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4 Introduction

Introduction

Several years ago, a trend of interdisciplinary research started to
connect the possibilities of silicon electronics with the variety of the
world of the organic molecules and biomolecules. New challenges in
medicine, genetics, electronics, sensoric and photovoltaics stand behind
this trend. The interface between a silicon substrate and the organic
system is important for future developments in these fields. At present,
researchers start to look for designs of well passivated interfaces
between silicon and organic systems.

Three properties favor silicon in general as one of the the most
Important components for future technologies: (i) silicon is
biocompatible, (ii) silicon is the basic material for electronics and (iii)
silicon can be manufactured to create very different structures. For
example structures as atomically flat hydrogenated Si(111) surfaces 13,
nano-, meso- and macroporous structures4, structures for
micromachines 5 etc can be prepared. From this point of view, Si is
interesting not only as an electronic material but also as a material for
the future work benches. For example, micro-bioreactors on the basis of
Si have been realized s.

The successful history of Si electronics started 1960 when Ligenza
and Spitzer prepared a chemically well passivated Si/SiO, interface by
thermal oxidation of Si 7. The great advantage of the Si/SiO, system is
its chemical stability and the possibility to passivate electronically active
defects at the interface 8 The MOSFET (metal oxide semiconductor
field effect transistor) has been patented by Attala © and Kahng 0 in
1960. Now, the Si MOSFET is the heart of modern electronics.
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The traditional Si/SiO, technology demands high temperatures and
is therefore not compatible with the organic world. This is not the case
for chemical and electrochemical deposition processes at low
temperatures in solutions. Anodic oxidation could serve as an initial step
to create Si / organic layer systems. In such a case, organic layers could
be easily deposited, for example by spin coating. However, the interface
between anodic oxides and silicon is characterized by a high amount of
interface states 8. Interface states can be passivated by using hydrogen.
The hydrogen can be introduced at relatively high temperatures by
forming gas anneal 8. Electron injection can be used to passivate states at
the interface between wet anodic oxides and silicon 1. Both methods, i.e.
hydrogen passivation at relatively high temperatures and electron
injection at cathodic potentials are quite rigid for organic molecules.

Organic layers can be deposited on surfaces by different ways as
there are spin coating, evaporation, immersion into solution and
stamping. The formation of chemical bonds between the organic
molecules and the surface atoms (grafting) is important for the properties
of the interfaces. Grafting of organic molecules on surfaces of oxides,
metals and semiconductors can provide chemically well passivated
surfaces with demanded electric or insulating properties of the deposited
organic layers. However, the problem of the control of the electronic
properties of semiconductor surfaces by grafting of organic molecules is
not really solved yet.

The passivated silicon / organic layer interface must be prepared
together with the formation of the interface since subsequent passivation
processes are quite rigid to the organic molecules as mentioned above.
One promising way to create an interface between silicon and an organic
layer is the electrochemical deposition of organic monolayers from
diazonium salt solutions. This work is aimed to the in-situ investigation
of electronic properties at a Si(111) surface during the deposition of
different benzene compounds from diazonium salt solutions. As remark,
the density of exchanged surface bonds is on the order of 5010 cm™
while the density of electronic defects should be significantly below
10" cm for electronic applications. In principle it should be possible to
achieve low defect densities, since the formation of Si-C surface bonds is
not accompanied by the generation of electronic defects if the
introduction of disorder is avoided as has been shown recently on
reconstructed Si(100) (2x1) surfaces in ultra high vacuum
experiments 12.13,
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The formation of chemical bonds between a surface and grafted
organic molecules can be realized by different chemical reactions of the
organic species with surface atoms. Radicals are the most reactive
species. So, it is not surprising that most grafting reactions involve steps
of radical formation. Diazonium compounds are known to form easily
radicals in chemical reactions 4. Reactions of diazonium salts are well
understood due to their applications in the dye chemistry and
photochemistry 15,

There is a large variety of benzenediazonium compounds with
different chemical groups bounded to the benzene ring. This offers the
opportunity to engineer interfaces between silicon and organic
monolayers with properties which are determined by these chemical
groups. One should expect that the surface chemical reactions depend
sensitively on the given benzenediazonium compound.

Diazonium salts are soluble in aqueous solutions and form
positively charged diazonium ions. Grafting of benzene species to Si
surfaces is possible via the electrochemical formation of radicals at the
surface. There are only a few works in the literature dealing with this
process of grafting of organic layers on Si surfaces. The electrochemical
grafting of organic monolayers from diazonium salt solutions has been
already shown on hydrogenated Si(111) surfaces by the group of
Allongue et al 16-19. However, detailed information about the electronic
properties of the Si / organic layer interface, about the role of the
distinguished size of species, about dipole moments and their change
during the grafting process and charge distributions within the
diazonium compounds is missing completely. As remark, the grafting
process of the exchange of Si-H by Si-C bonds should depend on the
diazonium compound.

The electronic properties of the Si surface are characterized in-situ
by monitoring the current flow in combination with the
photoluminescence (PL) intensity of the Si bulk and the surface
photovoltage. This allows to get information about the charge transfer
across the Si surface, about the non-radiative surface recombination
velocity and about the surface band bending during the electrochemical
deposition process. The pulsed PL technique has been developed
recently 20 for in-situ experiments in different ambiance like electrolytes
21-23 gas atmospheres 24 or ultra high vacuum 25,

The work is divided into five chapters. The first chapter gives a
very short general introduction into thin organic layers. The second
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chapter deals with the calculation of the electron density and dipole
moments of the benzene compounds used in this work. The experimental
techniques and the optimized method for electrochemical deposition of
benzene compounds on hydrogenated Si(111) surfaces are described in
the third chapter. The fourth chapter is devoted to the charge transfer
across the Si surface during the electrochemical deposition process of
benzene compounds. The change of the non-radiative surface
recombination velocity and of the surface potential during the grafting
process is described in the fifth chapter.

A short introduction into important applications, principles of the
deposition and basic electronic properties of thin organic layers is given
in chapter 1. There are applications like solar cells which demand a good
charge transfer via the Si / organic layer interface. Other applications
like DNA analysis require molecules with chemically active head
groups. The steps of electrochemical grafting from diazonium salt
solutions are described in more detail. Important properties as current
transfer, defect density and the influence of dipoles on interfaces covered
with organic molecules are given in the last paragraph of chapter 1. As
remark, the number of publications is growing very rapidly at present
and it is practically impossible to give a comprehensive overview.

Calculations of charge distributions on iso electron density surfaces
and deduced dipole moments for benzenediazonium ions, radicals and
molecules are presented in chapter 2. A short introduction into
calculation methods used (semi-empirical, Hartree-Fock and density
functional theory) is given. The calculations were performed by a
commercially available program for PCs. The results from different
calculation methods are compared with each other and with
experimental values from literature. Charge distributions on iso electron
density surfaces and deduced values and orientations of dipole moments
for benzenediazonium species used in the grafting process are compared
with each other. The influence of the Si surface and of water molecules
on the calculated charge distributions on iso electron density surfaces
and on the value of dipole moments of benzene species is discussed.

The experimental methods are presented in chapter 3. The basic
principles of the pulsed PL and photovoltage techniques are described.
The conditions of the electrochemical deposition of benzene compounds
on hydrogenated Si(111) surfaces are analyzed in detail. The advanced
deposition process developed in this work 26 makes use of the
preservation of a hydrogenated Si surface at cathodic potentials in
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aqueous solutions 27 and of the addition of the diazonium salt solution
into the electrolyte at fixed cathodic deposition potential. The
experimental set-up is described in detail. Additional methods for the
characterization of the Si / organic layer interface, of the morphology
and of surface chemical bonds are listed.

Chapter 4 is devoted to the charge transfer across the Si(111)
surface during the electrochemical deposition process and to the
structure of grafted benzene compounds. Firstly, atomically flat and
rough hydrogenated and oxidized Si(111) surfaces are compared for
grafting of 4-nitrobenzene. The electrochemical grafting of benzene
compounds on flat hydrogenated Si(111) surfaces is self limited.
Secondly, the adsorption place and diffusion limited phases during
electrochemical grafting of different benzene compounds (4-methoxy-
benzene, 4-bromobenzene, 3,5-dichlorobenzene, N,N-diethylamino-
benzene, 4-(4-methoxyphenylamino)benzene, 4-chlorobenzene and
4-propylaminobenzene) on flat hydrogenated Si(111) surfaces are
investigated. A classification of the benzene compounds with respect to
their behavior during the grafting process is introduced and has been
related to the change of dipole moments of the benzene compounds.
Information about the structure and chemical bonds is given for
deposited 4-bromobenzene and 4-nitrobenzene on Si(111) at the end of
chapter 4.

The change of the non-radiative surface recombination velocity and
of the surface band bending during electrochemical grafting of benzene
compounds on Si(111) is presented in chapter 5. In-situ
photoluminescence and in-situ photovoltage measurements during the
deposition of 4-nitrobenzene are compared for grafting on atomically
flat, rough hydrogenated and oxidized p-Si(111) surfaces. The
possibility to create electrically well passivated Si(111) / organic layer
interfaces by electrochemical grafting is demonstrated. In-situ
photoluminescence and photovoltage measurements are carried out
during grafting of the same benzene compounds as in chapter 4. The
dependence between the dipole moment of the different benzene
compounds and the change of photovoltage during the deposition of the
benzene species on atomically flat hydrogenated p-Si(111) is shown. Ex-
situ PL and PV measurements in air on p-Si(111) covered with grafted
layers of 4-bromobenzene or 4-methoxybenzene show the stability of the
organic layer / Si interface.
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1 Thin organic layers

1.1 Important applications

Over the past years, there is an increasing interest in thin organic films
with a thickness of about one monolayer (ML). There is a huge field of
applications for thin organic films on semiconductors and metal
surfaces. Figure 1.1 shows some major applications.
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Figure 1.1 : Possible applications of thin organic films on surfaces.
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An organic monolayer (ML) silicon interface is formed on a silicon
substrate by chemical, photochemical or electrochemical grafting. The
grafted organic ML can be used for very different applications as, for
example, for immobilization of biomolecules, for sensors, for living cell
support or for solar cells. The big advantage of organic MLs is that they
can be further processed by methods of organic chemistry.

At present, sensors are a main field of application for thin organic
layers 28 29, 30, 31, 32, 33 Electronic or structural properties (i.e. charge
transfer, dipole moment, orientation, defect density) of the organic layers
or of the interface between the organic layer and a semiconductor (or
metal) are changing by coupling of molecules from the environment to
the organic head groups (receptors) of the layer. The receptors can be
deposited, for example, by a processing of the grafted ML following the
grafting of the ML. The changes of electronic properties of, for example,
open FET (field effect transistor) - structures due to specific adsorption
of molecules opens new ways for complex sensing systems as artificial
noses.

A fast growing research field is the formation of biocompatible
interfaces 34 35, 36, 37, 38 where a surface covered by a system of a grafted
organic ML and an organic buffer layer can be used, for example, for
medical implantation or for connecting organisms to electronic devices.
A special application is the genetic analysis 39 40. 41, 42 and the use of
these surfaces for biochemical reactions (bioreactor) 43.

The fabrication of cheap electronic devices or devices with special
properties, 1s a further application of thin organic layers.
Transistors 44 45, diods 46, 47. 48, 49, 50 and lasers 5! based exclusively on
organic materials have been constructed, using thin organic layers. For
conventional inorganic semiconductor devices thin organic layers are
used for the nanolithography 52. 53, 54, 55, 56, 57, 58 and as interlayers %, for
example, to reduce stress or to engineer interface properties.
Nanolithography is of great interest for immobilization of biomolecules
in well defined matrixes. The selectivity of adsorption can be achieved,
for example, by electron writing on a self assembled monolayer of
biphenyl 54.

Electronic effects as superconductivity which are typical for certain
classes of anorganic materials have been observed also for thin organic
layers 60. Such organic layers consist, for example, of very pure and well
ordered layers of pentacene.
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Great efforts are directed to the search for cheaper solar cell
technologies. The use of thin organic layers is very promising and
various concepts are possible for related applications, for example, the
use of organic layers as thin emitters or solar cells fully based on organic
materials. The number of publications is growing very rapidly in this
field and examples are given in the following references: 61. 62, 63, 64, 65, 66,
67, 68, 69, 70, 71, 72, 73

Organic MLs can be formed by the so-called self assembling technique.
A survey on self-assembled monolayers (SAM) on metal and
semiconductor surfaces is found in 74 75, For organic molecules at
electrodes see 76.

1.2 Deposition of organic MLs on semiconductor surfaces

The deposition of organic molecules on Si surfaces is the main research
interest for the deposition of organic ML on semiconductor surfaces due
to the common use in Si-technology. Despite of this fact, there are other
semiconductors used for the deposition of organic MLs, for example
germanium (Ge), gallium arsenide (GaAs) and indium arsenide (InAs).

