups 

onto Si surfaces as shown by the higher value of IPL response constant even after 278 days. 

This IPL value is half of the fresh methylated Si samples. This statement indicates that only 

twice higher amount of defects at the interface occurs even after this long time in ambient air. 

Moreover, these methyl layers give rise to protect remarkably the Si surfaces since the IPL 

response from H-terminated Si(111) surfaces are revealed in the range of the extinction level 

of Si surfaces (complete formation of SiO2) after already ~ 57 days in ambient atmosphere. 

The methylated Si(111) surfaces reveal then a good passivation of the modified Si(111) sur-

faces, conversely to H-terminated Si(111) surfaces which have been already oxidized after 

some hours. 
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5.6 Conclusion 

The organic modification of Si surfaces by methyl groups (CH3 and CD3) with the one-

step electrochemical grafting method using Grignard solutions has been well achieved as  

revealed by IRSE, SXPS, PL, and SPV measurements. The methylated Si surfaces have been 

performed on both p- and n-type Si wafers, but also for different orientations like Si(111), 

Si(100) and porous Si surfaces. These methylated Si(111) surfaces exhibit clearly a much  

better passivation for longer time (up to several months) in ambient atmosphere in relation to 

H-terminated Si(111) surfaces as observed by IRSE, SXPS and PL techniques. Moreover, 

IRSE and SXPS investigations exhibit a very low oxidation probability for the methylated 

Si(111) surfaces. Other tremendous properties have also been observed for these methyl-

terminated Si(111) surfaces like a thermal stability up to 430 °C, but also a good resistivity 

against 5%  HF etching solution for ~ 30 min. These statements clearly indicate that the cova-

lent Si–C bonds formed at the Si surface are robust and protect strongly the Si surface against 

external attacks.  

Furthermore, SXPS measurements reveal a well-defined spin-orbit doublet splitting of the 

Si 2p core level emission for these methyl groups grafted onto Si(111) surfaces of which the 

emission contributions from the bulk (Si0) and from the surface (Si–C bonds) have been well 

distinguished. This well-separated splitting is clearly observed for the first time in the case of 

methylated Si(111) surfaces prepared using the one-step electrochemical Grignard route. This 

observation and the vibrational losses of C–H stretching vibrational modes in the C 1s core 

level emission obtained for a monolayer coverage by methyl groups reflect the well-ordered 

surface structure for these modified Si(111) surfaces. The presence of some adventitious rem-

nant contaminations from aliphatic carbons, Br and O atoms has also been detected in the near 

surface region. However, after the annealing process, most of these contaminations are de-

sorbed and the total overlayer thickness of the methylated Si(111) surfaces is found to be 

~ 3 Å. Since the van der Waals radii of a methyl group is ~ 2 Å, it is clear that the Si(111) 

surfaces have been covered by only one monolayer of methyl groups. The electronic proper-

ties determined from SXPS measurements for the methylated Si(111) surfaces reveal a lower 

work function, and band bending by ~ 0.44 and 0.15 eV, respectively, than H-terminated 

Si(111) surfaces. These electronic properties indicate that the methylated Si(111) surfaces are 

better passivated and possess an easier charge transfer between the methyl layer and the Si 

surface than in the case of H-terminated Si(111) surfaces. Moreover, as expected, after the 

annealing process both CH3- and CD3-terminated Si(111) surfaces present the same surface 

electronic properties. 
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The “umbrella” vibrational mode characteristic from methyl groups observed for the     

methyl-terminated Si(111) surfaces by IRSE measurements gives rise to the sensitivity of this 

spectroscopic method down to a monolayer. Moreover, as expected, a shift of the “umbrella” 

mode from CH3 to CD3 groups occurs for these modified Si(111) surfaces. However, no   

stretching vibrational modes have been observed for the methylated Si(111) surfaces. On the 

contrary, the grafting of methyl groups on porous Si reveals distinctively these stretching  

vibrations. This is observed by the presence of more methyl groups grafted to this surface due 

to the structure of the porous Si, which presents a higher surface density. In that case, the 

rocking vibrational mode of the methyl groups has also been observed. 

In addition, PL measurements reveal that methylated Si(111) surfaces are faster oxidized 

during the laser irradiation of the PL setup, and IRSE spectra reveal a different type of oxide 

layer as observed for wet-chemically prepared oxides. However, the benefit of the grafting of 

methyl groups onto Si surfaces has been revealed by PL measurements since the methylated 

Si(111) surfaces show better passivation properties than H-terminated Si(111) surfaces for a 

long time period in ambient atmosphere. It was shown that only twice higher amount of    

defects at the interface occurred in the case of methylated Si(111) surfaces (as compared to 

the fresh modified Si samples) even after more than 9 months (~ 278 days) in ambient atmos-

phere, whereas H-terminated Si(111) surfaces already oxidized after some hours. This       

demeanor gives clearly evidence that these methyl layers protect remarkably the Si surfaces 

against oxidation. 

Finally, the results obtained from SXPS, PL and SPV measurements reveal better elec-

tronic properties (passivation, band banding, defects at the interface…) for CD3-terminated 

Si(111) surfaces in comparison to CH3-terminated Si(111) surfaces. 
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Chapter 6  

Modification by ethynyl derivatives 

In the previous chapter, the electrochemical route for the grafting of organic molecules  

using Grignard solutions has been well performed for CH3 groups as shown by IRSE, SXPS, 

PL, and SPV measurements. These CH3-terminated Si surfaces have revealed a better passiva-

tion of Si(111) surfaces in comparison to H-terminated Si(111) surface prepared with 40% 

NH4F solution. However, CH3 groups lead to inactive surface properties due to the non-

functionality of the alkyl chain. Therefore, covalent grafting of reactive triple bonds by    

ethynyl derivatives (−C≡C−H, −C≡C−CH3 and −C≡C−phenyl) onto H-terminated Si(111) 

surfaces has been performed by anodic treatment in the respective Grignard electrolytes. The 

modified Si surfaces have been investigated using IRSE and SXPS methods. These two   

techniques are complementary to obtain information about the presence of the typical bond 

vibrations arising from the organic films and the type of chemical bonds at the interface,   

respectively. In addition, SEM, PL, and SPV measurements have also been performed in order 

to get information on the morphology, the non-radiative recombination behavior of active 

defects at the interface, and the band bending created by surface dipole induced by the     

grafting of organic molecules onto Si surfaces. All ethynyl derivatives tend to form ultrathin 

polymeric layers at high charge flow. The thickest layer of about 20 nm has been observed for 

ethynyl-MgCl, whereas the MgBr derivatives with bigger side groups (CH3 and C6H5 instead 

of H) led to approximately 10 nm thick layers. Exchanging the Cl for Br in the ethynyl    

Grignard reagent leads to very thin layers, even under the same high current conditions. Thus, 

it is obvious that the type of halogenide ion plays an important role during the electrochemical 

grafting via Grignard compounds. The electrochemical mechanism pathway is discussed for 

the different organic molecules studied here. First, the deposition of “thick” layers of ethynyl 

derivatives onto Si(111) surfaces has been investigated by IRSE technique after using a high 

charge flow (450 mC/cm2). Then, the grafting of “thin” layers (in term of monolayers) onto Si 

surfaces has also been investigated by SXPS measurements after using a lower charge flow 

(24 mC/cm2). Additionally, SEM, ex-situ PL, and SPV techniques have also been performed 
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for the “thick” layers formed onto Si surfaces. Finally, the results obtained from these differ-

ent experimental methods and the electronic properties determined from SXP measurements 

are discussed. 

 

6.1 IRSE characterization 

IRSE has been used to inspect the vibrational fingerprint of the surface species after graft-

ing of ethynyl derivatives onto Si(111) surfaces. For this, high anodic current density of 

0.5 mA/cm2 for 15 min (charge flow ~ 450 mC/cm2) has been applied to the Si substrates for 

each Grignard solution. The IRSE spectra obtained after organic modification of H-terminated 

Si(111) surfaces in ethynylmagnesium chloride (HC≡C−MgCl), propynylmagnesium bromide 

(CH3−C≡C−MgBr), and phenylethynylmagnesium bromide (C6H5−C≡C−MgBr) solutions 

have been depicted in Fig. 6.1, respectively. These spectra have been collected using a MCT 

detector with a resolution of 4 cm-1. In addition, the spectrum of the Si surface modified by 

the ethynylmagnesium bromide (HC≡C−MgBr) compound has been recorded with a Kolmar 

detector at 6 cm-1 resolution in the high wavenumber region (2700-3400 cm-1) to obtain a  

better S/N ratio and has been added to the figure. The IRSE spectrum (Fig. 6.1a’) reflects low 

efficiency of grafting using this Grignard reagent as compared to the one containing chloride 

ions (Fig. 6.1a), even under the same electrochemical condition. Each spectrum has been 

normalized to the fresh H-terminated Si(111) surface. The upward pointing peak at 

~ 2083 cm-1 in all spectra indicates the loss of Si−H surfaces species after the grafting process 

and reveals the organic modification of the Si surfaces. A layer visible to the naked eye (blue) 

is observed after electrochemical treatment in HC≡C−MgCl, which indicates the formation of 

a polymeric layer. This finding is supported by the strong increase in IR-absorption 

~ 2900 cm-1 due to symmetric and asymmetric stretching modes of CH2 as compared to the 

other ethynyl derivatives[14] (see Fig. 6.1a). However, this demeanor is in contrast with the 

anodic grafting of HC≡C−MgBr where no specific color has been noticed. This probably led 

to a very thin layer even under the same conditions as already reported by Fellah et al.[18] It is 

then evident that the halogen atoms present in the Grignard compounds play an important role 

in the grafting process. However, an attack of intermediate radicals on the −C≡C−H species 

(which have been grafted onto the Si surface) has been recently supposed[14] leading to C−C, 

C=C and C≡C bonds in a polymeric layer as also observed by the IRSE spectra in Fig. 6.1a. 

The absorption peak at 3300 cm-1 appears only for the Si(111) surface modified in 

HC≡C−MgCl. This weak and broad peak is assigned to the C−H stretching mode of the    

acetylenic CH groups in the −C≡CH unit.[125] The IR-absorptions at 2870 and 2958 cm-1 are 
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attributed to the symmetric and asymmetric stretching modes, νs and νas, of CH2 groups from 

adventitious contaminations and the layer itself, respectively. The stretching vibration of the 

ethynyl groups (νC≡C) at 2046 cm-1,[18,90,126] is more distinguishable for the surface modifica-

tion by HC≡C−MgCl compared to the other ethynyl derivatives due to a thicker polymeric 

layer. A weak band also appears at 1725 cm-1. This IR-band is attributed to C=O stretching 

vibrational mode and obviously arises from THF molecules (solvent of the Grignard com-

pound) which seem to be incorporated in the layer.[14,127] 
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Fig. 6.1: Tan Ψ spectra after anodic treatment in (a) H−C≡C−MgCl, (b) CH3−C≡C−MgBr, 
and (c) C6H5−C≡C−MgBr normalised to the tan Ψ spectrum of the H-terminated Si(111) sur-
face. A current density of 0.5 mA/cm2 has been applied to the Si substrate for each Grignard 
solution for 900 s (~ 450 mC/cm2). Spectrum (a’) has been recorded for a longer time period 
with a Kolmar detector (resolution of 6 cm-1) to obtain a better S/N ratio. 