For organic molecules on Si surfaces, Harmers et al. give an overview
of adsorption at different Si surfaces dependent on the organic molecule
in ultra high vacuum (UHV) 77,

There are other chemical reactions, i.e. cycloaddition of alkenes,
dienes, cyclopentene, 1,5-cyclooctadiene, norbornadiene, 2,3-diemethyl-
1,3-butadiene, benzene on Si(001) and cyclopentene, cyclohexene on
Ge(001) described by Hamers and co-workers 78 79 80 The
cycloaddition, so called Diels-Alder reaction, were investigated by
scanning tunneling microscopy (STM), photoemission spectroscopy
(PES), Fourier transformed infrared spectroscopy (FTIR) and thermal
desorption spectroscopy (TDS). Information about the pathway of the
reactions are deduced and the chemical bonds are characterized, i.e. for
1,3-cyclohexadiene on Ge(100) 81,

Zahn et al. investigated 3,4,9,10-perylenetetracarboxylic dianhydride
(PTCDA) deposited on n-GaAs(100) 82. Layer systems of Au / benzoic
acids chemisorbed on n-GaAs have been investigated by Vilan et al. 8.
Motomu and coworkers used octadecylthiol (ODT) in dry ethanol (water



12 Chapter 1

free) for the growth of dense self assembled MLs (SAM) on n-GaAs in
liquids 84 85, In 86 and 87, there is the formation of octyltrimethoxysilane
(OTMS) self assembling monolayers described on indiumtin oxide
(ITO) during sonication of the sample at T <280 K in solution of silane
in dry toluene using n-butylamine as catalyst. A SAM of ODT is formed
on InAs quantum dots in aqueous solutions 88.

These are only some examples of organic ML on semiconductor
surfaces, to show the variety of substrates. A comprehensive overview
would exceed the aim of this work.

1.3 Mechanisms of the chemical deposition of organic
monolayers on Si surfaces

1.3.1 Deposition from gas phase in vacuum

There are many articles about deposited organic molecules on Si in the
ultra high vacuum (UHV). The organic molecules can be physisorbed
(by Coulomb interaction) or chemisorbed (chemical reaction with the
surface). For example, Cq physisorbs at 300 K on Si(111) (7x7) and
Si(100) (2x1) and C is chemisorbed after annealing at 1120 K #.
Another example for physisorption of organic molecules is the self
assembled layer by layer growth of nickel phthalocyaninatetrasulfonate
(NiPc) and poly(diallydimethylammonium)chloride (PDDA) induced by
charge attraction 9.

The electronic properties of Si surfaces can be changed in a wide range
if there is a formation of chemical bonds between the organic species
and the Si surface (chemisorption). Examples for chemisorbed
molecules on Si surfaces are alcohols on Si(100), Si(113) and Si(115) 1,
polyimide, benzoic acid, aniline and maleic anhydride on Si(100)
(2x1) 92. 12,

The most common reaction mechanism for deposition of organic
molecules with double bonds on Si in the UHV is the (Diels-Alder)
cycloaddition. Figure 1.2 shows the cycloaddition of ethylene on
Si(100). An ethylene (double bonded C,H,) molecule approaches a Si
dimer (double bonded Si=Si) on the Si surface (A). The double bond of
the Si dimer reacts with the double bond of the ethylene molecule (B),
forming two Si-C bonds (C).
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Examples for the deposition of organic molecules by a cycloaddition
reaction are benzene on Si(001), Si(111) (7x7) and Si(100) (2x1) 93,9495,
9%, 97, Other examples are 1,5-cyclooctadiene, 1,3-cyclohexadiene,
cyclopentene, ethylene, acetylene, pyrrole, 3-pyrroline, pyrrolidine,
aniline, norbornadiene, aminoalkane on Si(001) 98, 99, 100, 101, 102, 103, 104, 105,
42 and ethylene, acetylene, maleic anhydride on Si(100) (2x1) 106, 107, 108,
The experimentally measured atomic surface structure of cyclohexadiene
adsorbed by cycloaddition on a Si(100) (2x1) surface has been compared
with calculations obtained by the use of the density functional theory 199,

N/ N/ N/
~-C—C- ~-C—C- C—C-
vo= Jr = |

/§i=8<\ /§i=8<\ /Ei_si\
(A) (B) (©)

Figure 1.2 : Cycloaddition reaction of ethylene on Si(100).

There are other methods than cycloaddition for chemisorption of
organic molecules on Si. A very sophisticated one is the styrene
deposition on H-terminated Si(111) via Si-radical formation with a STM
and chain reactions of styrene starting from a Si radical side 0. Nano-
patterns of styrene are formed on the Si surface. Nano-patterns can also
be formed on Si, oxidized by an scanning probe microscope, during
exposure to trimethylchlorosilane (TMCS) 35.

Si surfaces covered by organic MLs can be used for the growth of
organic crystals, which would not be formed on uncovered Si surfaces.
An example is the pentacene crystal growth on cyclohexane covered
Si 111, The growth of vanadyl phthalocyanine (VOPc) layers on Si(111)
in a vacuum system is reported in 112,

A layer by layer growth has been achieved by reactive coupling of 1,4-
phenylenediamine (PDA) and pyromellitic dianhydride (PMDA) via
polyimide precursors !13.
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1.3.2 Deposition from liquids

The deposition of organic molecules on Si surfaces is easier to perform
in solutions than in the UHV since there are very simple deposition
methods. Most of them work well even without the control of the surface
potential. A basic method is the immersion or dip of the Si sample into
the solution.

An example is the growth of a NiPc / PDDA / Si0, SAM system from
aqueous solutions !4 %, 29, The layers are attached to each other by
Coulomb interaction between positively charged PDDA and negatively
charged Si0, or NiPc. Multilayer systems PDDA / NiPc are grown per
layer by layer deposition. The sample is dipped into PDDA solution,
followed by a dip into NiPc solution, then again into PDDA solution and
so on. Figure 1.3 shows a positively charged PDDA SAM deposited on a
negatively charged SiO, substrate.

Figure 1.3 : Positively charged PDDA molecule forming a SAM
deposited on a negatively charged SiO, substrate.

Trichlorosilane (CH;-(CH;),.;-SiCl;) SAMs are an example for
covalently bonded organic molecules deposited from solution to Si.
They are deposited from an organic solvent without water on Si-OH
Surfaces Wlth an Oxide interlayer 115, 116, 117, 118, 119, 120, 121, 122, 123, 124, 59 An
analogous reaction route is used by Choi 125 for the formation of a SAM
from chlorodisilanylthiophene derivates solved in toluene. Silylation
reactions can be performed at high temperature, with light or Lewis
acids (i.e. triphenylboron) catalysed on Si-H surfaces. Figure 1.4 shows
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an organic monolayer deposited from trichlorosilane solution on Si
covered with S10,.

A commonly used method to deposit SAM’s is the Langmuir-Blodgett
(LB) technique : an organic molecule film at an interface between the
liquid and gas phases is deposited by vertical lifting of the Si sample at a
constant speed. At crossing the liquid gas interface, the organic molecule
film at the interface adsorbes at the sample surface. An examples for the
application of this technique is found in 126 for the deposition of a
1-(2-carboxyethyl)-4-(4"-N,N-(dioctadecylamino)pyridium (P;) film on
n-Si(111). The growth of a LB film poly(methylphenyl methacrylate)
(PMPMA) on p-Si(100) pre-treated with hexamethyldisilane is shown
in 56, The multi-layer deposition of Acid-Amine LB films on silicon with
layer by layer technique is investigated by Davies 127,

X X
U
CI;S1 X :> O_Sll_o_sll_
Cl
O O
| | -n
SiO,
Si

Figure 1.4 : Organic monolayer deposited from trichlorosilane
solution on Si covered with SiO,.

The advantage of the LB technique is the possibility to deposit MLs in
comparison to the spin coating method where the layer thickness is more
than 20 nm. Liquids with solvated polymers are applied to a rotating
sample surface in the spin coating technique. The thin film of organic
molecules forms on the surface by drying the liquid film on the sample
surface. Spin coated polymers on Si were made, for example, out of
poly(9-vinylcarbazole) or polyhexylcarbazole 128,

Organic monolayers on Si can also be deposited by heating solution or
in molten liquids. The reacting species forms radicals due to the high
temperature and / or Si radicals are formed at the Si surface. Wayner et
al. presents the preparation of an organic ML on H-terminated Si(111) in
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l-alkene at 80°C in the presents of a catalyst EtAICI, or in 1-alcohol at
170°C 129, The deposition from molten diacyl peroxides (CHjs-
(CH,),C(0O)0O),) or from I-octadecene at 90-100°C has been shown by
Linford 130, 131, The deposition of 1-octen, 1-octin and 1-undecen on
porous Si from toluol solutions at 110°C — 180°C has been described by
Bateman 132.

Radicals can also be formed by illumination of the Si sample surface
and/or of the solution. An example for this type of reaction is shown in
figure 1.5. A H-terminated Si(111) surface is illuminated with light of
wavelength 385 nm and octadecanal is deposited at 60°C.

CH,
CH,
(CHy),, o
photon
/0 (CHz)ll
cto (CHy),; (CHyyy
CHO
H H 0 Q
Si Si1

Figure 1.5 : Deposition of octadecanal on H-terminated Si(111) at
illumination.

There is a higher monolayer coverage of the Si surface for octadecanal
than for octadecene 57. The formed monolayers can be functionalised
photochemically (light induced) 37. 133, An attachment of w-undecylenic
acid methyl or trifluoroethylester on H-terminated Si(111) by UV
irradiation, as the first step for a chemical modification of Si surfaces for
DNA analysis, is described in 4!. The deposition of octadecene 134 on
Si(111) and 1-dodecen, 1-dodecin and styrol on porous Si is described in
134,135 respectively.

A comparison of the thermal activated deposition of decylmagnesium
bromide with the photochemical deposition of decene and with the
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catalytic deposition of decene on H-terminated Si(111) is presented in
Boukherrroub 136,

The use of Grignard reactions opens the opportunity to form organic
MLs on halogenated Si surfaces. Halogenated Si surfaces may be
formed, for example, starting from H-terminated Si(111) surfaces by
exposure to PCls in chlorobenzene 137 or to CCl;Br 138, The halogenation
of the hydrogenated Si(111) surface can be initiated photochemically by
illumination with ultra violet light 138 or thermally at 80-100°C in
benzoyl peroxide which serves as the free radical initiator 137. Organic
MLs have been formed on halogenated Si surface by using alkyl-Li,
lithiated thiophenes or alkyl-Grignard reagents (RMgX with X = Br or
Cland R = CH3, Can+1 n-= 2-6, C10H21, C12H25, C18H37) at 80°C 137, 138,
139, 140, 141 - A direct reaction of a Grignard reagent with a H-terminated Si
surface has been shown by Yu 142, As an example for a reaction of
Grignard type, figure 1.6 shows the halogenation of a H-terminated
Si(111) surface followed by the formation of Si-C bonds by using
lithiated thiophenes 138.

(A) halogenation
[ < (B) reaction of Grignard type
n

cl Cl
photon Li | |
f / S/Cj S/Zj
T BB Ko
Si —> | Si —> | Si

(A) (B)

Figure 1.6 : Halogenation of a H-terminated Si(111) surface
initiated by illumination and further grafting of lithiated thiophenes
by a Grignard type reaction.

The electrochemistry offers an additional parameter to control chemical
reactions at semiconductor surfaces in solutions. The additional
parameter is the electrochemical potential U and the current density
monitors the reaction (for further details see chapter 3). The application
of a potential which permits electron transfer from the surface to the
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solution (cathodic potential) 1s inhibiting the oxidation of H-terminated
Si surfaces. Grignard reactions can be performed at a cathodic potential,
to ensure the deposition of the organic molecules on an oxide free Si
surface 143.

The cathodic potential has also been used for a radical reaction route.
The electrons induce the formation of an silyl anion (=Si’) and a He
radical. The silyl anion produces a alkynyl anion (R-C=C") in the
solution of NbuyPF¢ in dichloromethane. The alkynyl anion can break a
Si1-S1 bond, forming Si-C=C-R and a new silyl anion. This reaction
scheme 1is described, for example, by Stewart 144 for grafting from
solutions containing NbuyPF¢ in dichloromethane on porous silicon and
by Gurtner 45 for grafting from solutions of organic halogenides in
acetonitril or acetonitril / tetrahydrofuran with LiBF,.

Two restrictions have to be taken into account for performing the
deposition processes described in this section. Firstly, the deposition of
organic MLs by grafting is performed on oxidized Si surfaces or,
secondly, the solution has to be free of water molecules. Both
restrictions have serious disadvantages which are related to the
preparation of well passivated interfaces between silicon and grafted
organic MLs and to the application of aqueous solution. The formation
of an surface layer of oxide is accompanied by the insertion of oxygen
into Si back bonds leading, for example, to the generation of non-
radiative recombination surface defects. It should be remarked that
electronic states at oxidized Si surfaces are usually passivated by
reactions involving hydrogen as mentioned above. The reaction
conditions for passivation of electronic states at oxidized Si surfaces are
to rigid (relatively high temperatures or electron injection at high
cathodic potentials) to preserve the grafted organic ML.

1.4 Electrochemical deposition of organic benzene
compounds from diazonium salt solutions

The electrochemical deposition of organic MLs on oxide free Si
surfaces can be realized in aqueous solutions if using radical reactions at
cathodic potential in diazonium salt solution. Allongue et al. described
recently experimental results on the electrochemical grafting of organic
MLs from aqueous diazonium salt solutions 7.
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Diazonium compounds were discovered by Grie3 (1861) and they are
often used as dyes in diazo copy and film processes '46. Therefore,
diazonium salts of good quality are commercially available. Diazonium
compounds are also used in synthesis reactions due to their dipole
moment 47, At higher temperatures, nitrogen evolves from the
compound and the diazonium group (N=N) is exchanged by a —OH
group 1n acidic solution 48,

The most striking feature of diazonium ions, the removal of the
diazonium group, is used for the electrochemical grafting process.
Electrons are injected at cathodic potential into the electrolyte and are
captured by the positively charged diazonium ions leading to a reaction
where a N, molecule splits off and a organic radical is formed. Figure
1.7 shows the formation of a 4-bromobenzene radical as an example.

N, 1

e

/)Q:»/

Figure 1.7 : Formation of a 4-bromobenzene radical due to the
capture of an electron by a 4-bromobenzenediazonium ion.

Positively charged diazonium ions are attracted to the negatively
charged cathode and are reduced at the surface due to electron transfer
from the Si surface to the ion (1.1). An aryl (benzene) radical is formed
and nitrogen evolves (X = Br, CI, NO,, CH; ...).

N="N-Ar-X+¢ - Ar-X+N, (1.1)
The newly formed aryl radical can react with the hydrogenated Si
surface atoms and a dangling bond is formed at the Si surface (Si

radical), see (1.2). The formed benzene molecule can diffuse into the
solution.

=Si-H + 'Ar-X - =Si + H-Ar-X (1.2)
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The Si radical site can react with a newly formed aryl radical at a
neighbouring Si adsorption site, forming a Si-C bond (grafting).

=S1 + Ar-X - = Si-Ar-X (1.3)

The different basic steps of the formation of a grafted ML from a 4-
bromobenzene diazonium salt solution are shown in figure 1.8. The
whole deposition process can be divided into 4 basic steps: electron
injection, formation of the silicon radical, reaction of the silicon radical
with the carbon radical and grafted organic molecule. Physical processes
as electron transfer, ionic transport, diffusion etc. play an important role
for the grafting process besides the chemical reaction described above.
This makes even the “basic steps” of the electrochemical grafting rather
complex. For this reason, it is practically impossible to investigate in
detail the basic steps of electrochemical grafting of organic molecules in
diazonium salt solutions at present. The situation becomes more
complicated if taking into account that large organic molecules can be
attached to the benzene instead of the Br atom. In addition, the dipole
moments are oriented in the electrical field and the dipole moments of
the benzene compounds may change their direction during the
electrochemical grafting process (diazonium ion = radical of a benzene
compound = molecule).

The thickness of a ML of grafted 4-bromobenzene amounts to 7.4 A.
Allongue showed for 4-bromobenzene that a dense packed organic ML
((2x1) surface structure with a spacing between the grafted benzene
molecules of 6.65 A and 3.84 A) can be formed after electrochemical
grafting from diazonium salt solutions 6. 18, The formation of dense
packed organic MLs is a further advantage of electrochemical grafting
in comparison to chemical deposition processes in solution.

Electrochemically grafted organic MLs are stable with time and
preserve the Si surface from oxidation in air 8. The electrochemical
deposition process can also be performed in water free electrolytes as
acetonitrile with TBACIO, ! or in sulphuric acid with HF as supporting
electrolyte 16. 18, The HF has been added to solution to prevent the
surface from oxidation at anodic (positively charged Si surface) starting
potentials which have been applied during the insertion of the sample
into solution.
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electron injection

Figure 1.8 : Basic processes during electrochemical deposition of
4-bromobenzene from a 4-bromobenzenediazonium salt solution.
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1.5 Some important electronic properties of organic layers
on surfaces

1.5.1 Charge transfer via organic monolayers

Different aspects as the layer thickness or the orientation of deposited
molecules should be considered for the electron transfer via an organic
ML (see also figure 1.9). Organic MLs can be treated like ultrathin
semiconductor or insulator layers taking into account an analogy
between valence (conduction) band and the highest occupied molecule
orbitals - HOMO (lowest unoccupied molecule orbital - LUMO). The
band gap of organic semiconductors is usually on the order of 2...4 eV.
Organic MLs have the big advantage that they can be formed with
exactly defined thickness and with a well defined electronic structure.
Some examples will be shown to illustrate some aspects for the charge
transfer via organic MLs.

The charge transfer via organic MLs depends strongly on the kind of
the deposited organic molecules 2° and on the structure of the deposited
layer 46. A lot of work is done on the characterization of the steric form
of adsorbed SAMs 75. 77

The charge transfer across the interface between the deposited organic
layer and the substrate plays an important role for applications of
organic monolayers on metals and semiconductors. Charge transfer via
single bonded carbon chains perpendicular to the surface is inhibited.
The decrease of the electron transfer rate with increasing length of the
chains in alkyl MLs has been shown by Sachs et al. for metal substrates
149 and by the Wayner group for n-Si(111) substrates 142, In contrast,
complex molecules like DNA deposited on thiole SAMs on Au can
mediate charge transport 150. The charge transfer via Si interfaces can be
stabilized for long times by organic monolayers due to the inhibition of
the oxidation of the Si surface 139 140, The inhibition of the charge
transfer between GaAs and electrolytes by organic monolayers has also
been demonstrated 84.

The charge transfer over an interface covered with organic layers can
be large if the organic molecules contain conjugated Trelectron systems.
The parallel stacking of Trelectron clouds provides a better overlap of
intermolecular Trelectron orbitals 15! leading to a strong increase in the
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charge carrier mobility perpendicular to the interacting Teelectron
systems what has been shown for layers of poly(3-hexylthiophene) !52.
Guo and Yang found that a small reorientation of the polymer chains in
MEH-PPV ((poly(2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene
vinylene) causes a great decrease of the overall device resistance 46. This
effect is also related to the role of interacting Trelectron systems
inducing a high anisotropy of the conductivity 46.

e Q0 ==

(a) (b) (©)

Figure 1.9 : Aspects of charge transfer via organic MLs
(a) chain length given, for example, by the number of (CHj)n+1
(b) interacting TeTT - electron systems perpendicular to the surface
(c) interacting TeTT- electron systems parallel to the surface

1.5.2 Surface dipole of organic layers on metals, semiconductors
and organics

Interface dipoles cause the formation of dipole barriers which play an
important role for electronic transport and injection of charge carriers
into organic layers. The interfaces dipole is absent in the case of the so-
called Schottky-Mott limit. Figure 1.10 shows a schematic of an organic
semiconductor / metal interface with an interface dipole. The surface
dipole between organic layers and metals or semiconductors depends on
factors as the metal work function (@) and the electron affinity of the
organic layer (E5). Kahn et al. investigated extensively the molecular
level alignment at organic semiconductor / metal interfaces and found
that interface dipoles are present at all investigated organic layer / metal
interfaces 153.

It was shown for metal surfaces (i.e. Mg, In, Sn, Au, Ag) that the
interface electron and hole barriers are not simply defined by the
difference between the work function of the metals and organic solids
(i.e. PTCDA, Alqgs, a-NPD, CBP). There are dipole barriers present at
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the interface !5+ which depend on the chemical bonds at the
interface 155, 153, The interface dipoles which are formed during
deposition of pentacene on Au, Ag and Ca are investigated by 156 and a
linear dependence of the interface dipole with the metal work function is
reported. The behavior of the interface is only for Ca symmetric with
respect whether Ca was deposited on pentacene or vice versa. This
shows that the formation of the dipole barrier depends very senitively on
the preparation conditions. Wiinsch et al. showed the strong dependence
of the charge-carrier injection via semiconductor electrodes into
semiconducting polymers on the surfcae treatment of the semiconductor
and on the organic molecule 128, Hill et al. investigated the occupied and
unoccupied electronic states of organic molecules (CuPc, PTCDA, a-6T,
a-NPD, Alqg; ) on a Si/Au / organic monolayer system 157.

Boulas et al. found that the tunnel current through a pinhole free long
chain alkyl monolayer can be neglected (barrier height 3.6 eV) 115, The
barrier height at a semiconductor / metal interface can be tuned by the
thickness of organic interlayers, for example, between 0.54 and 0.81 eV
for a PTCDA interlayer between a gold contact and a n-GaAs(100)
substrate 158,

Surface photovoltage measurements on Langmuir Blodgett organic
films on Si show a memory effect with the change in the external
applied voltage. Electrons can be captured by the organic molecules at
positive electric fields and released at negative fields 12,

The dipole moment of the deposited organic molecules has a strong
influence on the electronic structure of the semiconductor. There is a
linear dependence between the interface dipole and the electron affinity
of GaAs for PTCDA on n-GaAs(100) 82. The work function of GaAs
depends on the dipole moment of benzoic acids on n-GaAs 8.

Kahn et al. investigated the interface dipoles also for interfaces between
two different organic layers 155. Charge exchange and/or chemical
bonding is not expected between different organic materials considering
the closed-shell nature of the molecules. Interface dipoles occur between
materials with very different ionization energies and electron affinities,
for example between the high affinity molecule PTCDA and the lower
ionization energy molecule Alq; !'55. However, the mechanisms for
dipole formation at organic / organic heterointerfaces are not well
understood up to now.



Chapter 1 25

T E, .(met)
dipole barrier
E . (org)
E, Y
LUMO
HOMO

organic layer ﬁ metal

interface dipole

Figure 1.10: Schematic of an energy diagram of an interface
between an organic layer and a metal with an interface dipole.

1.5.3 Electronic gap states at the semiconductor / organic ML
interface

Defect densities at the Si surface are important for charge transfer
across the interface Si / organic layer and influence the charge
distribution at the Si surface. Low defect densities are necessary for a
high and effective charge transfer via the Si / organic layer interface at
fixed external potential. There are electrically active defect densities
lower than 10" ¢cm™ measured by 116 for Si surfaces covered by an alkyl
monolayer. The interface trap density on n-type Si(111) is higher than on
p-type Si(111) (D 1.7-3 x 10"'em™V™ over an energy range 0.22-
0.73 eV) covered by an 1-octadecene monolayer. This value is one order
of magnitude lower than the value obtained at the Si/Si0; interface 134.

The formation of a Si-C bond does not increase the non-radiative active
defect density at the semiconductor interface. This has been shown by
Bitzer et al. for the adsorption of maleic anhydride on Si(100) (2x1) 12. 13
and by Bansal et al. for alkyl monolayers on Si 140, A low density of
electronic states after adsorption of an alkyl monolayer has been
described by Allongue et al. 12,
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2 Dipole moments of diazonium ions, radicals and
molecules — theoretical considerations

In this chapter, calculations of the charge distribution on an iso electron
density surface are presented and the dipole moments are deduced for
different benzene diazonium ions, benzene radicals and benzene
molecules. The dipole moments and their changes during chemical and
electrochemical reactions play an important role for the grafting process,
as will be shown in chapter 4 and 5. The quantum mechanical
calculations are performed with the commercial available software PC
SpartanPro® (Spartan 5.1).

2.1 Quantum mechanical calculations

2.1.1 Semi-empirical approach

All quantum mechanical calculations are based on the Schrodinger
equation 159,

HY = EY 2.1)

where W is the wave function and E is the energy of the quantum
mechanical system. The Hamiltonian for a n-electron system is in Born-
Oppenheimer approximation (nuclei are fixed in the three dimensional
space 160) 161,

/Y

Hel = Te + VeN + Vee (22)

where T, is the kinetic energy of the electrons, Ve the potential energy
of the electrons in the electrostatic field of the nuclei, and V.. the
potential energy of the electrons in the electrostatic field of the other
electrons. There is no analytical solution for the Hamiltonian in a system
with more than one electron.
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There are two types of methods for quantum mechanical calculations of
the equilibrium geometry of a molecule, the semi-empirical and ab inito
methods (for example, the Hartree-Fock theory and the Density
Functional Theory). In semi-empirical methods, calculations of the
energy involve corrections from data of atoms and empirical factors
which are used for scaling of the energy 162. The parameterization by the
Austin method (AM1) 159 was used for this work. The AM1 model is
based on the assumption, that the atomic orbitals on different atomic
centers do not overlap (neglect of the diatomic differential overlap, so-
called NDDO approximation) '63. Semi-empirical calculations are faster
than ab inito calculations. Therefore, semi-empirical calculations are
usually applied for systems with more than 100 atoms. However, the
accuracy of the properties of molecules calculated by using semi-
empirical models are not well consistent with experimental findings in
many cases.

2.1.2 Hartree-Fock method

The interaction of an electron with all the other electrons of the
quantum mechanical system is approximated by an average field created

by all the other electrons 164. The many-electron wave function W can be
written as a product of single-particle functions y;(r;) 165,

Y(r,n.) =, (R)..@y(ry) (2.3)

Each single-particle function is satisfying the one-electron Schrodinger
equation,

2m

-
{— — U +V, +VC:|wi(r):€iwi(r) (2.4)

where # = h/2w (h is the Planck constant), m is the electron mass and V¢
is the Coulomb potential which is given by the Poisson’s equation,
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N 2
0%, =4me’ Z“ﬂj‘ (2.5)

J=lLi#j

where e 1s the elementary charge.

The interaction between the Coulomb potential and an electron makes it
necessary to use an iterative calculation method. The Variation principle
is applied to calculate the lowest energy value. The exact wave function
will give the lowest energy eigen-value E 16!,

(W] )

0 S W (2.6).

In the self-consistent field (SCF) calculation, the wave function W’ will
be optimised, to result in a lower energy eigen-value of the Hamiltonian.
The starting point of the optimization procedure is an estimate of spin
orbitals for the calculation of the Hartree-Fock potential. Solving the
Hartree-Fock equation (2.4) gives a new set of spin orbitals which is
used as the new starting point. This calculation will be repeated until the
spin orbitals used for the construction of the Fock operator (Hamilton
operator in 2.4) are equal to its eigen-functions. The Hartree-Fock
calculations were performed with a Gaussian-type of basis functions (i.e.
STO-3G minimal basis set 159) as starting point for the calculation of the
single-particle functions w;(r;) and only repulsion of electrons of the
same spin due to Coulomb interaction is taken into account. Other than
Coulomb interactions between electrons of the same spin are not
included in the theory. This leads to an overestimation of the repulsive
Coulomb force between electrons 159,

2.1.3 Density Functional Theory

The density functional theory is based on the calculation of the electron
density n(r) of a system in the ground state. Hohenberg and Kohn 166
(theorems from 1964) stated that the minimal energy of a collection of
electrons under the influence of an external (Coulomb) field is a unique
“functional” (a function of a function) of the electron density. The
exchange energy Exc(r) is considered additionally in comparison to the
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Hartree-Fock theory. The ground state energy 16! of the system is in the
density functional theory as follows

Egln(r)] = {n(r)] +

[y (e + - [ W) + E o) @7

The ground state energy functional has its minimum at the real electron
density. It can be calculated by using the Variation principle in a self-
consistent field calculation similar to the Hartree-Fock calculations. The
Kohn-Sham equations

2

n(r) = Zwi(’”)ﬂim(r) (2.9)

i occupied

with the exchange potential Vyxc are solved iteratively until the self
consistence between the starting and end electron density is reached.