Two other peaks appear at 1450 and 1650 cm-1 in this IR spectrum, which are ascribed to 

the symmetric vibrational modes of C=CH2 and C=C groups, respectively.[43,46] However, in 

case of electrochemical treatment with HC≡C−MgBr solution, only a very weak IR-

absorption in the C–H stretching modes region of CH2 groups and no IR-absorption due to the 

C−H stretching mode of the acetylenic CH groups have been observed. These demeanors  

reveal clearly that the coverage of the Si substrates using HC≡C−MgBr was less efficient as 

compared to the one obtained by HC≡C−MgCl compound. The grafting of CH3−C≡C−MgBr 
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onto Si(111) surfaces leads to a weak absorption peak in the 1000-1200 cm-1 region and can 

be assigned to the −C≡C−C reflection of the stretching vibrational mode,[128] as denoted in 

Fig. 6.1b. In the case of Si(111) surface modified in C6H5−C≡C−MgBr solution, the presence 

of IR-absorption bands in the 3000-3200 cm-1 region are attributed to aromatic CH bond   

vibrations. Moreover, an intense and narrow IR-absorption band occurs at 1405 cm-1 and is 

assigned to the ring stretching vibration. The presence of these vibrational modes clearly con-

firms the grafting of C6H5−C≡C− onto the Si surface (Fig. 6.1c). 

Furthermore, the modification of Si(111) surfaces with ethynyl derivatives has also been 

performed by application of a lower current density of about 0.02 mA/cm2 for 1200 s 

(~ 24 mC/cm2). Unfortunately, the typical vibrational modes from ethynyl derivatives have 

not been detected by IRSE (contrary to the CH3 groups grafted onto Si(111) surfaces) when a 

lower charge flow has been applied. The non-observation of these vibrations is probably due 

to the grafting of a very thin layer and/or to a very small IR-sensitivity. However, these Si 

substrates have been investigated by SXPS measurements. The results obtained from these 

measurements are described in the following section. 

 

6.2 SXPS characterization 

SXPS has been performed to inspect the chemical environment of modified Si surfaces 

obtained by ethynyl derivatives. The detailed analysis of the chemical shifts from Si 2p, C 1s 

and Br 3d core level emissions permits to determine different kind of chemical species present 

on Si surfaces after the electrochemical modification. Moreover, a better understanding of the 

electrochemical grafting mechanism can be also established by the application of different 

charge flows during the grafting process as revealed below for the grafting from 

HC≡C−MgBr coumpound. For the “thick” organic layers used in IRSE measurements, no 

signal from the Si 2p emission spectra has been detected at hν = 650 eV because the organic 

overlayer thicknesses were larger than the information depth of the X-ray photon energy at 

650 eV (which is equivalent to an inelastic mean free path (IMFP) of ~ 18 Å). Therefore, the 

current density has been strongly reduced to suppress the polymerization effect observed at 

higher charge flow, especially for HC≡C−MgCl. Thus, a lower charge flow has been applied 

to Si surfaces during the electrochemical grafting of ethynyl derivatives compounds 

(HC≡C−MgCl, CH3−C≡C−MgBr and C6H5−C≡C−MgBr) by applying an anodic current   

density of 0.02 mA/cm2 for 20 min (~ 24 mC/cm2). The high resolution SXP spectra have 

been performed at photon energy hν = 150 eV (surface sensitive condition) and hν = 650 eV 

(bulk sensitive condition). 
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6.2.1 Different charge flows applied to HC≡C−MgBr solution 

Different charge flows of 60 mC/cm2, 24 mC/cm2, and 2.4 mC/cm2 have been respectively 

applied during the electrochemical grafting of Si(111) surfaces in HC≡C−MgBr solution in 

order to determine the best parameter for the grafting process. Fig. 6.2 shows the high resolu-

tion SXP spectra of (a) Si 2p, (b) C 1s, and (c) Br 3d core level emissions of modified Si(111) 

surfaces using HC≡C− molecules from HC≡C−MgBr compound. Each spectrum has been 

collected with an excitation energy of hν = 650 eV. 

 

The Si 2p emission spectra reveal no chemical shift between the bulk Si 2p3/2 peak from 

the Si substrates modified by 60 mC/cm² and 24 mC/cm² at 99.37 eV (the position of the bulk 

Si 2p3/2 peak from the fresh H-terminated Si(111) surface is located at 99.41 eV, see Chap. 5 

subsection 5.2). However, for the Si substrate treated under a charge flow of 2.4 mC/cm2, a 

chemical shift of approximately + 0.10 eV towards the higher binding energy occurs. These 

demeanors indicate that when a high anodic current density is applied (> 2.4 mC/cm2), the 

resulting band bending from these modified Si surfaces gets smaller compared to the 

H-terminated Si(111) surface. However, the highest intensity of the bulk Si 2p3/2 signal is ob-

served for the Si substrate treated by 24 mC/cm2. The intensity of the bulk Si 2p3/2 signal is 

reduced by ~ 20 and 30% after treatment by 2.4 and 60 mC/cm2, respectively. Moreover, a 

weak hump occurs in the 101-104 eV region and is attributed to the different oxidation states 

of silicon oxide species (Sin+, with n = 1, 2, 3 or 4). Indeed, more silicon oxide species are 

observed in case of the Si surface modified with the highest charge flow (~ 6% at 60 mC/cm2, 

~ 3% at 2.4 and 24 mC/cm2, respectively). 

 

The high resolution C 1s (Fig. 6.2b) and Br 3d (Fig. 6.2c) core level spectra of these modi-

fied Si samples reveal a higher amount of C and Br atoms in case of the Si surface treated 

with the higher charge flow (60 mC/cm2). This behavior is consistent with the lower intensity 

of Si 2p signal observed from this modified Si surface. Moreover, more contaminations have 

been observed from this substrate as revealed by the presence of adventitious remnant carbon 

and bromine atoms on the modified Si surface. The similar line shape of C 1s and Br 3d emis-

sions suggest the presence of identical C and Br species on each modified Si substrates. How-

ever, to determine quantitatively the amount of each species, the C 1s and Br 3d emission 

spectra have been fitted with a series of Voigt line shapes after a Tougaard background      

subtraction. In the case of Br 3d emission spectra, a spin-orbit doublet stripping has been 

maintained (ΔE = 1.05 eV, 2:3 peak area ratio).[59] For the C 1s emission spectra, the fitting 



 – 104 –

indicates a peak at ~ 284.65 eV and is attributed to adventitious aliphatic carbon atoms.[129] 

This peak is more prominent in the case of the Si modified by the highest charge flow 

(60 mC/cm2) and decreases with reduced charge flow by about 30 and 20% (for 24 and 

2.4 mC/cm2), respectively. A peak towards the lower binding energy at ~ 283.80 eV is ob-

served from the fitting procedure. This weak peak is assigned to C-bonded to Si atoms, C–Si 

bonds, due to the electronegativities of the elements present on the surface.[130] About 3%, 

6%, and 2% of C–Si bonds have been determined in relation to the total intensity of the cor-

responding C 1s signal when the charge flow applied is decreasing. Moreover, another emis-

sion towards the higher binding energy at ~ 285.90 eV is also distinguishable as a pronounced 

shoulder of the main peak (aliphatic carbons). This peak is ascribed to the mixture of C 

bonded to O and Br atoms, respectively. Thus, the highest amount of these kinds of C species 

is observed for the higher charge flow applied and decreases with reduced charge flow by 

~ 45 and 60% respectively. The Br 3d emission spectra reveal two different species of Br 

atoms on these modified Si surfaces. The Br 3d spin-orbit doublet emission at ~ 69.25 eV is 

attributed to Br-bonded to Si atoms, whereas the emission at ~ 70.3 eV is ascribed to 

Br-bonded to C atoms.[111] These attributions have been done with respect to the electronega-

tivities of Si, C, and Br atoms (1.90, 2.55, and 2.96, respectively). The Si substrate with the 

higher charge flow applied (60 mC/cm2) shows clearly the higher amount of Br–Si and Br–C 

bonds. The amount of these bonds is strongly reduced by a reduction of the charge flow (for 

24 and 2.4 mC/cm2) by ~ 40 and 80% for the Br–Si bonds and ~ 70% for Br–C bonds, respec-

tively. Thus, from all these observations, the Si substrate modified by 24 mC/cm2 clearly 

shows the smallest amount of contamination by adventitious carbons and also the highest 

amount of C–Si bonds grafted, even if more Br–Si bonds have been observed as compared to 

the lowest current flow applied (2.4 mC/cm2). 
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Fig. 6.2: High resolution SXP spectra of (a) Si 2p, (b) C 1s and (c) Br 3d emissions from 
Si(111) modified in HC≡C−MgBr Grignard solution by application of different charge flow. 
The spectra have been recorded at photon energy hν = 650 eV under synchrotron radiation. 

6.2.2 Grafting of H−C≡C−,  CH3−C≡C− and C6H5−C≡C−  

Fig. 6.3 displays the SXP survey spectra recorded at Eex = 650 eV of a fresh H-terminated 

Si(111) surface, and after electrochemical modification in methyl-d3-magnesium bromide and 

in phenylethynylmagnesium bromide solutions, respectively. For each Si substrate, several 

peaks are observed and are attributed to Si 2p (99.4 eV), Si 2s (150.9 eV), C 1s (284.5 eV), 

and O 1s (531.9 eV) emissions. Peaks labeled P’ and P” observed at (17.5 ± 0.5) eV in higher 
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binding energy than Si 2p and Si 2s emissions are assigned to plasmon loss features from 

these Si emissions, respectively. The peak at 556.7 eV is a result of the Si LMM Auger emis-

sion. The C 1s and O 1 s emissions observed in the spectrum of the H-terminated Si(111) sur-

face are probably due to adsorbed contaminations that arise from the exposure of the ambient 

environment before transfer to the SXP analyzer chamber. However, in case of phenylethynyl-

terminated Si sample, C 1s and O 1s emissions show higher intensities, which indicates the 

presence of a thicker organic layer obtained. Moreover, peaks ascribed to Br 3d (70.4 eV) and 

Br 3p (183.2 eV) have also been observed and give clear evidence of the presence of Br    

contaminations coming from the electrochemical process (MgBr solution). The presence of 

the higher O 1s emission for this modified Si surface will be discussed later. 
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Fig. 6.3: SXPS survey scans of (a) H-, (b) CD3- and (c) phenylethynyl-terminated Si(111) sur-
faces excited with a photon energy of 650 eV. Peaks labelled P’ and P” correspond to well-
defined surface plasmon emissions from Si 2p and Si 2s emissions, respectively. Note that 
Br 3d and Br 3p core level emissions are visible in the case of phenylethynyl-terminated 
Si(111) surface. The spectra have been shifted for visual convenience. 