The Kohn-Sham equations give an exact solution, but the functional
Exc[n(r)] 1s not known yet 160, The simplest models for Exc[n(r)] are
called local spin density or local density models 159. The calculations
performed in the frame of this work are based on the so-called SVWN
(Slater-Vosko-Wilk-Nusair) approximation 15, The form of the
exchange functional as a function of the electron density results from the
exact (numerical) solution of a many-electron gas of uniform density by
subtracting the first three terms in 2.7 from the total energy.

Tabulated solutions of the density functional for atoms are used as the
starting point for density functional calculations of molecules. The
tabulated solutions are supplemented by p-type functions for hydrogen
and by d-type functions for other atoms (i.e. SVWN/DN* numerical
polarization basis set 159).

Density functional calculations are more precise than Hartree-Fock
calculations in describing properties of quantum mechanical systems
since the electron correlation is taken into account. The number of
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equations to be solved increases with the number of electrons in the
molecule by the third power for density functional calculations and by
the fourth power for Hartree-Fock calculations. Therefore, density
functional calculations are more simple than Hartree-Fock calculations
for large systems. Ab initio calculations are restricted to molecules
containing less than ~100 atoms for numerical reasons. Therefore, semi-
empirical calculations are necessary for the so-called computer
chemistry of large molecules. However, one should take into account
that ab initio calculations describe much better measurable quantities as,
for example, ground state energies, bond lengths or vibrational energies.

2.1.4 Calculation of dipole moments of benzene ions, radicals and
molecules

The standard computer program PC SpartanPro® (Spartan 5.1) was
used to calculate the equilibrium geometry of ions, radicals and
molecules. The calculations were performed at least twice, to ensure that
the results are reproducible. The dipole moments were deduced from the
charge distributions at the equilibrium geometry.

In this part, only dipole moments of benzene radicals calculated by the
different methods are compared with each other. Table 2.1 summarises
the calculated values of the dipole moment for different benzene radicals
(4-nitrobenzene, 4-methoxybenzene, 4-bromobenzene, 3,5-dichloro-
benzene, N,N-diethylaminobenzene, 4-(4-methoxyphenylamino)ben-
zene, 4-chlorobenzene, 4-propylaminobenzene). The calculations are
performed twice for each theory, i.e. the semi-empirical, the Hartree-
Fock and the density functional theory. As can be seen from table 2.1,
the reproducibility of the calculations has been excellent except in one
case (the Hartree-Fock calculation of the 4-methoxybenzene radical).
For the 4-chlorobenzene, the equilibrium geometry was not convergent
in density functional calculations. This is caused by the specific role of
chlorine.

The dipole moments of the benzene radicals vary between 0.1 and 3.7
Debye ( 1 Debye = 3.336007° Aslh ) in all calculations excluding the
Hartree-Fock calculation of 4-chlorobenzene. The difference between
the calculated values of dipole moments by the different methods is
relatively low (about 20...30 %) only for the 4-nitrobenzene radical. For
all other benzene radicals, the differences between the dipole moments
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calculated by the different methods are much larger and can exceed even
one order of magnitude (3,5-dichlorobenzene). Of course, this is no
satisfying result for a use of this data in a discussion of experimental
results in chapters 4 and 5. It seems that the identicalness between the
results of calculations by semi-empirical and density functional theory is
usually better than in comparison with the Hartree-Fock calculations.
This shows that the overestimate of the Coulomb interaction is quite
important.

value of the dipole moment
(Debye)
name of the benzene radical Semi- Hartree- | density
empirical Fock functional
theory
4-nitrobenzene 3.7 34 2.9
3.7 3.4 2.9
4-methoxybenzene 1.6 1.2 2.0
1.6 1.9 2.0
4-bromobenzene 0.3 1.3 0.5
0.3 1.3 0.5
3,5-dichlorobenzene 0.1 2.1 0.4
0.1 2.1 0.4
N,N-diethylaminobenzene 24 1.1 3.2
2.3 1.1 3.2
4-(4-methoxyphenylamino)benzene 2.4 1.4 33
2.4 1.4 3.3
4-chlorobenzene 0.1 12.2 -k
0.1 12.2 ¥
4-propylaminobenzene 2.4 1.3 3.2
2.4 1.3 3.2

* The equilibrium geometry is not convergent.

Table 2.1 : Dipole moments of different benzene radicals
calculated by the semi-empirical, Hartree-Fock and density
functional theory (twice for each method). The unit of the dipole
moments is given in Debye ( 1 Debye = 3.33610° Ast).

It is known from literature 159 that properties like the dipole moment of
molecules are best calculated by density functional theory. For this
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reason, all calculations represented next were performed by the method
of the density functional theory. Measured and calculated dipole
moments of  several benzene  molecules  (4-nitrobenzene,
4-bromobenzene, 4-chlorobenzene, 3,5-dichlorobenzene, 4-methoxy-
benzene) are compared in table 2.2. The measurements of the dipole
moments were performed in the gas phase 167. The measured and
calculated values of the dipole moments given in table 2.2 range
between 1.4 and 4.2 Debye. The identicalness between measured values
and by the density functional theory calculated values is very good.
Slight differences within 10 % can be attributed to interaction of
molecules in the gas phase during the measurement.

name of the berzene value of the dipole moment (Debye)
molecule
experiment Density functional

calculation
4-nitrobenzene 4.2 3.9
4-bromobenzene 1.7 1.6
4-chlorobenzene 1.7 1.6
3,5-dichlorobenzene 1.7 1.5
4-methoxybenzene 1.4 1.4

Table 2.2 : Comparison of the DFT calculated dipole moments
with values from the literature 167,
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2.2 Charge distribution on iso electron density
surfaces and dipole moments for some benzene
compounds

2.2.1 Unchanged direction of the dipole moments for ion, radical
and molecule

The formation of benzene compounds passes different states with
different dipole moments during the deposition process, i.e. the
diazonium ion (benzene compound with a -N," - group), the radical
(benzene compound with one unsaturated C - bond) and the molecule
state. An electrical field is applied for the electrochemical deposition of
benzene compounds. The interaction of the electric field with the ionic
charge and the dipole moments of the diazonium ions causes a motion of
the ions towards the negatively polarized Si(111) surface. The ionic
charge at the diazonium ions vanishes and the dipole moments can
change significantly during the deposition process. This should have a
strong influence on the dynamic behavior of the grafting process. The
benzene compounds contain different chemical groups what can change
the surface dipole of the Si(111) surface. Calculations of the equilibrium
geometry and charge distributions in diazonium ions, radicals and
molecules will give useful information for the interpretation of
electronic properties of Si(111) surfaces covered with grafted benzene
compounds as well as of dynamic processes during the electrochemical
deposition. The calculations are also important for an assessment of
possible charge transfer via regions of high electron density (negative
charge) in the molecules.

In a first glance, the benzene compounds can be separated into two
classes, compounds which do not change or which will change the
direction of the dipole moment during the transition from the diazonium
ion to the molecule via the radical. The dipole moment does not change
the direction, for example, for compounds like 4-nitrobenzene, 4-
chlorobenzene, 3,5-dichlorobenzene and 4-bromobenzene.

Figure 2.1 shows the calculated charge distribution on iso electron
density surfaces for 4-nitrobenzene compounds (diazonium ion, radical
and molecule). The ball and wire models are also presented and the
direction of the dipole moment is given by the green arrow. The arrows
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Figure 2.1 : Ball and wire model (top) and charge distribution on
iso electron density surfaces (bottom) for 4-nitrobenzene
diazonium ion, radical and molecule.

point from positive charge to negative charge. The iso electron density
surface gives an impression of the equilibrium steric geometry of the
species. A map of charge distribution on the iso electron density surface
permits to distinguish between regions of high positive (encoded by blue
colour) and negative (encoded by red colour) charge in the benzene
compound. As can be seen, there is no change in the direction of the
dipole moment for the transition from the ion to the molecule state. The
value of the dipole moment changes from 6.9 Debye for the diazonium
ion, to 2.8 Debye for the radical and further to 3.9 Debye for the
molecule. A high concentration of positive charge is present at the -N,"
goup for the diazonim ion. For the radical and molecule state, high
concentrations of positive charge are found at the H-atoms. The
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concentration of negative charge has a maximum at the -NO, group for
all benzene compounds shown in figure 2.1. The electron density at the
benzene m-electron system is increased from the diazonium ion to the
molecule state. The radical site of nitrobenzene has less positive charge
than the same site at the diazonium ion and molecule.

10n radical molecule
1 * Br
H
“ A - " “ . . % . " e
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- . .
) ! C ' S 1 ' dipole

cee

negative and positive charge

Figure 2.2 : Ball and wire model (top) and charge distribution on
iso electron density surfaces (bottom) for 4-bromobenzene
diazonium ion, radical and molecule.

The direction of the dipole moment remains also unchanged for the 4-
bromobenzene compound. Figure 2.2 gives an overview for the
4-bromobenzene diazonium ion, radical and molecule, similar as shown
for 4-nitrobenzene in figure 2.1. The value of the dipole moment
changes from 1.5 Debye for the diazonium ion, to 0.5 Debye for the
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radical and to 1.6 Debye for the molecule. Plots of the charge
distribution on an iso electron density surface show a high positive
charge density at the -N," group and a high negative charge density at Br
for the diazonium ion. For the radical and molecule, regions with high
positive charge density are present at the H-atoms and at the site of the
Br-atom, which is pointing away from the benzene ring. The regions of
high negative charge density are located at the m-electron system of the
benzene ring for the radical and molecule.

The charge distribution and change in the direction of dipole moments
of Cl containing compounds, i.e. 4-chlorobenzene and 3,5-
dichlorobenzene, are in general very similar to that of 4-nitrobenzene
and 4-bromobenzene.

2.2.2 Change in direction of the dipole moments for ion, radical
and molecule

The dipole moment changes the direction, for example for 4-
methoxybenzene, 4-(propylamino)benzene, 4-(4-methoxyphenylamino)-
benzene and N,N-diethylaminobenzene. Figure 2.3 shows the ball and
wire model (top) and the charge distribution on an iso electron density
surface (bottom) for a 4-methoxybenzene diazonium ion, radical and
molecule. The direction of the calculated dipole moments are indicated
by the arrows in the ball and wire model. The direction of dipole
moment is about 5° out of the symmetry axis of the benzene ring for the
diazonium ion and changes to 140° and 115° for the radical and
molecule states, respectively. The value of the dipole moment is 3.3
Debye for the diazonium 1on and changes to 2.0 and 1.4 Debye for the
radical and molecule with opposite direction in respect to the diazonium
ion.

Plots of the charge distribution on an iso electron density surface show
a high positive charge density at the -N," group and a high negative
charge density at the O-atom of the -OCH; group in case of the
diazonium ion. For the radical and molecule, the highest positive charge
density is reached at the H-atoms of the -OCH; group. The negative
charge density is maximal in the regions at the O-atom and the benzene
n-electron system. The radical site of 4-methoxybenzene has less
positive charge than the same site at the diazonium ion and molecule.
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Big compounds containing more than one benzene ring are of special
interest since the relatively large molecules can be twisted in space. This
difference in comparison to the small compounds should cause some
differences in the grafting process as well as in the behavior of the
electron transfer between the Si(111) covered with the grafted benzene
compounds and the electrolyte. Figure 2.4 shows the ball and wire
model (top) and the charge distribution on an iso electron density surface
(bottom) for a 4-(4-methoxyphenylamino)benzene diazonium ion,
radical and molecule. The direction of the calculated dipole moments are
indicated by the arrows in the ball and wire model. The direction of the
dipole moment changes from about 50° to 160° and further to 150° for

10n radical molecule
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Figure 2.3 : Ball and wire model (top) and charge distribution on
iso electron density surfaces (bottom) for 4-methoxybenzene
diazonium ion, radical and molecule.
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the transition from the diazonium ion via the radical state to the
molecule state. The value of the dipole moment changes from 6.7 Debye
for the diazonium ion, to 3.3 Debye for the radical and further to 2.3
Debye for the molecule. Plots of the charge distribution on an iso
electron density surface show a high positive charge density at the -N,"
group and at the N-atom located between the two phenyl rings for the
diazonium ion. A high negative charge density is present at the O-atom

10n radical molecule

negative and positive charge

Figure 2.4 : Ball and wire model (top) and charge distribution on
iso  electron density surfaces  (bottom) for  4-(4-
methoxyphenylamino)-benzene diazonium ion, radical and
molecule.



Chapter 2 39

of the -OCHj; group for the diazonium i1on. For the radical and molecule,
regions with a high positive charge density are located at the H-atoms
and the N-atom between the two phenyl rings. Regions of high negative
charge density are found at the O-atom and at the benzene m-electron
system. There is a region of high electron density connecting the two
phenyl rings which is important for electron transfer.

Density functional theory calculations have also been performed for
other benzene compounds changing their dipole moment during the
transition from the diazonium ion to the radical and molecule. These
benzene compounds contain side groups which break the symmetry as
demonstrated in figures 2.3 and 2.4. Benzene compounds with relatively
long CH-chains have been deposited on Si(111) surfaces to obtain a well
insulating behavior.

2.2.3 Overview of the dipole moments of some benzene compounds

Table 2.3 summarises the calculated dipole moments of the benzene
compounds (diazonium ion, radical and molecule) investigated in this
work. A negative sign of the dipole moment is equivalent to a direction
of the dipole for which the negative charge is located at the benzene ring
and the positive charge is concentrated at the chemical group in the
benzene compound. The benzene compounds are ordered with
decreasing dipole moment of the diazonium ions. The largest and
smallest dipole moments have been calculated for the 4-nitrobenzene
diazonium ion (6.9 Debye) and for the 4-bromobenzene diazonium ion
(1.5 Debye), respectively.

In general, the dipole moments of the radicals are smaller than those of
the diazonium ions. The differences in the dipole moments between the
different compounds are larger for the diazonium ions than for the
radicals. For example, the dipole moment is about -3.2 ... -3.3 Debye for
4-(4-methoxyphenylamino)benzene, 4-(propylamino)benzene and N,N-
diethylaminobenzene radicals. The difference in the dipole moments of
the 3,5-dichlorobenzene and 4-bromobenzene radicals is also not
significant. As remark, the equilibrium geometry is not convergent for
the 4-chlorobenzene radical.
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benzene compound dipole moment (Debye)
diazonium ion |radical | molecule

4-nitrobenzene 6.9 2.8 3.9
4-(4-methoxyphenylamino)benzene 6.7 -3.3 -2.3
4-(propylamino)benzene 5.6 -3.2 -2.3
N,N-diethylaminobenzene 4.9 -3.2 -1.8
4-methoxybenzene 3.3 -2.0 -1.4
3,5-dichlorobenzene 3.1 0.4 1.5
4-chlorobenzene 2.1 * 1.6
4-bromobenzene 1.5 0.5 1.6

* The equilibrium geometry is not convergent.

Table 2.3 : Dipole moments of some benzene compounds and
their intermediate states during the grafting process (diazonium
ions and radicals) as calculated by the density functional theory.

The transition from the radically state to the molecule leads to an
increase of positive charge at the ring. This enhances the dipole moment
for the benzene compound which has already a positive charge at the
benzene ring and reduces the value for radicals with negative charged
benzene rings. The highest dipole moment among these molecules has
again been obtained for the 4-nitrobenzene molecules (3.9 Debye).

The benzene molecules are grafted more or less perpendicular to the
Si(111) surface. Therefore, the projection of the dipole moment to the
symmetry axis of the benzene ring 1s important for electrostatic
considerations of Si(111) surfaces covered with grafted benzene
compounds. The dipole moments perpendicular to the Si(111) surface of
the benzene compounds used in experiments are given in table 2.4.
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benzene molecule projected dipole

moment (Debye)
4-nitrobenzene 3.9
4-(propylamino)benzene -2.1
4-(4-methoxyphenylamino)benzene -23
N,N-diethylaminobenzene -1.7
4-methoxybenzene -0.8
3,5-dichlorobenzene 1.5
4-bromobenzene 1.6
4-chlorobenzene 1.6

* The equilibrium geometry is not convergent.

Table 2.4 : Dipole moments of some benzene molecules projected
to the symmetry axis of the benzene ring (perpendicular to the
Si(111) surface).

2.3 Dipole moments of benzene compounds grafted to
silicon and the role of water molecules

2.3.1 The hydrogen terminated Si cluster

The grafting process of benzene compounds is performed on
hydrogenated Si(111) surfaces. The ideally hydrogenated Si(111)
surface consists of non-reconstructed flat Si(111) terraces. The dangling
bonds of the Si surface atoms are saturated each by an H-atom. Despite
of several publications in which hydrogenated Si surfaces have been
theoretically investigated, in this section some cluster calculations will
be repeated to give a more comprehensive picture in the frame of this
work.

As mentioned above, calculations on the basis of the density functional
theory are suitable for clusters containing up to ~100 atoms. The
calculation of the electron density of one Si-atom at the ideally
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hydrogenated Si(111) surface demands at least a cluster of 50 atoms (22
Si-atoms and 28 H-atoms). In this case, the Si-atoms are placed in two
(111) layers and the upper central Si-atom is surrounded by the nearest
neighbour Si-atoms as at the infinite ideally hydrogenated Si(111)
surface. The Si dangling bonds are saturated by H-atoms for these
calculations what is an usual approach. The geometry of the cluster is
shown in figure 2.5 B (top view of the ball and wire model) and C (side
view of the ball and wire model).

negative and positive charge

Figure 2.5 : Si cluster with 22 Si-atoms (black) arranged in two
(111) layers. The dangling bonds are saturated by 28 H-atoms
(grey). A Density functional theory calculation of the charge
distribution on an iso electron density surface (top view), B top
view to the ball and wire model of the cluster equilibrium
geometry, C side view of the ball and wire model.

The calculated charge distribution on an iso electron density surface by
using the density functional theory is presented in figure 2.5 A. The
perspective of this figure gives a direct view on the central Si-atom of
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the hydrogenated Si surface. The negative and positive charge are
encoded by red and blue colours, respectively. The negative charge has
its maximum between the Si surface atoms. This is in good agreement
with the band structure of silicon, where electrons are located near the
edge of the Brillouin zone in (100) direction 168, The positive charge has
a maximum at the H-atoms terminating the Si dangling bonds. This can
not be explained by the difference of the electronegativity for Si (1.8)
and H (2.1).

The Si dangling bond (no saturation by an H-atom) plays an important
role as a radical during the grafting process. However, the calculation of
the cluster shown in figure 2.5 with a dangling bond at the central Si
surface atom was impossible due to no convergence in the calculation.

The grafting process consists of several steps during which the bond
configurations at the benzene compound and at the Si(111) surface are
changed strongly. The radical site of the benzene ring is pointed towards
the Si surface after the diazonium group split off. The comparison of
figures 2.1 to 2.4 with figure 2.5 leads to the assumption, that the
benzene radicals reach the Si(111) surface preferentially with the radical
site pointing to a H-atom adsorbed at the hydrogenated Si(111) surface.
The positively charged H-atoms at the benzene ring, neighbouring the
radical side, are attracted to the negatively charged region between the
Si-H surface sites. The benzene radical reacts with the Si-H site,
removing the H-atom from the Si(111) surface. A Si radical (dangling
bond) is left. The newly formed, non bonded, neutral benzene molecule
can diffuse into the solution. A second benzene radical which has been
formed near the Si dangling bond can react with the Si radical site and
form a Si-C bond.

2.3.2 Benzene compounds bound to a cluster of 4 Si-atoms

For the interpretation of experimental results, the knowledge about the
dipole moments of grafted benzene compounds at the Si(111) surface is
of great interest. However, the density functional theory calculations
could be performed only on a PC. For this reason, the cluster which has
been shown in the previous section could not be calculated with grafted
benzene compounds. The problem has been simplified by using a Si
cluster containing 4 Si-atoms and 9 H-atoms for hydrogenation. The
dangling bond of the central Si-atom has been saturated with a Si-C
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bond which is situated between the Si(111) cluster and the grafted
benzene compound.

Figure 2.6 shows examples of the charge distribution on an iso electron
density surface for different benzene compounds (4-chlorobenzene, 4-
bromebenzene, 4-nitrobenzene, 3,5-dichlorobenzene, 4-propylamino-
benzene) grafted on Si(111). All symmetric benzene compounds grafted
are shown from the front side while the non-symmetric 4-
propylaminobenzene is rotated by ~ 60°. The negative and positive
charge are encoded by red and blue colours, respectively. The electron
density has a maximum within the Trelectron system for all benzene
compounds except for the 4-nitrobenzene molecule where the electron
density has a maximum at the nitro group. The hydrogen atoms at the
benzene ring show a partial positive charge.

The charge distribution on 1so electron density surfaces was used to
calculate the dipole moments of benzene compounds grafted to the
Si(111) surface. This is an oversimplified model since the influence of
the Si bulk is approximated only by 3 hydrogenated Si-atoms. Table 2.5
gives the values of the calculated dipole moments of the cluster
containing the benzene compound and 4 Si-atoms. As remark, the
calculation by the density functional theory did not lead to a convergent
equilibrium geometry for grafted 4-(4-methoxyphenylamino)benzene,
N,N-diethylaminobenzene and 4-methoxybenzene. The dipole moments
are high for the clusters containing 4-nitrobenzene and 4-propylamino-
benzene (4.4 and - 4.4 Debye, respectively). The projected dipole
moment of 4-propylaminobenzene to the surface normal is about - 4.2
Debye. The dipole moments of the clusters containing 3,5-dichloro-
benzene, 4-bromobenzene and 4-chlorobenzene are relatively low
(between 0.5 and 0.8 Debye).

The cluster 1s electrically neutral. The sum of the partial charges at the
4 Si-atoms and at the 9 H-atoms terminating the Si dangling bonds gives
the amount of charge transferred from the benzene compound to the
4 Si-atoms terminated with 9 H-atoms. The Tr-electron system attracts
electrons and negative charge is transferred to the benzene compound
from the 4 Si-atoms terminated with 9 H-atoms. The calculations show a
small charge transfer from the 4 Si-atoms to the benzene compound. For
a cluster containing 4 Si-atoms and the benzene compound, the
transferred charge 1s 0.07 e for 4-nitrobenzene, 0.03 ¢ for 4-bromo-
benzene, 0.03 ¢ for 4-chlorobenzene, 0.07 ¢ for 3,5-dichlorobenzene
and 0.002 ¢ for 4-propylaminobenzene.
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Si(111) compounds

4-chlorobenzene

4-bromobenzene

4-nitrobenzene

989,

3,5-dichlorobenzene

4-propylamino-
benzene

Figure 2.6 : Charge distribution on an iso electron density surface
of different benzene compounds grafted to Si(111). The
calculations by density functional theory are performed with a
cluster containing 4 Si-atoms and the benzene molecule. The Si
dangling bonds are saturated by H-atoms.
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benzene compound on a dipole moment | transferred
cluster with 4 Si-atoms (Debye) charge to C
(e)
4-nitrobenzene 4.4 0.07
4-(propylamino)benzene -4.4 0.002
4-(4-methoxyphenylamino)benzene * -
N,N-diethylaminobenzene * -
4-methoxybenzene * -
3,5-dichlorobenzene 0.8 0.07
4-bromobenzene 0.6 0.03
4-chlorobenzene 0.5 0.03

* The equilibrium geometry is not convergent.

Table 2.5 : Dipole moments of benzene molecules on a cluster of
4 Si-atoms and transferred charge to the benzene ring. The Si
dangling bonds are saturated by H-atoms.

The calculated dipole moments and the amount of transferred charge
within clusters containing hydrogenated Si-atoms and benzene
compounds depend quite sensitively on the number of Si-atoms. For
example, the dipole moment of clusters containing bromobenzene and
0 (molecule only), 4 or 7 Si-atoms is 1.6, 0.6 or 3.3 Debye, respectively.
These differences are huge with respect to their possible influence on the
potential of the Si(111) surface. The relative amount of the Si-H bonds
seems to be quite important for the correct calculation of the dipole
moment. Unfortunately, it was impossible to investigate in detail the
dependence of the calculated dipole moment on the number of Si-atoms
in the cluster in the frame of this thesis. To our opinion, the calculated
dipole moments should converge to a value at a high number of Si-
atoms. The dipole moments of the benzene molecules are used for
further considerations.



Chapter 2 47

2.3.3 Influence of water molecules on the dipole moments of
benzene compounds

The experiments of grafting benzene compounds to Si(111) are carried
out in aqueous solutions. The dipole moment of the small water
molecule is relatively high and amounts to 1.86 Debye. Water molecules
can screen electrical fields and influence effective dipole moments of
larger molecules in electrolytes. For this reason, the values of the
calculated dipole moments, for example given in table 2.3, can change if
the influence of water 1s considered. The realistic consideration of water
molecules in density functional calculations of benzene compounds is
practically impossible at present. Therefore, only two examples of the
specific influence of water molecules will be demonstrated in this
section.

The first example belongs to the role of the distance between a water
molecule and a 4-bromobenzene molecule. Figure 2.7 shows the charge
distribution on an iso electron density surface of a system consisting of a
4-bromobenzene molecule and a water molecule at certain distances
(A-D). To get an imagination of the changes of the dipole moment due
to adsorption of water molecules, the distance between the Br-atom at
the 4-bromobenzene and the center of the water molecule has been
changed systematically and decreases from 0.6 to 0.5, 0.4 and 0.3 nm for
A to D, respectively. The water molecule is approaching the Br-atom
along the symmetry axis of the 4-bromobenzene molecule.

The electron wave functions overlap for the short distances of 0.4 and
0.3 nm between the water molecule and the Br-atom at the benzene
molecule. The calculated dipole moment of the system amounts to 4.0
and 3.9 Debye for the distances between the Br-atom and the water
molecule of 0.6 and 0.3 nm, respectively. With decreasing distance
between the Br-atom and the water molecule the dipole moment of the
system increases at the beginning and decreases at the end. The
maximum of the dipole moment of the system reaches a value of 4.4
Debye at a distance of 0.4 nm between the Br-atom and the water
molecule. The water molecule is pushed side wards the axis of the 4-
bromobenzene molecule at a distance smaller than 0.34 nm.
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A) B) C) D)
4.0 debye 4.2 debye 4.4 debye 3.9 debye
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5A 3A

Figure 2.7 : Charge distribution on an iso electron density surface
and value of the dipole moment of the system for different
distances between the water and the 4-bromobenzene molecules.