As shown in the previous subsection, a charge flow of 24 mC/cm2 applied to Si substrate 

has presented the “best” parameter for the grafting of ethynyl groups. Therefore, for the SXPS 

measurements, such charge flow has been chosen for the grafting of the other ethynyl deriva-

tives. Fig. 6.4 presents high resolution SXP spectra in the C 1s and Si 2p core level region 

after electrochemical modification in (a) HC≡C−MgCl, (b) CH3−C≡C−MgBr, and (c) 

C6H5−C≡C−MgBr solutions collected at an excitation energy of hν = 650 and 150 eV, respec-
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tively. The SXP data of the methylated Si(111) surface (d) is shown for comparison because 

CH3-terminated Si(111) surface represents an ideally passivated and highly ordered Si sur-

face.[13] All spectra have been analysed by deconvolution after a Shirley subtraction of the 

background and fitted by a series of Voigt line shapes as shown in Fig. 6.4. For the Si 2p 

emission, the constraint due to the spin-orbit doublet of Si 2p has been maintained 

(ΔE = 0.605, 1:2 peak area ratio). The Si 2p core level spectra have been deconvoluted into 

several features from different contributions to obtain quantitative information. The CH3-

terminated Si(111) surface reveal a spin-orbit doublet of the Si 2p3/2 signal from the bulk Si 

(Si°) and are well seen at ~ 99.26 and 99.84 eV, respectively. Another prominent spin-orbit 

doublet can be well distinguished at ~ 99.5 and 100.08 eV, respectively. The chemical shift 

observed for this spin-orbit doublet in relation with Si° peak is attributed to Si−C signatures 

from the methyl groups.[130] The shift of the doublet Si 2p peak of the Si surfaces modified by 

ethynyl derivatives with respect to Si(111)−H surface (not shown here) by 0.3-1.0 eV presents 

clear evidence of the organic grafting onto Si surfaces where Si−C covalent bonds were 

formed (with an expected chemical shift of  < 1 eV).[59] Moreover, no pronounced contribu-

tions related to SiOx species have been detected in the 101-104 eV energy range, even under 

these surface sensitive conditions (hν = 150 eV). The chemical shift of the Si atoms bonded to 

ethynyl groups has been observed in the higher binding energies, indicating that the Si is posi-

tively charged as expected by the difference in the electronegativities of Si (1.90) and 

C (2.55), respectively. Furthermore, the SXP spectra of Si 2p from these modified Si surfaces 

show a weak peak located at 100.66-100.75 eV, which may be responsible for Si–O–Si (Si1+), 

Si−OH (Si+3) and/or Si−Br(Cl) bonds. This contribution has an intensity ~ 5 times higher for 

the CH3−C≡C- and C6H5−C≡C-modified Si(111) surfaces as compared to the H−C≡C-

modified Si(111) surface. This result leads to the assumption that these modified Si(111) sur-

faces have a higher contamination level by silicon back bonds, −OH and/or halogen atoms 

after the electrochemical grafting from Grignard compounds. The C 1s peaks from the mod-

ified Si surfaces have been deconvoluted into three main contributions. For comparison, the 

C 1s peak from the methyl-terminated Si(111) surface is also shown (Fig. 6.4d) and points out 

only one contribution at ~ 284.1 eV, which is attributed to Si−C bonds.[98,101] This statement 

leads to the conclusion that this methylated Si(111) surface has no other contaminations. In 

the case of ethynyl derivatives modified Si surfaces, the component peak corresponding to 

Si−C bonds is slightly shifted to a lower binding energy of ~ 283.7 eV.[88,130] Two other con-

tributions at higher binding energies at ~ 284.6 and 286.1(286.3) eV are assigned to aliphatic 

and adventitious contamination carbons C−C (C=C, C−H) and carbon bonded to halogen 

and/or oxygen atoms C−Br(Cl), C–O, respectively.[131,132] In the case of phenylethynyl 
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(Fig. 6.4c), the C 1s peak emission corresponding to the adventitious carbons at 284.6 eV is 

~ 30% higher in intensity than the C 1s peak from propynyl- and ethynyl-modified Si sur-

faces. This observation is quite obvious, considering that the phenyl-ring from the 

C6H5−C≡C−MgBr solution contains more carbons than the CH3−C≡C−MgBr and 

H−C≡C−MgCl solutions. 
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Fig. 6.4: High resolution SXP spectra in the C 1s (left) and Si 2p (right) region after organic 
modification in (a) HC≡C−MgCl, (b) CH3−C≡C−MgBr, and (c) C6H5−C≡C−MgBr solu-
tions recorded with an photon energy of hν = 650 and 150 eV, respectively. A current density 
of 0.02 mA/cm2 has been applied to the Si samples for each Grignard solution for 1200 s 
(~ 24 mC/cm2). SXP data for the methylated Si(111) surface (d) is shown for comparison. 
Peaks have been fitted with a Gaussian-Lorentzian sum function after a Shirley background 
subtraction. 
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6.3 SEM imaging of “thick” polymeric layers 

Scanning electron microscopy (SEM) has been performed to reveal the surface morpho-

logy and the thickness of the polymeric layer obtained on Si surfaces after the electrochemical 

deposition. The Si substrates have been treated in (a) HC≡C−MgCl, (b) CH3−C≡C−MgBr, 

and (c) C6H5−C≡C−MgBr by applying an anodic current density of 0.5 mA/cm2 for 900 s 

(~ 450 mC/cm2) to obtain the formation of “thick” polymeric layers. The SEM micrographs of 

such organic layers on Si surfaces are shown in Fig. 6.5 under a tilt angle of 30°. A thickness 

of ~ 10, 12, and 20 nm have been determined for the “thick” organic layers obtained after 

electrochemical modification in C6H5−C≡C−MgBr, CH3−C≡C−MgBr, and HC≡C−MgCl  

solutions, respectively. 
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Fig. 6.5: SEM micrographs of modified Si(111) surfaces electrochemically treated in (a) 
HC≡C−MgCl, (b) CH3−C≡C−MgBr, and (c) C6H5−C≡C−MgBr solutions using a current 
density of 0.5 mA/cm2 for 900 s (~ 450 mC/cm2) and recorded under a tilt angle of 30°. 
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Depending on the thickness, the Si substrates modified in C6H5−C≡C−MgBr solution were 

colourless, the one modified in CH3−C≡C−MgBr started to reveal a blue colour, and the 

thicker layer prepared from HC≡C−MgCl was completely blue as observed with the naked 

eye. Recently, thick polymeric layers up to 870 nm thickness have been observed at high 

charge flow. Furthermore, the SEM micrographs indicate different structures on the surfaces 

for the different type of polymers formed. Surprisingly, a regular “wave” like structure is ob-

served in the case of the layer deposited from HC≡C−MgCl solution, while the surfaces were 

smooth for polymeric layers prepared from CH3−C≡C−MgBr and C6H5−C≡C−MgBr solu-

tions. However, no layer could be observed for the deposition from HC≡C−MgBr solution by 

SEM techniques even after application of the same charge flow. 

 

6.4 PL and SPV characterizations 

Photoluminescence (PL) and surface photovoltage (SPV) measurements have been per-

formed to obtain information about non-radiative recombination active defects and band 

bending created at the organic/silicon interfaces. For these investigations, fresh H-terminated 

Si(111) surfaces electrochemically modified in (a) H−C≡C−MgCl, (b) CH3−C≡C−MgBr, (c) 

C6H5−C≡C−MgBr, and (d)  H−C≡C−MgBr solutions have been prepared, respectively. A cur-

rent density of 0.5 mA/cm2 for 900 s (~ 450 mC/cm2) was applied to the Si electrodes during 

the anodic treatment. The results obtained are presented in Figs. 6.6 and 6.7 for the PL and 

SPV characterizations, respectively. 

 

 Fig. 6.6 illustrates the PL intensity (IPL) spectra of the modified Si(111) surfaces using a 

pulsed dye laser at 500 nm excitation wavelength. The CH3−C≡C-terminated Si surface 

(Fig. 6.6b) shows the highest IPL as compared to Si surfaces modified with the other ethynyl 

derivatives. IPL of the Si surface treated in H−C≡C−MgBr solution is reduced by ~ 40% in 

relation to the CH3−C≡C-terminated one. Moreover, a strong decrease by ~ 90 and 95% in IPL 

is observed for the Si samples treated in C6H5−C≡C−MgBr and H−C≡C−MgCl solutions, 

respectively. Surprisingly, the Si surfaces modified in the two ethynyl-Grignard compounds 

containing different halogen atoms, Cl (Fig. 6.6a) and Br (Fig. 6.6d), respectively, reveal   

totally different electronic properties. The increase in IPL of Si modified with H−C≡C−MgBr 

is probably due to the presence of tremendous adventitious Br contaminations. This demeanor 

is consistent with the SXP results of the Si substrate modified by a charge flow of 60 mC/cm2, 

where a high amount of Br contaminations has been revealed. For a higher charge flow     

applied to the substrate like in this case, a higher amount of Br contaminations is expected. 
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Furthermore, another point has to be taken into account: the thickness of these samples.     

According to SEM measurements, no thickness can be evaluated in the case of the Si surface 

modified in H−C≡C−MgBr, while a thickness of ~ 20 nm has been found in the case of the 

sample modified in H−C≡C−MgCl solution. It has been found that for C6H5-C≡C−MgBr, the 

increase in charge flow from 24 to 450 mC/cm2 decreases strongly the presence of Br–Si 

bonds (not shown here). With this observation and the assumption that a similar behavior 

could also occurs in the case of modification in CH3-C≡C−MgBr solution, less Br contamina-

tions are also expected. Thus, in the case of CH3-C≡C-terminated Si surface, even if the Si 

substrate is contaminated with Br species, it has been supposed that this surface also led to 

less pronounced non-radiative recombination at the interface due to fewer amount of defects 

at the interface. 
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Fig. 6.6: PL intensity spectra of modified Si(111) surfaces, IPL, after anodic treatment in      
(a) H−C≡C−MgCl, (b) CH3−C≡C−MgBr, (c) C6H5−C≡C−MgBr, and (d)  H−C≡C−MgBr. 
Current density of 0.5 mA/cm2 for 900 s (~ 450 mC/cm2) has been applied to the Si substrates 
for each Grignard solution. 

Fig. 6.7 shows the SPV measurements performed with the application of a short laser 

pulse (λex = 902 nm, pulse width 150 ns) after 4 µs of pre-polarization at a potential of 

200 mV for the modified Si surfaces obtained after electrochemical modification in              

(a) H−C≡C−MgCl, (b) CH3−C≡C−MgBr, (c) C6H5−C≡C−MgBr, and (d) H−C≡C−MgBr solu-
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tions. A current density of 0.5 mA/cm2 for 900 s (~ 450 mC/cm2) has been applied to each Si 

substrate. The change in the photovoltage response, UPh, is proportional to a change in the 

band bending of the Si substrate. The typical H-terminated Si(111) sample exhibits a value of 

UPh ≈ – 484 mV. The Si substrates modified in CH3−C≡C−MgBr and H−C≡C−MgBr solu-

tions lead to an UPh of approximately – 542 mV and – 560 mV, respectively, whereas in the 

case of H−C≡C−MgCl and C6H5−C≡C−MgBr solutions, a higher UPh is observed about 

− 683 mV and – 694 mV, respectively. A change in the band bending seems to be higher in 

case of treatment in H−C≡C−MgCl and C6H5−C≡C−MgBr solutions. For the electrochemical 

modification in CH3−C≡C−MgBr and H−C≡C−MgBr solutions, the demeanors observed here 

is in correlation with the PL intensity response (IPL) obtained. A weaker depletion in the space 

charge region (smaller band bending) reveals a better passivation of the surface gap states, 

i.e., leading to fewer amounts of surfaces states/traps. Obviously, a small change in UPh 

(~ 60 mV in comparison to H-terminated Si surface) has been related to the higher values of 

IPL. Moreover, one can see that the return of UPh to the equilibrium static value at longer times 

is reached much more rapidly in the case of H−C≡C−MgCl. Here again, halogen atoms play 

an important role in the electronic properties of the modified Si surfaces and particularly, in 

the surface band bending as revealed by these measurements. 
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Fig. 6.7: SPV transients of organically modified Si(111) surfaces electrochemically prepared 
in (a) HC≡C−MgCl, (b) CH3−C≡C−MgBr, (c) C6H5−C≡C−MgBr, (d) HC≡C−MgBr solu-
tions, recorded after 4 µs of pre-polarization at a potential of 200 mV. A current density of 
0.5 mA/cm2 for 900 s (~ 450 mC/cm2) was applied for each Si samples during the electro-
chemical treatment. 
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6.5 Determination of the chemical composition and thickness 

The total coverage in terms of monolayer (ML) and the total overlayer thickness in Å has 

been estimated from the atomic concentration of the different species present on the Si surface 

as determined from the SXP spectra shown in Fig. 6.4. The total overlayer thickness has been 

estimated from the closed overlayer model[54] using the mathematical relations given in 

Chap. 3. Annealed CH3-terminated Si(111) surface shows only one emission from                

C–Si bonds, so that this Si sample is considered to represent an ideal complete modification 

of all atop Si atoms surface. The measured peak intensities are related to the C 1s emission 

signal of Si(111) terminated with a CH3–monolayer and knowing that one monolayer        

corresponds to an atom surface density of NSi(111) = 7.8 x 1014 cm-2. 