The second example concerns the role of water molecules in between
two parallel benzene compounds. A similar geometry of benzene rings
oriented parallel to each other is present on the Si(111) surface after
grafting of benzene compounds. The distance between two grafted
benzene compounds is 0.38 nm, with respect to the (2x1) structure
model of Allongue. Figure 2.8 compares the charge distributions on an
1so electron density surface for two parallel benzene molecules without
(A) and with an water molecule located in the center between the two
benzene rings (B) and adsorbed on top between the two benzene rings
(C). The front and side views of the systems are also shown in the ball
and wire model.

The dipole moment is zero for a system of two parallel benzene
molecules without a water molecule. Water molecules located in the
center between two benzene molecules lead to a strong increase of the
electron density between the two benzene molecules while the dipole
moment of the system remains quite small (0.4 Debye), hence the T
electron system of the benzene molecules screens efficiently the dipole
moment of the water molecule. This is not the case for water molecules
adsorbed on top between two benzene molecules. In such configuration,
the dipole moment of the system (2.3 Debye) is even larger than for a
water molecule itself.
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A)
0 Debye

B)
0.4 Debye

C)
2.3 Debye

Figure 2.8 : Comparison of the charge distribution on an iso
electron density surface for two parallel benzene molecules
without (A) and with a water molecule located in the center
between the two benzene rings (B) and adsorbed atop between
the two benzene rings (C). The distance between the two benzene
molecules is 3.8 A. The front and side views of the systems are
shown in the ball and wire model and the dipole moments are
given.
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3 Experimental methods and procedures

The methods for the characterization and preparation of the surface are
presented in this chapter. The photoluminescence (PL) and photovoltage
(PV) techniques are used to characterize the change of the non-radiative
surface recombination velocity and of the surface potential during the
electrochemical grafting process. The electrochemical preparation is
monitored by the current density. An advanced preparation method of
injection of diazonium salt solution into sulphuric acid solution at fixed
cathodic potential of the sample is proposed. Methods applied
additionally to get information about the surface structure are also
described shortly.

3.1 In-situ characterization of electronic properties of Si
surfaces

3.1.1 Characterization of the surface recombination velocity by the
pulsed photoluminescence technique

Figure 3.1 shows an overview of the elementary processes at a
semiconductor surface under strong illumination. The absorbed light
produces pairs of electrons and holes (1). The produced excess charge
carriers diffuse into the bulk (3) and radiative (photoluminescence (4))
or non-radiative recombination occurs at the surface (6) or in the bulk
(5). The Shockley-Read-Hall (5,6) and Auger (2) recombination are non-
radiative. The efficiency of the non-radiative recombination at deep
defects on the surface or in the bulk of the semiconductor is proportional
to the excess concentrations of electrons (6n) or holes (dp). The
efficiency of the PL is proportional to the product of the excess electron
and hole concentration. The excess carrier density is on the order of on =
8p = 10" cm” at illumination with light intensity of 1 mJ cm™ (strong
absorption, see for more detailed information 27). For comparison, the
equilibrium carrier concentration of p-type Si of resistivity 1-10 Qcm” is
10"°-10'"° cm™. Non-radiative Auger recombination is proportional to dn’
and limits the PL intensity at high excitation intensities.
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Figure 3.1 : Elementary processes at a semiconductor surface
under strong illumination : (1) absorption, (2) non-radiative Auger-
recombination, (3) diffusion, (4) radiative band to band
recombination (PL), (5) non-radiative bulk and (6) non-radiative
surface recombination.

For indirect semiconductors, the radiative recombination rate is much
smaller than the non-radiative recombination rates. Therefore, the PL
intensity 1s a measure for the density of non-radiative active defects. The
time dependence of the PL intensity at high level of illumination was
calculated by Timoshenko and co-workers from the one dimensional
differential equation 20,

o o,
o P +G(x’t)_ﬂ_ﬁd”‘ v (3.1)

where t, x, D, G, 15, B and y are the time, space coordinate x, the
ambipolar diffusion coefficient (D = 15 cm’s™ for ¢-Si), the generation
rate of non-equilibrium carriers, the average life time of carriers in the
bulk, the radiative interband recombination coefficient (f =3-10" cm’s™
for c¢-Si 1) and the coefficient of Auger-recombination
(y =2-10"" cm®s™" 169.170), respectively. A time dependent Gauss function



52 Chapter 3

has been used to describe the laser pulse. The generation rate G 1s further
proportional to 1-R and to exp(-0x) where R and a are the reflectivity
and the absorption coefficient, respectively. For the wavelength of 500
nm, the penetration depth of the light is ' ~ 1 um. For the experiments
of this work, the value of 1y of the Si(111) wafers used (to > 100 ps) is
much larger than the excess carrier lifetimes, i.e. surface recombination
dominates.
The boundary conditions are

o0on S,
g |0 =EJ[57(09 ) _”o] (3.2)
dn S
By = =Eb[54(daf) -, (3.3)

where Sy and Sy, are the surface recombination velocities at the front and
back site of the sample and p, and d are the equilibrium carrier
concentration and d the thickness of the sample, respectively. S¢ and S,
are defined by

Sf =S}, = oV, (3.4)

with the recombination cross section o (in this work 0 = 10" cm”® is
used what is a usual value for non-radiative recombination active centers
near midgap of Si surfaces !7!). The thermal velocity of excess carriers v
is about 10’ cm s™' at room temperature. N; is the concentration of non-
radiative active defects at the surface. The value of S is on the order of
100 cm s for N, = 10" em™.

The PL transient is given by using equations 3.1, 3.2 and 3.3

I, (t)= ,B_f&tz(x,f)dx (3.5).

The comparison of calculated and measured PL transients allows the
experimental determination of the surface recombination velocity.
Figure 3.2 shows an example of a PL transient of a H-terminated n-
Si(111) sample in 0.01 M H,SO4. A dye laser (wavelength 500 nm,
intensity 100 pJ cm™ and pulse duration time 1 ns) is used for excitation.
Auger-recombination and diffusion dominate at shorter times. The PL
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intensity decays with a time constant of T =40 pus, corresponding to N; =
2:10" cm™ 2.

The integrated PL intensity has been used for in-situ express
measurements of relative changes in Ns. The integrated PL intensity is
given by:

()= [1,,(t)dt o)
0

It has been shown by Timoshenko at al, that Ng ~ 1/Tp ™ for Ng = 10'...
10" cm™ 20, At larger excitation intensities, the influence of the surface
potential on S can be neglected. This is demonstrated in figure 3.3.
Figure 3.3 shows the integrated PL intensity of a p-type Si/Si0, sample
(resistivity 1 Qcm) in 0.01 M H,SO, as a function of the applied
potential (U) for different excitation energies (between 0.2 and
2mJ cm™). At high values of excitation energy, there is nearly no
dependence of the integrated PL intensity on U. The change of the
integrated PL intensity is less than 1/5 for U changing from — 10 V to
+ 10 V. The relative change of the PL intensity increases with
decreasing I. For the experiments, the excitation intensity is
I=1mJcm™

H-terminated n-Si(111)

laser pulse A = 500 nm

) | =100 pJ cm™
10 At=1ns
]
7 1=40 ps
-
1075 N_= 210" cm?

(0,=0,=10"" cm?)

1 | 1 |
0 50 100 150
Time (us)

Figure 3.2 : PL transient of a H-terminated n-Si(111) sample.
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Figure 3.3 : Integrated PL intensity of a p-type Si/SiO, sample
(resistivity 1 Qcm) in 0.01 M H,SO,4 as a function of the applied
potential 172,

3.1.2 The pulsed Surface Photovoltage technique

The surface photovoltage is induced by the spatial separation of excess
electrons and holes after excitation by a light pulse !73. The built-in
electric fields, the difference in the mobility of electrons and holes
(Dember voltage) and preferential trapping of positive or negative
charges may cause a charge separation. The Fermi-level in the bulk is
near the valence band for p-type semiconductors. The surface Fermi-
level position is usually near the midgap due to surface states. This
imposes a downward band bending at the surface for p-type
semiconductors. For p-type Si, the excess electrons are accelerated
towards the surface and excess holes are accelerated towards the bulk.
The negative charge in the space charge region is partially compensated
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by the excess positive charge resulting in a decrease of the band
bending. As defined, the surface potential @, of an p-type semiconductor
is positive and decreases with decreasing band bending (¢). The
photovoltage (Upy = @ - @) is negative for p-Si under depletion.

Figure 3.4 depicts the principle of a photovoltage (PV) measurement.
Laser pulses of duration times between 1 and 100 ns and with a
wavelength shorter than 1100 nm (band gap of Si1 1.12 eV 174) are used
for excitation. The Fermi-level splits into the quasi Fermi-levels of
excess electrons and holes, respectively. It 1s assumed that surface states
are not recharged within the time interval of the measurement. Upy is
measured as the voltage drop between the sample and a semitransparent
electrode, spaced by a thin mica layer (thickness some tens of um). An
oscilloscope is used to record the Upy signal. The Upy is measured via a
resitance R in the GQ range and an impedance buffer.

semitransparent
electrode
o5

light pulse
1...100 ns

Q.. Erpy e EF
a

oscilloscope < {1

Figure 3.4 : Sketch of the principle of ex-situ photovoltage
measurements on an p-type semiconductor surface.

Figure 3.5 shows an ex-situ measured PV transient of a H-terminated p-
Si sample. The PV signal rises within the laser pulse (in this case a N,
laser pulse with 5 ns pulse width). In the following, the measured
photovoltage 1s taken at the maximum of the transient, after the pulse
has been finished. Only absolute values are shown in the diagrams. It
should be pointed out that recharging processes and the Dember
photovoltage have not been taken into account in this work for the
following reasons. Firstly, the excitation intensity and the doping level
are constant (constant Dember voltage). Secondly, only relative changes
of Upy have been investigated in-situ in electrolytes with similar
properties and at identical potentials.
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Figure 3.5 : Ex-situ measured PV transient of a H-terminated p-Si
sample of 10 Qcm resistivity (excitation with a N, laser pulse,
wavelength 337 nm, duration time 5 ns, intensity 0.5 mJ cm™).
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Figure 3.6 : Up, for a H-terminated and 4-bromobenzene
terminated p-Si(111) surface (1-10 Qcm) in 0.1 M H,SO, as a
function of the applied electrochemical potential.
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Figure 3.6 shows the change of in-situ measured photovoltage for a H-
terminated and 4-bromobenzene terminated p-Si(111) surface (1-10
Qcm) in 0.1 M H,SO, as a function of the applied electrochemical
potential in the cathodic regime. There is a linear dependence between
Upy and the applied electrochemical potential. The slope depends on the
atoms or molecules on the surface, i.e. the slope is 0.19 for a H-
terminated and 0.15 for a 4-bromobenzene terminated p-Si(111) surface.
There is no difference between the change in the absolute value of Upy
for increasing and decreasing electrochemical potential U (no
hysteresis).

3.1.3 Electrochemistry

The advantage of the electrochemical treatment is the control of
chemical reactions at the surface by an applied potential in solutions
(electrolyte). Figure 3.7 shows the energy diagram for the
semiconductor-electrolyte interface in the dark and under illumination at
equilibrium. The Fermi-level is for a p-type semiconductor near the
valence band edge (energy Ey) and electrons are excited to the
conduction band (energy Ec) at illumination with light of higher photon
energy than the band gap. There is a band bending for the valence and
conduction band at the semiconductor surface, which can be reduced by
illumination as described in the previous section. On the side of the
electrolyte, there is a potential for the species in the electrolyte which are
oxidized (E,x) or reduced (Egeq) due to different solvation shells for both
species. The oxidation and reduction potentials are derived from the
distributions of the energy levels (Gauss functions) taking the fluctuation
of the solvent molecules (i.e. water dipoles) into account (Gerischer
Model). The energy levels of reduced species are occupied by electrons
and the energy levels of oxidized species are empty in this model. The
redox potential is the mean value of the oxidation and reduction
potentials. Electron transfer occurs from the semiconductor surface to
the electrolyte or in the opposite direction as long as the Fermi-level in
the semiconductor is different to the potential energy of the redox
system in the electrolyte. At equilibrium, the Fermi-level in the
semiconductor (Er) and the potential energy of the redox system (E eqox)
are equal. The system is assumed to be at equilibrium for in-situ PL and
photovoltage measurements.
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Figure 3.7 : Energy diagram for the semiconductor-electrolyte
interface in the dark and under illumination.

Adsorption of charged species from solution at the semiconductor
surface leads to the formation of the Helmholtz double layer at the
surface. There is a linear drop of the potential across the Helmholtz
plane (first layer of adsorbed ions and solvated ions on the
surface) 175.176, The potential drops exponentially in the diffuse double
layer next to the Helmholtz plane (the so called Gouy-Chapman
layer 177.178), A model for the potential drop across the Helmholtz plane
and the Gouy-Chapman layer is given by Stern 179, with continuity at the
boundary between both layers and taking into account the finite size of
jons. The Grahame model 80 includes neutral species, chemically
bonded to the surface. A close approach to this kind of adsorbates is
given by the Helmholtz plane, and will not be further discussed. The
voltage gradient is on the order of 10° to 10" V m™ for aqueous
solutions 181,

The three electrode electrochemical set-up was used for measurements,
as shown in figure 3.8. The current flow occurs between the working
electrode WE (sample) and the counter electrode CE. The potential is
measured between the WE and the reference electrode RE, so that no
current passes RE. A gold wire is used as RE to keep the solution free of
contamination, i.e. chloride ions. The standard potential of Au in 0.1 M
H,SO, is + 781 mV vs. the Standard Hydrogen Electrode and + 540 mV
vs. a Calomel electrode (as sketched in the bottom of figure 3.8). The
potential shifts by about + 58 mV for Au in 0.01 M H,SO, (Nernst shift).
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Figure 3.8 : Sketch of the three electrode electrochemical set-up
(top) with working (WE), reference (RE) and counter electrode
(CE). The standard potentials in 0.1 M H,SO, of a Reference
Hydrogen Electrode (RHE) and Calomel electrode vs. gold (Au)
are depicted (bottom).

Figure 3.9 shows the open circuit potential for Au (A), p-Si(111) (B)
and n-Si(111) (C) in 0.01 M H,SO, with and without 5 mM diazonium
salt solution as a function of time. The potential 1s measured vs.
Calomel. The potential changes by 29 mV within 1 min and further in
anodic direction by only 1 mV in 14 min for gold in 0.01 M H,SO,. The
potential is quite stable at least after one min in solution within the error
of measurements. The potential changes by about 24 mV within 1 min in
anodic direction and further by 5 mV in cathodic direction in 14 min for
gold in 0.01 M H,SO, with 5 mM 4-bromobenzenediazonium
tetrafluoroborate. The potential change in cathodic direction at longer
times 1s possibly caused by adsorbed benzene species on gold. In
general, the potential change in 0.01 M H,SO, with 5 mM 4-
bromobenzenediazonium tetrafluoroborate is less pronounced than in
0.01 M H,SOs,.

For p-Si(111) with resistivity of 4.5 Qcm in 0.01 M H,SO,, the
potential changes by 308 mV within 1 min and further by 55 mV in
anodic direction in 14 min. The potential changes by about 38 mV
within 1 min and further by 9 mV in anodic direction in 14 min for p-
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Si(111) with resistivity of 4.5 Qcm in 0.01 M H,SO, with 5 mM 4-
bromobenzenediazonium tetrafluoroborate.

For n-Si(111) with resistivity of 2.5-5 Qcm in 0.01 M H,SO,, the
potential changes by 132 mV within 1 min and further by 20 mV in
anodic direction in 14 min. The potential changes by about 37 mV in
cathodic direction within 1 min and further by 5 mV in anodic direction
in 14 min for n-Si(111) with resistivity of 2.5-5 Qcm in 0.01 M H,SO,
with 5 mM 4-bromobenzenediazonium tetrafluoroborate. The strong
change in potential of Si in H,SO, solution can be attributed to a reaction

_0.05 001MHSO, |AuwirelA) 0.01MH,s0,

with 5 mM diazonium salt
000 ] H =

0.01MH,S0, | p-Si(11 1j|(B) 0.01 M H,SO,

1t with 5 mM diazonium salt
~~
>
A
7 I
0

0.01 MH,SO, n_Si(1 1 1) (C) 0.01 MH,SO,
-1 with 5 mM diazonium salt

o] I I
0.1 1 15 0.1 1 15

Storage time in solution (min)

Figure 3.9 : The open circuit potential for Au (A), p-Si(111) (B)
and n-Si(111) (C) in 0.01 M H,SO, with and without 5 mM
diazonium salt solution as a function of sample time in solution.
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of species at the surface. The potential change is less pronounced for Si
m 001 M H,SO, with 5 mM 4-bromobenzenediazonium
tetrafluoroborate. The behavior can be explained by adsorption of
benzene species at the Si surface within 1 min after insertion of the
sample into the solution and inhibition of further reactions on the surface
(i.e. oxidation). The difference in U for p-Si(111) after 1 min in 0.01M
H,SO, solution with and without 5 mM 4-bromobenzenediazonium
tetrafluoroborate is very small (= 6 mV) and will not be taken in
consideration for the measured changes in Upy which are typically in the
range between 50-100 mV. Whereas a change of 277 mV in anodic
direction direct after addition of 5 mM diazonium salt to solution can not
be neglected.

All electrochemical potentials in this work are quoted vs. Au in 0.01 M
H,SO,.

3.2 Electrochemical deposition of benzene compounds

3.2.1 The standard method

An electrochemical potential with no adsorption of species to be
deposited is chosen as starting point for the deposition process. The
electrochemical potential 1s changed in small steps towards the
adsorption potential of the species. Adsorption with charge transfer is
seen in a current-potential diagram, as plotted in figure 3.10. There is a
current peak at a cathodic potential of - 250 mV (A) for gold in 0.01 M
H,SO, with 5 mM 4-bromobenzenediazonium tetrafluoroborate. The
diazonium 1ons are adsorbed on the gold electrode and are reduced to
bromobenzene at this potential. Furthermore, the bromobenzene
compound is reduced at cathodic potentials higher than - 1.3 V and the
bromide ion is solved in the electrolyte. A high current density is
reached. At much more cathodic potentials, hydrogen evolution occurs
due to reduction of hydronium ions in solution (C). The deposited
benzene layer leads to a strong decrease of the current during the reverse
potential scan (D). A high current in a second potential cycle is only
reached at potentials higher than in the first cycle. The thick benzene
layer inhibits a charge transfer from the Si sample to solution.

Figure 3.11 shows a current-potential diagram (top) for a p-Si(111)
sample with 45 Qcm in 00IM H,SO, with 5 mM 4-
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bromobenzenediazonium tetrafluoroborate. The scan rate (rate of the
change in electrochemical potential) was 10 mV s™'. The potential scan
was started just after insertion of the sample into solution. There is a
continuous increase of current density with increasing cathodic potential
until - 1.3 V is reached. The current density decreases around - 1.4 V
due to the inhibition of the charge transfer from Si to solution by
formation of a benzene layer. The deposition of the benzene layer is also
reflected in the photovoltage measurement (see figure 3.11 bottom). Upy
increases with increasing cathodic potential. There 1s a strong decrease
in Upy during formation of the 4-bromobenzene layer. The slope of
changes in Upy during further changes in the electrochemical potential is
smaller after deposition of the 4-bromobenzene layer, as already shown
in figure 3.6. For cathodic potentials higher than - 1.4 V, the current
density increases due to reduction of the bromobenzene species and
hydrogen evolution. The current density is below the value during the
potential scan in cathodic direction. The current-potential curve is a
superposition of the time and potential dependence of the current
density. There is a great disadvantage of this standard scanning method :
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Figure 3.10 : Current-potential diagram of a gold plate in 0.01 M
H,SO,4 with 5 mM 4-bromobenzenediazonium tetrafluoroborate.
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the reduction potential of diazonium ions in solution is about — 250 mV
and the oxidation of p-Si(111) in 0.01 M H,SO, occurs at a potential
positive to — 722 mV. To avoid oxidation, one has to start the potential
scan at more cathodic potentials than — 730 mV but reduction of the
diazonium 1ons still occur at this potential. So far, another method for
the deposition of benzene compounds from diazonium salt solutions is
necessary and is described in the next paragraph.
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Figure 3.11 : Current- and photovoltage-electrochemical potential
diagram for a p-Si(111) sample with 4.5 Qcm in 0.01M H,SO,4 with
5 mM 4-bromobenzenediazonium tetrafluoroborate.

3.2.2 Advanced injection method

A special injection method was developed to realize the deposition of
benzene compounds electrochemically from aqueous diazonium salt
solutions on oxide free p-Si(111).

The H-terminated p-Si(111) sample is immersed into 0.01 M H,SO, at
a potential of - 1.2 V (much enough cathodic to avoid oxide formation).
After 1 min pre-polarization of the sample in solution, 10 mM of the
diazonium compound solved in 0.01 M H,SO; is injected into the same
amount of 0.01 M H,SO, in which the sample is immersed. The overall



64 Chapter 3

concentration of the diazonium salt after injection in the 0.01 M H,SO,
electrolyte is 5 mM. The applied potential of — 1.2 V leads to an
immediate reduction of the diazonium salt at the p-Si(111) surface, but
no reduction of for example the bromine group of 4-bromobenzene
occurs. Figure 3.12 shows the time dependence of the current density
during the electrochemical deposition of 4-bromobenzene on H-
terminated p-Si(111) at — 1.2 V in 0.1 M (dotted line) and at - 0.93 V
(open circuit potential) in 0.01 M (solid line) H,SO,. Addition of 10 mM
4-bromobenzenediazonium tetrafluoroborate (final concentration 5 mM)
is marked by the arrows. The potential is scanned between — 1.2 V
and -2.4 Vvs. Auin 0.1 M H,SO, and between - 0.93 V and - 2.1 V vs.
Auin 0.01 M H,SO, after 200 s insertion of the sample into solution.

/L

7/
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< | = V.
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Figure 3.12 : Time dependence of the current density during the
electrochemical deposition of 4-bromobenzene on H-terminated p-
Si(111) at = 1.2 V in 0.1 M (dotted line) and at - 0.93 V (open
circuit potential) in 0.01 M (solid line) H,SO,4. Addition of 10 mM 4-
bromobenzenediazonium tetrafluoroborate (final concentration
5 mM) is marked by the arrows. The potential is scanned between
-12Vand -24 V in 0.1 M H,SO, and between - 0.93 V and
-2.1Vin 0.01 M H,SO, after 200 s insertion of the sample into
solution.



Chapter 3 65

There is a current density of about - 0.4 A cm™ for p-Si(111) in 0.1 M
H,SO,4 at — 1.2 V due to hydrogen evolution (dotted line in figure 3.12).
At addition of diazonium salt to the solution, the current density
increases suddenly to a value of about 2.5 pA c¢m™. Diazonium ions are
reduced and 4-bromobenzene radicals are formed which graft onto the Si
surface. The current density decreases as the number of adsorption sites
at the Si surface decreases. The area of active Si surface sites for
adsorption of 4-bromobenzene Arcan be expressed by

Af = Texp(—kcot) (37)

with the whole probe surface A,, the adsorption reaction coefficient Kk,
the concentration of adsorbing species in solution cyand the time t 182, A
factor of Y2 is introduced into the formula, because adsorption of
benzene molecules on Si(111) takes place in form of a (2x1) structure 8.
The measured current is a superposition of the current from hydrogen
evolution on organic free Si sites and the reduction of the adsorbing
diazonium ions. There is one term in the equation of the current (term 1
in equation 3.8) with fixed surface area due to adsorption sites in
between the (2x1) benzene compound adsorption sites, which are not
available to benzene compound adsorption. A second term arises from
the hydrogen evolution and reduction of diazonium ions on the surface
area Ar (active Si adsorption sites not yet covered with benzene
compound molecules). The equation for the measured current is

|—ilo +Af(joH+jred) (3.8).

From equation (3.7) and (3.8) an exponentially decaying current density
of the form

- d
e+
= + exp(—kc,t
J A 2 2 p(—kc,t) (3.9)
is derived. A comparison of the derived equation with the experimental
current time curves 1s given in chapter 5.
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Figure 3.12 shows an increase of the current density at high cathodic
potentials and a decreasing current density during cycling to the initial
value of the electrochemical potential (solid lines after 200 s). The
current density decreases after a potential cycle. A thicker benzene layer
is deposited and the electron transfer from Si to solution is partially
inhibited. The inhibition is more pronounced for deposition from 0.01 M
H,SO,, even with a smaller initial potential of — 0.93 V compared to
- 1.2 V for the deposition from 0.1 M H,SO,. The current density after
addition of the diazonium ions to solution is higher for deposition from
0.01 M H,SO, solution at — 0.93 V (- 11 pA cm™) than for deposition
from 0.1 M H,SO, solution at — 1.2 V (- 2.5 pA cm™). This can be
explained by a competition between hydrogen evolution and the
deposition of benzene compounds. An increase of the concentration of
H;0" ions by one order of magnitude (0.1 M H,SO, vs. 0.01 M H,SOy)
increases the hydrogen evolution, and adsorbed H;O' ions block
adsorption sites of diazonium ions. Therefore, less amount of diazonium
ions 1s reduced in the same time interval and less radicals are formed
which can graft to the surface. The rate of the formation of the benzene
layer decreases. For this reason, a concentration of 0.01 M of H,SO, is
preferred to use for the deposition of benzene compounds. A smaller
concentration of H,SO, than 0.01 M is equivalent to a lower
conductivity of the solution and is not practical for the deposition
process.