Fig. 6.8 exhibits the atomic concentration in % on the modified Si surfaces and the layer 

thickness in monolayer (ML) and Å, respectively, as obtained from the SXPS measurements 

(Fig. 6.4). The coverage of the ethynyl derivatives is ~ 5 ML (~ 2 ML for −CH3). Some SiOx 

species present at the interface have been reflected by the O 2s and Si 2p suboxide signals. 
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Fig. 6.8: Atomic concentration of O, C, Cl, SiOX and Br on the modified Si surfaces (bottom) 
and the layer thickness in monolayer (ML) and Å, respectively (top), as obtained from the 
SXPS measurements (see Fig. 6.4). One monolayer corresponds to a Si(111) surface atom 
density of NSi(111) = 7.8 × 1014 cm-2. The measured peak intensities have been related to the 
C 1s emission signal of Si(111) terminated with a CH3-monolayer. 
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However, the O 2s emission signal is mainly due to remnant adventitious contaminations. 

The amount of Br atoms on the Si surface (mainly as Si−Br and C−Br, see Fig. 6.4) from the 

Br-containing Grignard compounds is twice of the amount of Cl atoms from the Cl-containing 

Grignard compound. Moreover, in the case of CH3−C≡C- and C6H5−C≡C-modified Si sur-

faces, the amount of Si−Br bonds at the interface measured is much higher than Si−Cl bonds 

for Si surface modified with H−C≡C−MgCl as can be seen in Fig. 6.4. This result points to a 

higher amount of Br at the interface and therefore to a lower reaction rate of Si−Br than for 

Si−Cl intermediates and/or to a higher hindrance by the bigger −CH3 and −C6H5 groups     

during the grafting process. The layer thickness is similar for all ethynyl-Grignard solutions 

after a charge flow of ~ 24 mC/cm2 (i = 0.02 mA/cm2 for 1200 s) as revealed in Fig. 6.8. 

 

6.6 Grafting mechanism for ethynyl derivatives  

The presence of Si− and C−halogen (Br, Cl), and Si−C bonds on the modified surfaces 

lead to the assumption that the Grignard compounds not only react via oxidation of the 

Br(Cl)Mg−C bond like in the ideal case (reaction scheme I), but also via oxidation of the C≡C 

bond (reaction scheme IIa) and reactions via halogen atoms with the Si surface (reaction 

scheme IIb): 

 

I)  R−C≡C−MgX + h+   →  R−C≡C• + MgX+   (6.1a) 

  ≡Si−H + R−C≡C•   →  ≡Si• + R−C≡C−H  (6.1b) 

  ≡Si• + R−C≡C−MgX + h+   →  ≡Si−C≡C−R + MgX+  (6.1c) 

 

 

II) R−C≡C−MgX + h+    →  R−C≡C• + MgX+   (6.2a) 

  ≡Si−H + R−C≡C•   →   ≡Si• + R−C≡C−H  (6.2b) 

  a)   R−C≡C−MgX + R−C≡C• →  R−C≡C−X + R−C≡C−Mg• (6.2c) 

        ≡Si• + R−C≡C−X   →  ≡Si−C(R)=C•−X   (6.2d) 

        ≡Si−C(R)=C•−X + H−source →  ≡Si−C(R)=CHX + source• (6.2e) 

  b)   ≡Si• + R−C≡C−MgX  →  ≡Si−X + R−C≡C−Mg•  (6.2f) 

  c)   ≡Si−X + R−C≡C−MgX  →  ≡Si−C≡C−R + MgX2  (6.2g) 

 

where X = Br, Cl and source = solvent or Si−H. 
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Typically, the Si−X surface species will react with the Grignard compound (IIc). However, 

reaction via (IIa) will lead to a steric hindrance of further reaction of neighboured Si−X spe-

cies formed via (IIb) and therefore the amount of Si−Br at the interface increases with respect 

to Si−Cl for grafting of the smaller ethynyl group by the MgCl compound. A smaller amount 

of halogen has been observed in the case of H−C≡C-, while the same amount of halogen has 

been detected for CH3−C≡C- and C6H5−C≡C-, respectively. This phenomenon probably arises 

from the covalent atom radii of the different halogen atoms (X = Cl in H−C≡C−MgX and 

X = Br in CH3−C≡C− and C6H5−C≡C−MgX solutions, respectively) present in the Grignard 

compounds. Br atoms have a bigger atomic radius than Cl atoms and, thus, obviously block 

the reaction (steric hindrance). Subsequently, Cl atoms present in the Grignard solution favor 

the polymerization process at higher charge flow, as observed for HC≡C−MgCl, where the 

thickness was twice as compared to CH3−C≡C- and C6H5−C≡C-modified Si surfaces after 

using the same charge flow (see Fig. 6.5). The formation of these thin polymeric layers is 

supposed to arise via oxidation of the C≡C bonds, as well as from reactions via halogen atoms 

with the Si surface and not only via oxidation of the Br(Cl)Mg−C bond from Grignard com-

pound like it was the case for alkyl groups (methyl groups). 

 

6.7 Discussion of the surface electronic properties 

The surface electronic properties obtained from the SXPS measurements are summarized 

in Tab. 6.1 for the Si surfaces modified in H−C≡C−MgBr solution with different charge flow 

and for the other ethynyl derivatives, respectively. The work function (Φ) is determined from 

the extrapolation of the secondary electron cutoff edge (see Chap. 2). The chemical shift of 

the bulk Si 2p3/2 peak emission (Si0) observed in the Si 2p emission spectra give an indication 

about the surface band bending which occurs on the Si surface after the modification by    

organic molecules. The surface band bending (eVbb), the electron affinity (χ), and the surface 

dipole (δ) are obtained by the assumption that the binding energy of the Si 2p signal in the 

bulk with respect to the valence band maximum is 98.74 eV,[40] and that the electron affinity 

of the bulk silicon (χSi) is taken as χSi = 4.05 eV.[41] More details about the determination of 

these values have been already explained in Chap. 2. 

 

Tab. 6.1 summarizes the surface electronic properties determined from the Si surfaces 

treated in H−C≡C−MgBr solution with different charge flow. The higher eVbb (~ 0.53 eV) of 

about + 0.10 eV occurs in the case of less flown charge of 2.4 mC/cm2 in relation to the other 

ones (Si substrates anodized with 60 mC/cm2 and 24 mC/cm2, eVbb ~ 0.43 eV, respectively). 
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However, for this sample the lowest Φ is observed (~ 4.31 eV). The increase in charge flow 

(from 24 to 60 mC/cm2) shows a parallel increase of Φ from 4.47 to 4.69 eV, respectively. 

Additionally, χ and δ increase also since they are correlated together by the relation δ = χ – χSi. 

So that the charge flow increases from 2.4 to 24 and 60 mC/cm2 and δ increases from – 0.12 

to + 0.16 eV, respectively. The tremendous change by about + 0.23 eV between the sample 

modified with 24 and 60 mC/cm2 is supposed to arise predominantly from the presence of a 

higher amount of Br atoms in that case. The assumption of these polar atoms present on the 

surface could drastically change the work function by an increase. In the same way, the con-

tribution of the surface dipoles predominantly due to Br atoms could be also affected, so that 

the real contribution of the surface dipoles build from the Grignard solution are also reduced. 

Tab. 6.1: Electronic properties of Si(111) surfaces modified by ethynyl derivatives via Grig-
nard compounds (H- and CD3-terminated Si(111) surfaces have been added for comparison). 

R= 

Binding   
energy, 
Si 2p3/2    

(eV) 

Surface band 
bending,  

eVbb         
(eV) 

Work    
function,    

Φ          
(eV) 

Electron 
affinity,     

χ          
(eV) 

Surface 
dipole,      

δ          
(eV) 

–H               
(annealed) 99.42 0.48 4.58 4.07 0.02 

−C≡C−H (Br)   
(60 mC/cm²) 99.37 0.43 4.69 4.21 +0.16 

−C≡C−H (Br)   
(24 mC/cm²) 99.37 0.43 4.47 3.98 -0.07 

−C≡C−H (Br)  
(2.4 mC/cm²) 99.47 0.53 4.31 3.93 -0.12 

–CD3             
(annealed) 

99.27 0.33 4.24 3.61 -0.44 

−C≡C−H (Cl) 99.42 0.48 4.40 3.96 -0.09 

−C≡C−CH3 99.29 0.35 4.51 3.97 -0.08 

−C≡C−C6H5 99.53 0.59 4.64 4.19 +0.14 

incertitude ± 0.05 ± 0.05 ± 0.10 ± 0.15 ± 0.15 

For more explanations about the determination of these values, please see chapter 2 
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Additionally, the surface electronic properties obtained from the Si surfaces electrochemi-

cally modified in H−C≡C−MgCl, CH3−C≡C−MgBr, and C6H5−C≡C−MgBr solutions by a 

lower charge flow of 24 mC/cm2 (0.02 mA/cm2 for 1200 s) are also summarized in Tab. 6.1. 

For comparison, H- and CD3-terminated Si surfaces are added to Tab. 6.1. In the case of Si 

surface modified in C6H5−C≡C−MgBr solution, a work function of 4.64 eV and a surface 

dipole of + 0.14 eV have been determined. These values are quite similar to the Si surface 

obtained from the modification in H−C≡C−MgBr when a charge flow of 60 mC/cm2 has been 

applied because these two modified surfaces exhibit the highest amount of adventitious Br 

atom contamination (as shown on the respective SXP spectra, Figs. 6.2 and 6.4, respectively). 

The occurrence of the higher Φ and δ for these modified Si surfaces is in good agreement with 

the dipole effect contribution of Br atoms on the Si surface. In the case of CH3−C≡C-modified 

Si surface, about the same amount of Br atoms is observed in relation to C6H5−C≡C−MgBr. 

However, more than twice of the amount of C–Si bonds has been established (see Fig. 6.4) in 

the case of CH3−C≡C-modified Si surface. This CH3−C≡C-modified Si surface reveals then a 

“better” achievement for the grafting of these molecules. Moreover, a surface band bending of 

~ 0.35 eV has been found for this Si substrate, which is quite equivalent to the annealed 

CH3-terminated Si(111) surface. This behavior clearly indicates the grafting of molecules  

using this Grignard compound. 

 

 In addition as remark, the Si substrate modified in CH3−C≡C−MgBr solution with a high-

er current flow of about 450 mC/cm2 starts to reveal a blue colour and the morphology struc-

ture of this Si substrate changes to a “wave” like structure as compared to the one modified in 

H−C≡C−MgCl solution. Besides, for the Si substrate modified in H−C≡C−MgCl, the work 

function, the surface band bending and the surface dipole are quite identical to the fresh 

H-terminated Si(111) surface. The similarity of the electronic properties observed lets suppose 

the achievement of a well passivated Si surface in comparison to the other ethynyl derivatives. 

Moreover, these observations are consistent with the amount of more than 40% of C–Si bonds 

than in the case of CH3−C≡C-modified Si surface. A homogenous surface layer has also been 

observed by the SEM micrograph with a thickness of ~ 20 nm (see Fig. 6.5). However, it has 

been shown that the ethynyl compounds and derivatives reveal a surface dipole of about 

(− 0.09 ± 0.03) eV, when the Si substrate was not presenting a large amount of Br atoms (like 

in the case of C6H5−C≡C− (using 24 mC/cm2) and H−C≡C− (using 60 mC/cm2)). 
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6.7.1 Comparison of the surface band bending determined by two different 
techniques 

Fig. 6.9 shows the comparison of the band bending of different molecules electrochemi-

cally grafted onto Si(111) surfaces revealed from SPV and SXPS measurements, respectively. 

The band bending determined from SPV measurements is noticed as UPh, whereas the surface 

band bending established from SXPS measurements is represented as eVbb. Thin organic   

layers of ethynyl derivatives (24 mC/cm2) have been used for the evaluation of eVbb, whereas 

UPh has been measured for the thicker layers of ethynyl derivatives obtained (450 mC/cm2). 

However, no light absorption occurred for the thicker layers because λex is 902 nm in this 

case. Therefore, UPh and eVbb are responsible for the organic/Si interface. This plot shows a 

linear trend between UPh and eVbb for the modified Si surfaces.  
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Fig. 6.9: Photopotential (UPh) measured by SPV method as a function of the surface band 
bending (eVbb) ascertained from SXPS measurements from Si modified electrochemically in 
CH3MgBr, CD3MgI, H−C≡C−MgBr, H−C≡C−MgCl, CH3−C≡C−MgBr, and 
C6H5−C≡C−MgBr solutions. H-terminated Si(111) surface is also added to the figure for 
comparison. 



 – 119 –

In the case of electrochemical modification in H−C≡C−MgCl and CH3−C≡C−MgBr solu-

tions, a higher discrepancy occurs and seems to arise from the probably incorporation of some 

other charged species (i.e., Br and Cl atoms), which can influence the dipole of the organic 

molecules and then lead to an “effective dipole” on the surface. However, the CH3- and 

CH3−C≡C-terminated Si surfaces show the lowest eVbb. This indicates an easier charge   

transfer between these organic molecules and the p-type Si substrate because a lower barrier 

has been observed (smaller depletion than in the case of the other molecules). Therefore, the 

smaller reduction of the band bending (in relation to H-terminated Si surface) implies a better 

electronic passivation because more surface gap states were recovered. This statement indi-

cates a direction to the flat band conditions. As compared to UPh, every ethynyl derivatives 

show a band bending (depletion) similar to that of H-terminated Si surface. In the case of 

CH3−C≡C-terminated Si surface, it seems that the difference of the charge contribution from 

the adsorbate layer is totally different for the samples prepared at “low” or “high” charge 

flow. However, for H-, CH3- and CD3-terminated Si surfaces, it is consistent that eVbb and UPh 

are similar because the surfaces have been prepared under the same conditions, so that they 

present the same density and energy distribution of the surface charge. Additionally, these 

measurements reveal that both SPV and SXPS experimental methods lead to similar trends, 

although they are completely different techniques. 

 

 

6.7.2 Surface band bending versus surface dipole and work function 

Fig. 6.10 illustrates the surface band bending (eVbb) and the photopotential (UPh) as func-

tion of (a) the surface dipole, δ, and (b) the work function, Φ, of Si surfaces electrochemically 

modified in CH3MgBr, CD3MgI, H−C≡C−MgBr, H−C≡C−MgCl, CH3−C≡C−MgBr, 

C6H5−C≡C−MgBr solutions, respectively. For comparison, the values for H-terminated 

Si(111) surface has also been added to the figure. As explained above, eVbb and UPh represent 

both the band bending of the surface. However, eVbb and UPh have been obtained from two 

different techniques, from SXPS and SPV measurements, respectively. A linear tendency is 

observed between eVbb and UPh as function of δ, and Φ, respectively, for the different mod-

ified Si surfaces. The surface modified with methyl groups (CH3 and CD3 molecules, respec-

tively) reveals the lower Φ and eVbb for this series of molecules. The methylated Si surfaces 

exhibits a good concordance for eVbb and UPh in relation to δ, while in comparison with Φ, a 

shift of ~ 0.09 eV appears (see Fig. 6.10b).  
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Fig. 6.10: Surface band bending (eVbb) and photopotential (UPh) versus (a) surface dipole, δ, 
and (b) work function, Φ, of H-, CH3- and ethynyl derivatives-terminated Si(111) surfaces. 
For comparison, the value of H-terminated Si(111) surface has also been added. 

A general increase in the linear trend is observed in the case of ethynyl derivatives. The 

bigger the end group of the ethynyl (from H to C6H5, i.e., presenting more electrons), the 

more the increase of eVbb and UPh with respect to δ, and even to Φ. This behavior is consistent 
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with the fact that a change in the band bending (eVbb or UPh) leads to a change in Φ of the 

modified Si surfaces. However, Si surfaces modified with −H, −C≡C−H, and −C≡C−CH3 

present a similar value of δ (~ 0.10 eV), which implies that the environment (i.e., electronic 

distribution) at the interface is rather identical. Nevertheless, different Φ are determined for 

these modified Si surfaces, and an increase also appears with the bigger end group of ethynyl 

derivatives (from 4.40 to 4.51 eV, for −C≡C−H and −C≡C−CH3, respectively). Moreover, in 

the case of Si modified with C6H5−C≡C−MgBr solution, (which possess the “more” electron 

donator molecules due to C≡C added to the phenyl ring) a net drop appears in eVbb and UPh 

but also in δ, and Φ, respectively. Finally, the observed linear trend is consistent with the  

“donator” behavior of the molecular electrons, where the electron density is displaced to the 

Si surface.[133] Ethynyl derivatives present intrinsically more electrons (because of the C≡C 

bonds in these molecules) than methyl groups, and result in a higher band bending, i.e., a 

stronger depletion in the space charge region near the surface. This is consistent with the fact 

that electron donating molecules display electrons to the p-Si surface, which increases the 

depletion near the surface, and finally, more electron transfer occurs in this direction.       

However, the C≡C bonds have an important electronic negative charge near the surface, if we 

consider that the grafting is performed via the radicals of these molecules, which attracts 

strongly electrons. This phenomenon results to a higher Φ (with C≡C bonds and with increase 

the end group of these ethynyl derivatives) on the surface, which impedes the escape of an 

electron from the bulk Si to the surface due to the presence of a high barrier level. Because the 

lower band bending occurs for methyl groups, a weaker depletion should also occur on the 

surface as compared to the other molecules. This suggests also that the surface gap states were 

more recovered by the molecules, which implies the most efficient passivation of the surface 

due to the lower band bending, but also a better charge transfer between the molecules and the 

surface. 

 

6.7.3 Correlation between the work function and the surface dipole 

The work function is a material constant and can be influenced by surface dipoles, i.e., by 

electron affinity which shifts the reference level (the vacuum level). As discussed above, the 

relation between the band bending and the work function or the surface dipole reveals a linear 

trend. This linear trend shows clearly that these physical magnitudes are correlated. However, 

until now, no relation between Φ and δ has been shown for the organically modified Si sur-

faces.  
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Fig. 6.11 depicts the behavior between the work function and the surface dipole of electro-

chemically modified Si(111) surfaces in CH3MgBr, CD3MgI, H−C≡C−MgBr, H−C≡C−MgCl, 

CH3−C≡C−MgBr, C6H5−C≡C−MgBr electrolytes as obtained from SXPS measurements. For 

comparison, the values of the annealed Si(111) samples modified in CH3MgBr, CD3MgI, 

H−C≡C−MgBr solutions and H-terminated Si(111) surfaces have been added to the figure. 

This figure reveals a well linear trend for both annealed and non-annealed Si(111) samples. 

This demeanor confirms that a change in the contribution of the dipole moments coming from 

the deposited organic molecules on the surface also change the work function of the Si sur-

face. Therefore, it seems that an “effective” dipole moment, which is attributed to the dipole 

contributions of the individual adsorbate molecules (due to their ordering), gives rise to a  

macroscopic electrostatic surface dipole. The difference between Φ and δ for the annealed and 

non-annealed Si surfaces arises from the loss of contaminants after annealing process. A ten-

dancy also appears for these modified surfaces. It can be observed that after annealing the Si 

samples, Φ and δ increase, respectively.  
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Fig. 6.11: Work function, Φ, as a function of the surface dipole, δ, of modified Si(111) sur-
faces. The samples have been obtained after electrochemical treatment in CH3MgBr, CD3MgI, 
H−C≡C−MgBr, H−C≡C−MgCl, CH3−C≡C−MgBr, C6H5−C≡C−MgBr solutions. The 
H-terminated Si(111) surface has been prepared as usual in 40% NH4F concentrated solution. 
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6.8 Conclusion 

The electrochemical grafting of ethynyl derivatives onto Si(111) surfaces in a one-step   

reaction using an anodic Grignard electrochemical route has been characterized by several 

techniques such as IRSE, SXPS, SEM, PL, and SPV measurements. This electrochemical 

grafting method points out the possibility to control the grafting of such ultrathin organic  

layers onto Si(111) surfaces by varying the charge flow applied. Typical thicknesses ranging 

from ~ 8 Å (~ 5 ML) to ~ 20 nm have been established during the application of an anodic 

charge flow between 24 mC/cm2 and 450 mC/cm2, respectively. Moreover, the efficiency of 

the grafting process obviously depends on the type of halogen atoms present in the Grignard 

electrolyte as used for ethynyl-termination of Si(111) surfaces. However, at low charge flow 

of ~ 24 mC/cm2, no tremendous differences in the measured SXP spectra are observed.     

Besides, the electronic surface properties established from SXPS measurements were quite 

similar. Nevertheless, at a higher charge flow applied (450 mC/cm2), the ethynyl-terminated 

Si(111) surfaces show totally different electronic properties (thicknesses, defects at interface, 

band bending, morphology…) as revealed by IRSE, PL, and SPV investigations, but also 

SEM micrographs. In the case of the other ethynyl derivatives (propynyl- and phenylethynyl-

MgBr), IRSE-spectra have indicated the presence of the molecules (by several typical IR-

absorption of specific vibrational modes from these molecules) and polymerization at higher 

charge flow. SXP core level spectra have given clear evidence of the grafting of ethynyl    

derivatives onto Si(111) surfaces by the presence of the peak emission at ~ 283.7 eV attri-

buted to Si−C bonds as observed in C 1s core level spectra. For each surface, a thickness of 

~ 5 ML (~ 8 Å) has been ascertained. However, Si(111) surfaces modified in H−C≡C−MgCl 

shows higher “efficiency” of Si−C bond formation and a less pronounced contaminations 

from halogen and aliphatic carbon atoms, respectively. Moreover, the efficiency of the graft-

ing process decreases with the bigger the end group of the ethynyl derivatives, and the surface 

electronic properties obtained from SXPS measurements revealed a linear trend between the 

band bending, the working function and the surface dipole established for these molecules. 

Additionally, H- and CH3-terminated Si(111) surfaces have also been compared with these 

modified Si surfaces. A linear tendency is also observed and it has been shown that the band 

bending and the surface dipole are contributed independently to the change in the work func-

tion. An increase in the electron donator ability of the molecules leads to an increase in the 

surface dipole, the band bending and the work function of the grafted molecules, respectively. 

This behavior indicates clearly the molecular effect of the deposited organic layer, which  

results from a change of both surface dipole (electron affinity or dipole moment) and band 
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bending (charge transfer), i.e., controlled by the work function. Therefore, controlled elec-

tronic properties can be obtained using such electrochemical grafting treatment and can be 

used as a potential tool for new Si-based molecular electronic devices. Moreover, a correla-

tion between two different techniques for the band bending determination has been confirmed. 

Finally, the grafting of H−C≡C- onto Si(111) surface from H−C≡C−MgCl electrolyte at high 

charge flow leads to the formation of a thick and uniform polymeric layer via reaction of the 

C≡C bond resulting in a thickness up to ~ 20 nm. In the case of CH3−C≡C−MgBr and 

C6H5−C≡C−MgBr, the formation of a polymeric layer has also been obtained, but with a thin-

ner thickness of only ~ 10 nm, when using the same experimental conditions. The smallest 

ethynyl derivative Grignard compound H−C≡C−MgCl induced an enhanced film thickness as 

observed by SXPS and SEM measurements. The formation of these thin polymeric layers is 

supposed to arise via oxidation of the C≡C bonds and reactions via halogen atoms with the Si 

surface, and not only via oxidation of the Br(Cl)Mg−C bond from Grignard compound as it 

was the case for the methyl containing Grignard solutions. 
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Chapter 7  

Polymerization from pyrrole and 
thiophene Grignard compounds 

Conducting polymers like polypyrrole and polythiophene are especially attractive mole-

cules showing remarkable electrical conductivity and thermal stability in their oxidized forms. 

Such heterocyclic polymers contain a π-conjugated like-structure and offer a unique combina-

tion of electrical, mechanical and optical properties, which makes them attractive for a variety 

of technological applications including Schottky diodes, corrosion protections, lithium-ion 

batteries, light emitting diodes, organic electronics, and photovoltaics, to mention but a 

few.[134-137] The deposition of such molecules onto hydrogenated Si(111) surfaces is then   

becoming very interesting and exciting for both, fundamental understanding and technological 

applications of electronic devices.[138,139] To obtain such organic/Si heterostructures, the direct 

deposition of covalently bonded polypyrrole and polythiophene onto Si(111) surfaces has 

been attempted electrochemically using Grignard solutions and without the need of any adhe-

sion promoter molecules.[140] This electrochemical method for the grafting of organic layers 

has been intensively studied and has revealed covalent Si–C bonds for methyl groups and 

ethynyl derivatives, as described in the previous chapters. In this chapter, several characteriza-

tion methods like IRSE, Raman, and XP spectroscopies have been performed to provide    

information about the vibrational and chemical properties of such modified Si surfaces. Addi-

tionally, SEM measurements have also been performed to determine the morphology and the 

thickness of the polymeric layers formed on Si(111) surfaces. For these investigations,      

pyrrylmagnesium bromide solutions have been prepared by the chemical group of Dr. Janietz 

(IAP Golm) since no Grignard reagent containing pyrrole structure is available in chemical 

industry, while thiophen-2-yl magnesium bromide solutions have been purchased by Sigma 

Aldrich. The first results acquired are very promising and exciting for further potential appli-

cations of such organic/Si heterostructures. 
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7.1 Formation of polymeric films: the case of polypyrrole 

7.1.1 IRSE and Raman characterizations 

IRSE and Raman spectroscopy have been performed to give evidence of the deposition 

and formation of polymeric layers of polypyrrole (PPy) and polythiophene (PT) onto Si(111) 

surfaces by the typical vibrations of specific chemical groups present on the surface. Some 

vibrational modes coming from the specific groups of PPy and PT can present either active 

vibrational mode in IR spectra and at the same time non-active vibrational mode in Raman 

spectra or active vibrational modes in both, IR and Raman spectra, respectively (e.g., see 

Fig. 7.1). These demeanors arise typically from the properties of these molecules. 

 

Fig. 7.1 shows the tan Ψ (top panel) and Raman (bottom panel) spectra of Si(111) surfaces 

modified in pyrrylmagnesium bromide solution, respectively. An anodic current density of 

0.1 mA/cm2 for 1200 s has been supplied in galvanostatic mode to obtain such modified 

Si(111) surfaces. The measured tan Ψ spectrum of the film has been referenced to the tan Ψ 

spectrum of H-terminated Si(111) surface. The spectra are shown in the 900-2200 cm-1 region. 

A positive peak appears at 2083 cm-1 in the tan Ψ spectrum normalized and is assigned to the 

total loss of Si–H symmetric stretching vibrational mode, νs(Si–H). In addition, several 

downward pointing peaks are also distinguishable. Two features reveal the presence of ring 

structures as observed by the IR-absorption bands at ~ 949 and 1147 cm-1, respectively. These 

absorption bands are attributed to the C–H asymmetric ring deformation, δas(C–H) and ring 

breathing of pyrrole, respectively, according to ref. [141] The broad IR-absorption band at 

~ 1205 cm-1 is assumed to belong to the electronic-like absorption of C–N stretching 

chains,[142] from C–H in plane symmetric deformation vibration, or from doping state of 

PPy.[143] However, no distinct bands are observed in the Raman spectrum for these features, 

which supposes that these vibrations are not Raman active. The IR-absorption band in the 

1420-1440 cm-1 is assumed to correspond to the C–N asymmetric stretching vibrational mode, 

νas(C–N).[144] The Raman spectrum indicates the same feature, which suggests that this band is 

also Raman active. Another prominent band active in both IR and Raman spectra is observed 

at ~ 1601 cm-1 and is ascribed to the C=C symmetric vibrational mode of the ring structure, 

νs(C=C).[140] Moreover, the Raman spectrum reveals a hump at ~ 1317 cm-1 and can be attri-

buted to the C–C stretching vibration in plane, ν(C–C).[140] Nevertheless, the weak feature   

observed at ~ 1715 cm-1 attributed to the C=O stretching vibrational mode, ν(C=O) reveals 

the presence of carboxyl groups on the surface.[128] These carboxyl groups arise probably 
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from the chemical reaction resulting from the breaking of THF molecules during the electro-

chemical deposition. However, as expected, this figure gives clearly evidence of the presence 

of PPy molecules directly deposited on Si(111) surfaces. As remark, a brown polymeric film 

of PPy has been visible with the naked eye immediately after the electrochemical deposition, 

which is another indication of the well deposition of PPy on Si(111) surfaces. 
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Fig. 7.1: Deposition of polypyrrole on Si(111) surface by electrochemical Grignard route. A 
current density (0.1 mA/cm2 for 1200 s) has been applied in galvanostatic mode. The top  
panel depicts IRSE characterization, while the bottom panel illustrates Raman characteriza-
tion in the 900-2200 cm-1 region, respectively. 

Fig. 7.2 shows the tan Ψ spectrum of PPy deposited onto Si(111) surfaces using a lower 

current density of 0.1 mA/cm2 for 900 s. This spectrum is referenced to tan Ψ of H-terminated 

Si(111) surface. The tan Ψ spectrum is shown in the higher energy region between 

2000-3500 cm-1. Here again, the total loss of the stretching vibrational mode of Si–H at 

2083 cm-1 is observed due to the deposition process. The contaminations from the ambient 

atmosphere are detected at ~ 2324-2350 cm-1 and are assigned to the vibrational mode of CO2 

molecules. The weak broad IR-absorption band ~ 2850-2980 cm-1 is attributed to the sym-

metric and asymmetric stretching vibrational modes of methylene and methyl groups, indicat-
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ing the presence of some adventitious CH2 and/or CH3 groups after the deposition. These  

contaminants are probably arisen from the atmosphere during the exposure to ambient air. 

However, two prominent and characteristic bands of PPy on Si surface are well resolved. The 

broad and strong peak in the 3000-3280 cm-1 region is ascribed to C–H stretching vibrations 

and the weaker broad band at ~ 3422 cm-1 is typically due to the N–H stretching vibrational 

mode, ν(N–H).[144] In this spectrum, these two peaks are well separated, which it was not the 

case for other PPy/semiconductor systems.[145,146] 
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Fig. 7.2: Tan Ψ spectrum of polypyrrole electrochemically deposited on Si(111) surface by 
application of a current density of 0.1 mA/cm2 for 900 s in pyrrylmagnesium bromide solution 
in the 2000-3600 cm-1 region, referenced to tan Ψ spectrum of H-terminated Si(111) surface.  

7.1.2 SEM imaging 

Fig. 7.3 shows two SEM micrographs of the modified Si surfaces after electrochemical 

deposition of PPy onto Si(111) surface in pyrrylmagnesium bromide solution. These two 

modified Si samples have been obtained by the application of an anodic current density of 

0.1 mA/cm2 for (a) 1200 s (~ 120 mC/cm2) and (b) 900 s (~ 90 mC/cm2). The polymeric PPy 

films deposited on Si(111) surfaces reveal ultrathin polymeric layers (~ 30 nm), homogenous, 

and adhesive properties, for both modified Si(111) surfaces, as observed on the SEM micro-
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graphs. A hint of the good stability of these PPy films deposited onto Si(111) surfaces in    

ambient air is revealed with the hydrophilic properties of these films even after being exposed 

in ambient atmosphere during ~ 2 and 10 months, respectively. Moreover, PPy films prepared 

from pyrrole in aqueous or non aqueous solutions have been shown to be more inhomoge-

neous.[141] 
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Fig. 7.3: SEM micrographs of PPy deposited onto Si(111) surface obtained by the application 
of different current density: 0.1 mA/cm2 for (a) 1200 s and (b) 900 s, respectively, in galvanos-
tatic mode using a pyrrylmagnesium bromide compound. As result, a brown polymeric film 
has been observed with the naked eye for both modified Si samples. These modified Si sur-
faces by PPy molecules have been stored in ambient air for approximately 2 and 10 months, 
respectively, before being recorded. 

7.1.3 XPS investigations 

XPS measurements have been performed to differentiate the chemical environment of   

organic species present on the Si surface after deposition and formation of polymeric layer of 

polypyrrole and polythiophene onto Si(111) surfaces by different electrochemical treatments 

applied to the Si electrode. 

 

XP survey spectra 

Fig. 7.4 displays the survey XP spectra of PPy electrochemically deposited onto p-Si(111) 

surfaces in pyrrylmagnesium bromide solution with the different experimental conditions 

summarized in Chap. 4 (or see Tab. 7.1). The four substrates called samples A, B, C, and D 

are shown. The attempt to prepare thin polymeric film onto Si surfaces has been performed by 

the application of low amount of flown charge (30 to 230 µC/cm2, see Tab. 7.1) by cyclo-
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voltammetry measurement (0 – 1.2 V for 1 CV, sample A) or in potentiostatic mode (1.2 V for 

80 s, and 0.7 V for 300 s, samples B and C, respectively), respectively. For the deposition of a 

“thicker” polymeric film, a charge flow of 120 mC/cm2 has been applied in galvanostatic 

mode (0.1 mA/cm2 for 1200 s, sample D). Due to the tremendous difference of charge flow 

applied to the Si electrodes during the electrochemical deposition, different polymeric films of 

PPy are expected. In case of the deposition of thin polymeric films, samples A, B, and C   

depict almost the same peak contributions. Only some peaks show different intensities. Peaks 

attributed to Si 2p and Si 2s at ~ 99.73 and 150.78 eV, respectively, are observed for each 

modified Si surface. As could be noticed on these spectra, Si 2p and Si 2s intensities increase 

and decrease in common. An increasing trend occurs for these peak intensities from galvanos-

tatic mode to potentiostatic mode (samples: D < A < B < C). The smallest Si peak intensity is 

observed in the case of sample D. This behavior is attributed to the result of a thicker poly-

meric layer. The presence of Br, C, and O atoms are also detected by the Br 3p, C 1s, and O 1s 

peak emissions at ~ 184.31, 284.90, and 532.62 eV, respectively. Interestingly, the C 1s peak 

intensities increase in the opposite direction (samples: C < B < A < D) of the Si peak intensi-

ties. As expected, these demeanors seem to indicate the deposition of different polymeric 

thicknesses of PPy films on Si(111) surfaces. Moreover, two other emissions are also         

observed at ~ 498.10 and 577.16 eV, respectively. These peaks are attributed to adventitious 

contaminations from the sample holder: Cr 2p, and Zn LMM Auger emissions, respectively. 

Additionally, XP spectrum from sample D reveals an emission at ~ 400 eV and is ascribed to 

N 1s peak emission. The occurrence of this emission clearly indicates the formation of a thick 

polymeric film because N 1s peak contribution can not arise from the rinsing procedure or 

from the ambient atmosphere. A high amount of C atoms and a slight amount of Si atoms are 

also noticed. Moreover, the polymeric film obtained revealed hydrophilic properties and has 

light brown colour. These observations give rise to the formation of a thick polymeric film of 

PPy on Si(111) surface, which is also consistent with the higher charge flow applied to this Si 

sample. 
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Fig. 7.4: XP survey spectra of PPy electrochemically deposited on p-Si(111) surfaces from 
pyrrylmagnesium bromide solution. AlKα excitation energy (hν = 1486.6 eV) has been      
operated with a power of 250 W. (A) 1 CV: 0 – 1.2 V, (B,C) 1.2 V for 80 s, and 0.7 V for 300 s, 
and (D) 0.1 mA/cm2 for 1200 s. The spectra are shifted for visual convenience. 

XP spectra in the 130 – 220 eV region 

Fig. 7.5 shows the XP spectra of PPy deposited on Si(111) surfaces from samples A, B, C, 

and D in the 130 – 220 eV region. Each sample has been recorded in normal (90°) emission 

(solid curve), while in the case of samples A and B, additional spectra have been recorded 

under emission of 30° (dashed curve) in relation to the surface to be more in surface sensitive 

conditions. The peaks observed at ~ 150.80 and 168.40 eV are attributed to Si 2s core level 

and their plasmon emissions, respectively. These peak intensities are more pronounced in the 

case of sample C (blue solid curve) and decrease for the other samples (from samples: B30 to 

A30 and A), respectively, and more especially for sample D where a thick polymeric film has 

been expected (red solid curve). 
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Fig. 7.5: XP spectra of PPy deposited on Si(111) surfaces in Pyl-MgBr solution with the    
application of different electrochemical methods (see Tab. 7.1). MgKα (hν = 1253.6 eV) has 
been used as excitation energy with a power of 250 W. 

No significant difference between Si 2s peaks recorded under emission of 90° and 30° is 

observed for sample A (black solid and dashed curves, respectively). Nevertheless, Br 3p 

emission at ~ 184.02 eV is more prominent in case of measurement under emission of 30° 

(more surface sensitive than 90° because more signal from the overlayer is probed), which 

indicates that Br atoms are more present at the surface. Moreover, a small hump at 

~ 140.48 eV is also observed under emission of 30°, while it was not the case in normal emis-

sion. However, this peak is observable for each sample, but only a weak intensity appears in 

the case of sample D. This feature has not been attributed for the moment, but it is still on 

going to understand the origin of this contribution. For samples D and A30, the peak corres-

ponding to Br 3p emission is more prominent than for the other samples. 

 

N 1s core level spectra 

Fig. 7.6 presents the N 1s core level spectra for the same samples discussed above, under 

the same energy excitation (AlKα, hν = 1486.6 eV). The N 1s peak observed at ~ 400.16 eV is 

visible for each sample. However, this peak is noticeably more prominent for sample D (red 

curve, thick film). Evidently as expected, a thicker film formed should possess more N atoms 
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than the other ones. This behavior is quite consistent with the charge flow applied to these 

different Si samples. As compared to sample D, a weak N 1s emission occurs for samples A 

and C, ~ 13 and 5%, respectively, while sample B reveals ~ 23% from the total integral peak 

intensity of the thicker film (sample D). It is then obvious that the better parameter to form 

thin polymeric layer of PPy on Si(111) surfaces can be achieved by application of the para-

meter used to prepare sample B. However, the peaks clearly show the presence of N atoms for 

each sample, and the XP core level spectra of N 1s emission seem to exhibit only one contri-

bution. 
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Fig. 7.6: High resolution of N 1s core level spectra from the deposition of PPy on Si(111) sur-
faces. AlKα as excitation energy of 1486.6 eV was applied with a power of 250 W. Insert 
shows N 1s peak area as a function of charge flow. 

Nevertheless, to determine how these N atoms are bonded with the Si(111) surface and the 

different contributions of N 1s peak emission (N–Si, N–C, N–O, N–H...), the same experi-

ments should have to be performed under synchrotron radiation. (These experiments are 

planned to be performed in the future) 
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Tab. 7.1: Peak intensities determined from the different charge flow in the case of PPy elec-
trochemically grafted onto Si(111) surfaces. 

Sample Ref A B C D 

Treatment   
in Grignard 

Si(111) 
NH4F-dip 

(40%) 

1 scan from  
0 → 1.2 V 

Potentiostatic 
1.2 V for    

80 s 

Potentiostatic 
0.7 V for  

300 s 

Galvanostatic 
0.1 mA/cm2 
for 1200 s 

Charge 
(µC/cm2) XXX 30 110 230 120 103 

Peak integral 
intensity 

(a.u.) 
XXX 15 732 28 710 7167 121 215 

 

7.2 Formation of polymeric films: the case of polythiophene 

7.2.1 IRSE characterization 

Fig. 7.7 depicts tan Ψ spectrum of polythiophene deposited onto Si(111) surfaces by elec-

trochemical Grignard route, referred to an H-terminated Si(111) surface. A current density of 

0.1 mA/cm2 for 900 s (~ 90 mC/cm2) has been applied to the Si substrate immersed in       

thiophen-2-yl magnesium bromide solution to obtain the modified Si(111) surfaces. The total 

loss of every Si–H atom sites is revealed by a strong and sharp upward pointing peak at 

2083 cm-1 attributed to the symmetric stretching vibration of Si–H. This result can be consi-

dered as a hint of the modification of the surface. At the same time, several downward point-

ing peak features appear. For instance, the C–H out of plane deformation vibration is assigned 

to the peaks observed at ~ 1082 cm-1 and 1216 cm-1, respectively.[147] The IR-absorption band 

at 1415 cm-1 is ascribed to C=C stretching vibrations. Contaminations due to the ambient at-

mosphere are revealed with the C–H symmetric and asymmetric stretching vibrational modes 

of adventitious CH2 and/or CH3 groups in the 2800-3000 cm-1 stretching region. Moreover,   

another contamination of the modified surface is revealed by the presence of the peak at 

1715 cm-1 and is ascribed to the C=O stretching vibrational mode, ν(C=O) from the carboxyl 

groups.[127] This feature arises certainly from the THF solvent containing in Grignard solution 

(Grignard solution is diluted in THF). In the higher energy range (3000-3300 cm-1), a strong 
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and broad IR-absorption band appears due to C–H bonds of the polythiophene. The different 

vibrational modes observed in this experiment clearly reveal the presence of polythiophene 

structure on the modified Si surface. 
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Fig. 7.7: Tan Ψ spectrum of polythiophene electrochemically deposited on Si(111) surface by 
application of an anodic current (0.1 mA/cm2 for 900 s) in thiophen-2-yl magnesium bromide 
solution, referenced to H-terminated Si(111) surface. A brown polymeric layer of ~ 26 nm 
thickness has been observed with the naked eye. 

7.2.2 SEM imaging 

Two different charge flows have been applied for the deposition of polythiophene on 

Si(111) surfaces from thiophen-2-yl magnesium bromide solution, leading to two different 

thicknesses. SEM measurements have been performed for these two modified Si surfaces as 

shown in Fig. 7.8. For a lower current density applied of (a) 0.1 mA/cm2 for 900 s 

(~ 90 mC/cm2), a brown polymeric film is obtained, whereas for a higher current density   

applied of (b) 0.5 mA/cm2 for 900 s (~ 450 mC/cm2), a blue polymeric film is observed with 

the naked eye, respectively. From the SEM measurements, the layer thicknesses are deter-

mined to be ~ 26 and 100 nm for both modified Si surfaces, respectively. The thicknesses cal-
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culated are quite consistent with the films color observed with the naked eye, but also with the 

charge flow applied. For the deposition of PT onto Si(111) surfaces, it has been found that the 

thicknesses of polymeric PT films could be well controlled with the charge flow supplied. The 

polymeric PT films obtained show hydrophobic properties. This behavior is another indication 

of the well deposition of polythiophene films onto Si(111) surface. The polymeric PT films 

deposited onto Si(111) surfaces also reveal the formation of ultrathin, homogenous, and    

adhesive polymeric layers as observed on the SEM micrographs. 
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Fig. 7.8: SEM micrographs of PT deposited onto Si(111) surfaces using thiophen-2-yl 
magnesium bromide electrolyte in galvanostatic mode, (a) 0.1 mA/cm2 for 900 s 
(~ 90 mC/cm2) and (b) 0.5 mA/cm2 for 900 s (~ 450 mC/cm2). The PT modified Si surfaces 
have been stored in ambient air for about 2 months before being recorded by SEM technique. 

To test the adhesion of such electrochemically deposited polymeric layers (PPy and PT), 

an ultrasonic treatment in 2-isopropanol for 8 min has been performed. The polymeric films 

were still observable on the Si substrates. This evidently indicates that the polymeric films are 

well anchored to Si surfaces, and proves that a strong interaction occurs between the poly-

meric layers and the Si surfaces. This is a hint that the polymeric films have been covalently 

bonded to the Si surfaces with this electrochemical grafting method. However to determine 

how the molecules have been anchored to Si surfaces (with C, N, or S atoms), SXPS characte-

rizations have to be performed in the future using synchrotron radiation. 
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7.2.3 XPS investigations 

XP survey spectra 

Fig. 7.9 shows the XP survey spectra of PT grafted onto Si(111) surface by different elec-

trochemical treatments in thiophen-2-yl magnesium bromide solution. The electrochemical 

techniques used here for the preparation of the samples are summarized in Chap. 4 (or see 

Tab. 7.2). AlKα has been applied as excitation energy (hν = 1486.6 eV) with a power of 

250 W. The XP survey presents the spectra from the three different samples called X, Y, and 

Z. The samples X and Y of which “thin” layer films deposited (black and blue solid curves, 

respectively) are expected clearly show the peaks occurring from Si 2s, Si 2p, O 1s, and C 1s 

emissions at ~ 99.73, 150.78, 284.78, and 532.24 eV, respectively. The Si 2p and Si 2s peak 

emmisions are going together. The sample Y indicates higher Si 2p and Si 2s peaks than the 

sample X, while for the sample Z, nor Si 2p neither Si 2s emissions are detected. In the case 

of sample Z, the highest C 1s emission is observed. However, no conclusion can be made 

from the different contribution intensities of C 1s peaks because these contributions could 

arise either from thiophene aromatic ring or even from adventitious aliphatic carbons coming 

from contaminations (rinse, atmosphere...). However, the trend occurs here is in accordance 

with the number of C atoms expected in the case of a thicker polymeric film formed on 

Si(111) surfaces. Additionally, for this sample, two other peaks are well distinguished and are 

attributed to S 2p and S 2s emissions at ~ 164.92 and 228.07 eV, respectively. These peaks are 

typically characteristic from the presence of S atoms on Si surface because S atoms could 

only arise from the thiophene molecules. For the two thinner samples (X and Y), the presence 

of S 2p emission has been very difficult to determine due to the overlapping with the Si 2s 

plasmon region. To be certain that this peak is observable in this region a quantitative analysis 

in the S 2s core level spectra has to be performed using synchrotron radiation. However, these 

peaks observed for the sample Z is a good indication of the well deposition of a thick poly-

meric layer on the Si surface. Surprisingly, at the same time the peak of O 1s emission at 

~ 532.24 eV decreases from a factor of three from the samples modified with CV to galvano-

static mode (X (black) > Y (blue) > Z (red)). Moreover, to get more information about the 

different carbon and sulfur contributions, but also about the bondings present on the Si sur-

face, C 1s, S 2p and S 2s core level spectra have to be performed under synchrotron radiation 

(These experiments are planned for the near future). 
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Fig. 7.9: XP survey spectra of Si(111) surface modified electrochemically by Grignard con-
taining thiophene structure. (X) 1 CV between 0 – 2 V, (Y) 1 V for 300 s, and (Z) 0.5 mA/cm2 
for 300 s. XP measurements have been performed using AlgKα excitation energy 
(hν = 1486.6 eV) with a power of 250 W. 

 

XP spectra in the 130 – 220 eV region 

Fig. 7.10 illustrates XP spectra of PT deposited onto Si(111) surface in the 130 – 240 eV 

region. The spectra from the samples described above are depicted on this figure. The prepa-

ration conditions are summarized in Tab. 7.2. Sample X is recorded at 30° emission angle 

(black solid curve), while sample Y is performed at two emission angle: 30° (surface sensi-

tive) during 100 scans (blue dashed curve) and at normal emission angle, 90° (perpendicular 

to the surface) during 3 scans (blue solid curve), respectively. Sample Z is recorded at normal 

emission angle. For samples X and Y, the two prominent peaks observed at ~ 150.94 and 

168.50 eV are attributed to Si 2s emissions and Si 2s plasmon emissions, respectively. Si 2s 

emission seems to be more intense in case of the emission recorded at 90°. 
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Fig. 7.10: XP spectra of polythiophene modified Si surfaces in the 130 – 240 eV region. 
MgKα (hν = 1253.6 eV) was used here as excitation source operating with a power of 250 W. 

In the case of sample Z, these emissions cannot be observed due to the “thicker” poly-

meric film formed (information depth: ~ 30 Å), however a weak hump at ~ 155.19 eV attri-

buted to SiOx appears. The sample Z reveals only two prominent emissions at ~ 164.60 and 

228.46 eV, which are assigned to S 2p and S 2s emissions, respectively. These two emissions 

give rise to the deposition of a thicker polymeric PT film. In the case of samples X and Y, 

only a shoulder at ~ 164.40 eV is distinguishable and is ascribed to S 2s emission. Neverthe-

less, an overlapping with the Si 2s plasmon emission could occurs because this shoulder is 

located in the region of this plamon. However, this shoulder is more visible for the samples 

recorded at 30° emission angle (dashed curves). Moreover, this S 2p emission seems to exhi-

bit the same intensities for both “thin” layer samples (X and Y, respectively). Additionally, a 

weak hump at ~ 228.46 eV attributed to S 2s emission seems to arise for sample Y recorded at 

30° emission. This observation clearly indicates the presence of S atoms on this Si sample. 

Nevertheless, a doublet emission peaks attributed to Br 3p emission also appears at ~ 183.52 

and 189.62 eV, respectively. This suggests a contamination of the Si surface by Br atoms in 

the case of the “thin” polymeric layers deposited onto Si surface. 
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Tab. 7.2: Charge flow applied in relation with the electrochemical treatments 

Sample Ref X Y Z 

Treatment in     
Grignard:            

Thiophen-2-yl   
magnesium bromide 

Si(111)     
NH4F-dip 

(40%) 

1 scan     
from         

0  →  2 V 

Potentiostatic 
1 V for     
300 s 

Galvanostatic 
0.5 mA/cm2  

for 900 s 

Charge        
(µC/cm2) XXX 550 460 450 103 

 

7.3 Conclusion 

Grignard reagents containing pyrrole and thiophene structures like pyrrylmagnesium and 

thiophen-2-yl magnesium bromide solutions have been used for the grafting of organic      

molecules on Si(111) surfaces using the Grignard electrochemical route. The deposition of 

polypyrrole and polythiophene onto Si(111) surfaces using an one-step modification for the 

electrochemical grafting has been attempted for the first time in this work. The results ob-

tained give clear evidence of a strong interaction between the organic layers and the Si sur-

face. The organically modified Si surfaces characterized with IRSE, XPS, Raman and SEM 

experimental techniques have well demonstrated that thicknesses of polymeric layers obtained 

could be controlled by the application of charge flow. IRSE and Raman measurements reveal 

the presence of such polymeric layers on Si(111) surfaces by the typical vibrational modes 

observed from these polymers. Moreover, several information concerning the active and non-

active vibrational mode of these peaks have been determined by investigations of both IRSE 

and Raman spectroscopies. SEM micrographs reveal different thicknesses obtained depending 

on the charge flow applied. For a charge flow applied of ~ 90 to 120 mC/cm2 during the elec-

trochemical deposition of PPy onto Si surfaces, a brown polymeric film (~ 30 nm) has been 

observed with the naked eye. In the case of electrochemical deposition of PT onto Si(111) 

surfaces, a brown (~ 26 nm) to blue (~ 100 nm) polymeric film has been seen with the naked 

eye as well, when a charge flow has been applied from 90 to 450 mC/cm2, respectively.    

Homogeneous, ultrathin, and adhesive polymeric films have been obtained for both polymers, 

as observed by SEM micrographs. However, polythiophene and polypyrrole films reveal a 
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smooth but a “wave” like-structure, respectively. XPS investigations show clearly the      

presence of polypyrrole and polythiophene onto Si(111) surfaces. Moreover, in the case of the 

“thick” polymeric layers (> 103 µC/cm2), emissions from N 1s and S 2s or S 2p core level 

have been more prominent. Finally, polymeric PPy films have shown hydrophilic properties, 

whereas polymeric PT films have shown hydrophobic properties. 
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Chapter 8  

Concluding remarks 

Silicon (Si) is used for a wide range of applications such as solar cells, microelectronics, 

biochips, and so on. For many of these devices, Si wafers with a (100) surface orientation are 

used because of a better passivation by SiO2 than for a (111) surface orientation. On the other 

hand, a hydrogenated Si(111) surface reveals a better passivated surface than a (100) surface 

orientation due to the achievement of flat surfaces with less amount of defects. However, 

H-terminated Si(111) surface is not stable in ambient air and oxidizes within some hours or 

even minutes. 

This thesis addresses new types of organic/Si hybrid systems with respect to the surface 

passivation. In particular, the influence of organic molecules on surface passivation and the 

resulting electronic properties have been discussed. Therefore, electrochemical grafting of 

methyl groups (CH3 and CD3), different ethynyl derivatives (H–C≡C-, CH3–C≡C-, and C6H5–

C≡C-), as well as pyrrole and thiophene heterocycles from Grignard solutions on p-type 

Si(111) surfaces has been intensively studied. 

This work shows that organically modified Si surfaces using the electrochemical Grignard 

route are much better passivated with respect to stability with low recombination velocities as 

measured by photoluminescence (PL) technique. Infrared spectroscopic ellipsometry (IRSE) 

and synchrotron X-ray photoemission spectroscopy (SXPS) investigations exhibit a very low 

oxidation probability for methylated Si surfaces. In the case of methyl groups (CH3 and CD3), 

stability up to several months has been observed in ambient air as compared to a standard 

H-terminated Si(111) surface as measured by SXPS, IRSE and PL methods. In previous SXPS 

studies, the spin-orbit doublet splitting of the Si 2p core level emission has already been ob-

served in the case of H-terminated Si(111) surfaces. In this thesis, SXPS measurements reveal 

a well-separated spin-orbit doublet splitting of the Si 2p core level emission for methyl groups 

grafted onto Si(111) surfaces, which is observed for the first time for this type of organic 

layer. This observation and the vibrational losses of C–H stretching vibrational modes in the 

C 1s core level emission observed for a monolayer coverage by methyl groups reflect the 
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well-ordered surface structure for the methylated Si(111) surfaces. Moreover, the “umbrella” 

vibrational mode that is characteristic for methyl groups has been observed as well for the 

methylated Si(111) surfaces using IRSE measurements. This result demonstrates the sensiti-

vity of the IRSE method, which allows the detection of a single monolayer of methyl groups 

on the Si(111) surface. The electronic properties determined from SXPS measurements for the 

methylated Si(111) surfaces reveal a shift in work function and in band bending of about 

+ 0.44 and + 0.15 eV, respectively, compared to H-terminated Si(111) surface. Additionally, 

during PL measurements it was found that the modified Si substrates oxidize faster due to the 

laser irradiation with the excitation laser. However, IRSE spectra reveal the formation of a 

different type of oxide layer as observed for wet-chemically prepared oxides. 

Grafting of ethynyl derivatives leads to polymerization and at least to ultrathin polymeric 

layers on Si as a result of the electrochemical or subsequent radical oxidation of the C≡C 

bond leading to the formation of C–C and C=C bonds. However, these layers are homoge-

neous and well bonded to Si. The “smoothest” surface layer is observed for a polymeric layer 

prepared from a phenyl-ethynyl compound whereas the “roughest” layer is observed for the 

smallest ethynyl compound, i.e., the bigger the end group, the thinner and smoother the poly-

meric layer. Moreover, it has been revealed that the grafting of ethynyl derivatives is influ-

enced by the type of halogen atom present in the Grignard precursor. The smaller the halogen 

atom is, the thicker is the polymeric layer. However, ultrathin polymeric layers formed by Br 

containing Grignard compounds compared to Cl containing compounds led to the lowest   

recombination velocity at the polymeric/Si interface according to PL measurements. In the 

case of grafting from ethynyl derivatives, the reaction pathway has been expanded by includ-

ing the halogen atoms in different side reactions. A shift of about + 0.24 and + 0.11 eV in 

work function and band bending, respectively, has been observed after grafting of these mole-

cules. These electronic properties depend linearly on the surface dipole, which increases with 

the electron donator ability of the organic molecules as observed from SXPS measurements. 

Additionally, CH3- and CH3–C≡C-terminated Si surfaces show the lowest band bending, 

which indicates an easier charge transfer between these organic molecules and the p-type Si 

substrate. 

Polymeric layers formed from pyrrylmagnesium bromide and thiophen-2-yl magnesium 

bromide lead to homogeneous, adhesive and ultrathin layers which are strongly bonded to the 

Si surface. For the first time, polypyrrole films have been deposited from the pyrryl-

magnesium bromide in absolute non-aqueous conditions using this new type of Grignard 

compound. These polymeric layers exhibit better bonding onto Si surfaces than polypyrrole 

films deposited from aqueous solutions. 
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Finally, organic modification of Si surfaces using the electrochemical Grignard grafting 

method reveals different grafting mechanisms depending on the chemical groups used. In the 

case of methyl groups, a monolayer is achieved and the observation of a spin-orbit doublet 

splitting reflects the well-ordered surface structure of such modified surfaces. Moreover, these 

methylated Si(111) surfaces show a longer time passivation (up to several months) as com-

pared to H-terminated Si(111) surface. In the case of ethynyl derivatives, as well as pyrrole 

and thiophene containing in Grignard solutions, the formation of polymers has been obtained 

and the thicknesses have been shown to vary depending on the charge flow applied. For all 

these molecules, a linear tendency occurs and reveals that an increase in the electron donator 

ability of the molecules leads to an increase in the work function, the band bending, and the 

surface dipole of the grafted molecules, respectively. This linear tendency shows that         

controlled electronic properties can be obtained using such electrochemical grafting treatment 

and can be used as a potential tool for new Si-based molecular electronic devices. 
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