3.2.3 The experimental set-up for in-situ measurements

Figure 3.13 shows the experimental set-up for simultaneous in situ
measurements of current-potential or current-time, PL and PV. An
electrochemical cell made from Teflon” is used for the experiments. The
sample 1s mounted on a metal plate and contacted by InGa eutectic
(oxide 1s etched back by a droplet of 5% HF before the InGa paste is
applied to the sample). The electrochemical cell is on top of the mounted
sample and sealed by an Viton®” ring with the sample. The Teflon” and
sample are pressed on a metal plate. The cell is open on top and solution
can be filled in and out. The three electrodes (RE, CE and PV-electrode)
are fixed at the edge of the electrochemical cell and immersed into the
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Figure 3.13 shows the experimental set-up for a simultaneous in
situ measurement of current-potential or current-time, PL and PV.

solution. Gold wires are used as RE and PV-electrode. A gold plate
served as CE. RE, CE and the sample are connected to the potentiostat.
A standard potentiostat (JAISSLE Potentiostat-Galvanostat IMP 88 PC)
and a scan generator (PRODIS1/161) are used for electrochemical
experiments. The PV and RE electrodes are placed near the sample, to
reduce the voltage drop across the electrolyte. The PV-electrode is
contacted via an amplifier which works as impedance converter (input
impedance 5 GQ) to an oscillograph HP54510A. The sample is
contacted to the ground of the oscillograph (also ground of potentiostat).
A laser diode (wavelength 902 nm, pulse duration 100 ns and power 150
W) is used for PV measurements. The laser diode triggers the
oscillograph for the PV measurement. Lenses and a mirror focus the
laser beam on the sample in an angle of nearly 90° to the surface to get a
homogenous irradiation of the sample surface. For most experiments, the
sample surface in contact to solution is 0.264 cm’. The incident light
intensity 1s adjustable by linear grey filters with an extinction of factor
10. Measurements of the laser beam intensity are done with a Pyrometer
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PEM100 from LTB. The use of different laser beam intensities is
necessary to determine flat band condition. The intensity is adjusted to a
value where an increase in intensity does not change the photovoltage.
The PL measurements are performed in the time integrating mode using
an InGaAs detector. The integration time is 100 ps. The signal is
recorded by an oscillograph HP54510A. Single pulses of a nitrogen laser
(GL-3300) pumped dye laser (GL-301), supplied by PTi Photon
Technology International, are used for light excitation. The laser pulse
duration time is 0.5 ns, the intensity is 1 mJ cm™ and the wavelength is
500 nm. The light adsorption of the benzene compounds used sets in at
around 410 nm 183, A wavelength of 500 nm of the laser pulse ensures
that no light adsorption and excitation of the organic compounds occur.
The light of the laser pulse is absorbed near the Si surface within a layer
of about ~ 1 um thickness what is much smaller than the diffusion length
of the excess carriers. A monochromator (Carl Zeiss Jena) is mounted in
front of the detector. The monochromator ensures a detection of the PL
intensity from the sample (1.12 eV in crystalline Si) without detection of
light from the laser or the surrounding. A lens in front of the
monochromator focuses the PL light from the sample surface to the
entrance slit of the monochromator. Measurements of the PL and the PV
at different amounts of solution in the electrochemical cell give the same
value of PL and PV, so that the volume of the electrolyte is not crucial in
this case.

3.2.4 Sample pre-treatment and solutions

The samples (Si(111) wafers) and components of the experimental set-
up in contact with solution are pre-cleaned by a standard procedure. It
has to be pointed out, that small amounts of impurities in solution
influence the grafting process strongly. Solutions free of impurities
ensure a good reproducibility of experiments.

The water for the solutions and the cleaning process is purified by a
Membrapure® system. Its grade is equal to Milli-Q water.

For deposition of benzene species on Si, benzenediazonium salts (table
3.1) are solved in 0.01 M or 0.1 M H,SOy solution. The 0.01 M or 0.1 M
H,SO, solution is made from 97 % sulphuric acid (Aldrich®) with grade
Selectipure® (VLSI grade).The diazonium salts are bought with a grade
as specified by Aldrich®. They are stored below 4°C. Solutions of
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diazonium salts are always freshly prepared just before the experiment
started. Solutions altered for days show a yellow colour due to
polymerisation reactions of spontaneous formed radicals at room
temperature.

All solutions are bubbled with nitrogen (grad 5.0) at least for 20 min, to
get rid of oxygen in the solution. The Si samples are cleaned in an
ultrasonic bath of acetone for at least 20 min before use. The acetone is
supplied by Aldrich® with grad pro analysi. Samples covered with
thermal oxide are etched in 5 % HF (for example a 100 nm thick oxide
layer is etched off the Si surface in about 12 min at room temperature).
The HF is supplied by Aldrich® with grad Selectipure® (VLSI grade).
After rinsing with water, samples are oxidized in Caro’s acid. Caro’s
acid (persulfuric acid) is made from sulphuric acid and hydrogen
peroxide at a ratio of 1:1. The hydrogen peroxide of concentration 35 %
is bought from Aldrich® with grade Selectipure® (VLSI grade). Caro’s
acid i1s always freshly prepared to ensure the self sustained temperature
of 80°C. This ensures a high reactivity in the cleaning process and
during oxidation of the silicon samples. After oxidation, the samples are
rinsed and stored in water.

The atomically rough H-terminated Si(111) samples are prepared by a
dipping of the oxidized sample into 5 % HF until the surface is
hydrophobic (less than 1 min). Atomic force microscopy (AFM) images
show a surface with an altitude in the range of some A 184,

The atomically flat H-terminated Si(111) samples are prepared by
etching the oxidized sample in 40 % NH,F solution for about 4 to 7 min.
The 40 % NH,F solution is supplied by Aldrich® with grad Selectipure”
(VLSI grade). The exact time of etching in the 40 % NH4F solution
depends on the sample, the solution and the temperature. The 40 %
NH,4F etching was performed at room temperature. The time for etching
a atomically flat H-terminated Si(111) surface with a low density of non-
radiative active defects on the surface is measured by PL. Figure 3.14
shows the time dependence of the PL intensity during the etching of a
native oxide layer on p-Si(111) in 40 % NH4F and during the exchange
of the H-terminated sample from 40 % NH4F to 0.01 M H,SO, after the
change of the electrochemical potential from open circuit to — 1.2 V.
There is an increase of the PL intensity by about 2 orders of magnitude
after 120 s of addition of 40 % NH4F. The oxide layer is etched back and
the NH4F solution reaches the Si surface atoms. Etching in 40 % NH4F
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Diazonium salt

Structure

1 |4-bromobenzenediazonium

N,* BF,
tetrafluoroborate
BI'C6H4N2BF4
Br
2 | 4-clorobenzenediazonium N,* PFg
hexafluorophosphate
CICcH4N,PF
C
3 |4-nitrobenzenediazonium N, BF,”

tetrafluoroborate
NO,C¢H4N,BF,
NO,
4 | 4-methoxybenzenediazonium N,* BF,
tetrafluoroborate
CH;OC4H4N,BF,
OCH,
5 |3,5-dichlorobenzenediazonium . )
N,* BF,
tetrafluoroborate
C12C6H4N2BF4

O

C Cl

6 |4-diazo-N,N-diethylaniline

tetrafluoroborate
(CH3),NC¢H4N,BF,

N,* BF,

s

- N
CH,CH, CH,CH,

7 | 4-(4-methoxyphenylamino)benzene-

diazonium hydrogensulfate
CH;0C¢H4NHC4H4N,HSO,4

CH, OQNH N,*
H,S0,

8 |4-(propylamino)benzenediazonium

chloride, zinc chloride
CH3CH2CH2NHC6H4N2C1 Ean

CH, CH, CH,NH D N,
Cr

ZnCl,

Table 3.1: Diazonium salts used in this work.
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leads to the formation of hydrogen terminated (111) surface terraces
with up to some hundreds of nm width (see AFM images 84). The non-
radiative active defect density is on the order of 10" cm™. Etching for
longer times than 250 s leads to a small decrease in the PL intensity. Pits
are etched into the Si surface and dangling bonds at the edges act as non-
radiative active defects and quench the PL intensity. The PL intensity
does not change during the change of the electrochemical potential from
open circuit to — 1.2 V. There is only a small change of the PL intensity
during the exchange of the 40 % NH,F solution by 0.01 M H,SO,4. No
oxide is formed at the Si surface at this cathodic potential. Oxide in
backbonds of Si acts as non-radiative defect and lead to a strong
quenching of the PL intensity.
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Figure 3.14 : Time dependence of the PL intensity during the
etching of a native oxide layer on p-Si(111) in 40 % NH4F and
during the exchange of the H-terminated sample from 40 % NH4F
to 0.01 M H,SO, after the change of the electrochemical potential
from open circuitto — 1.2 V.
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3.2.5 Additional techniques for surface characterization

Investigations of the structure and the morphology of Si(111) covered
with grafted benzene compounds have been carried out by use of
different techniques.

The Near Edge X-ray absorption fine structure (NEXAFS 185) spectra
are recorded at the beam line of the Berliner Electronenspeicherring-
Gesellschaft fiir Synchrotronstrahlung mbH (Bessy II). The samples are
transferred to an entry load lock at the SIFES experimental station at
PM1. Pumping of the load lock and preparation chamber produced a
vacuum of 5-10"°, and after transfer of the sample to the preparation
chamber partial yield NEXAFS is performed by a Specs PHOIBOS 150
analyser.

The beam line produces monochromatic X-rays. The X-rays pass
through the sample and can excite electrons from core levels of the
sample material. The amount of absorption with increasing X-ray energy
is measured. The absorption increases strongly when an energy level of
an electron core level of atoms in the material is reached and decreases
slowly due to excitation of electrons from the core level to higher levels
(energy distance between levels decreases with increasing distance of
electrons from the nuclei and becomes a continuum at the ionisation
energy). The weak decrease of the absorption with increasing energy
depends on the chemical environment of the atoms in the material due to
screening of core electrons by valence electrons. A fine structure is
measured within 40 eV at the absorption edge. The fine structure
depends on the chemical composition, bond distances and bond angles
of atoms within the sample. Especially 1 and 6 bonds of different
elements can be distinguished in NEXAFS spectra.

Some thermal desorption spectra (TDS) are recorded at a set-up of H.
Heise at the HMI 186, The sample is stored and heated in an evaporated
quartz tube. A thermal sensor records the temperature of the sample. The
desorbing species are analysed by a quadruple mass spectrometer
(Prisma supplied by Balzers) and a molecular pump system removes the
particles from the chamber. The desorption of Ions of mass number
between 1 and 100 can be recorded as a function of sample temperature
with this system. The TDS gives information about the stability and the
binding energy of the adsorbed species on the surface.

Scanning electron microscope (SEM) images, shown in chapter 4, are
obtained by a SEM S-4100 HITACHI with a cold field-emission-
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cathode at the Hahn-Meitner-Institut in Berlin. An electron beam is
scanned across the sample and secondary electrons from the sample are
emitted which are detected to get an topographical image of the sample
surface. The information depth is in the range of nm due to re-absorption
of secondary electrons in the bulk material. The energy of the primary
electron beam can be continuously varied between 0 and 30 keV and the
resolution is up to 1.5 nm.

For the transmission electron microscope (TEM) image, a thin layer of
the sample cross-section with thickness in the range of 100 nm is
prepared at the Fritz-Haber-Insitut Berlin. The image is recorded at a
200 kV TEM CM20FEG supplied by Philips (resolution 0.23 nm) at the
TU-Chemnitz, Physics Department. An electron beam with energy
between 0 and 200 keV 1is scanned across the sample surface and passes
through the sample. The intensity of the electron beam after passing
through the sample is measured. Elastic and inelastic scattering of the
electrons with atoms in the sample lead to a decrease of the initial
electron beam intensity. The decrease depends for example on the
thickness, the density of the sample and on inhomogeneities within the
sample. Due to interference effects and due to the high energy of the
electrons (high resolution), even crystal lattice parameters and small
imperfections are seen in TEM images.

The high resolution electron energy loss spectroscopy (HREELS)
images are recorded by a PEELS GATANG666 spectrometer at the TEM.
The spectrometer measures the energy of the electrons scattered at the
sample surface. A measured topographical image reflects the intensity at
a fixed energy, i1.e. the absorption edge of an element. The images,
shown in chapter 4, are obtained by a subtraction of the image at energy
before the edge of the element and at the edge of the element.

A detailed description of SEM and TEM are found in 87 and a
description of HREELS is found in 188,
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4 Electrochemical deposition of benzene compounds
on Si(111) surfaces

In this chapter, the time dependent current is shown during the
electrochemical deposition of 4-nitrobenzene on different p-Si(111)
surfaces (pre-treated in NH4F, HF and chemically oxidized). There are
two phases during the deposition on NH4F pre-treated p-Si(111), one
limited by the decrease of adsorption sites on the Si(111) surface
(phase 1) and a second limited by diffusion (phase 2). On HF pre-treated
surfaces only phase 1 is present and no phase 1 and 2 are present on
surfaces covered with chemical oxide.

A comparison of the deposition of different benzene compounds on
NH,F pre-treated Si(111) surfaces leads to different categories of
compounds. The category one and two show a self limited current during
longer times of deposition. The category three shows no self limited
current during longer times of deposition. The category four shows a
time dependent current during deposition other than expected for the
benzene compound itself.

The deposition of thicker organic layers on Si(111) surfaces shows
agglomeration at imperfections during the electrochemical deposition
process. The structure of the interface Si(111) / organic layer is
preserved during deposition. The growth of thick organic layers is due to
a polymerisation reaction. The formed organic layers are stable up to a
temperature of 180°C. The deposition of benzene compounds at
increased cathodic potentials can result in a chemical reduction of the
benzene species.

4.1 Time dependent current during the electrochemical
deposition of benzene compounds on Si(111) surfaces

4.1.1 Deposition of 4-nitrobenzene on different kinds of Si(111)
surfaces

Figure 4.1 shows the time dependent current density during the
electrochemical deposition of 4-nitrobenzene on different p-Si(111)
surfaces (pre-treated in NH4F, HF and chemically oxidized , a-c,
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respectively) at -1.2 V vs. Au in 0.01 M H,SO,. Addition of 5 mM
4-nitrobenzenediazonium tetrafluoroborate after 10 s of cathodic pre-
polarization of the Si sample. The Si surfaces pre-treated with NH4F
solution are atomically flat while the HF pre-treated surfaces and the
surfaces covered with chemical oxide are atomically rough. The Si
samples are held at a fixed cathodic potential in acidic solution. The
cathodic current is similar for all surfaces before the diazonium salt

solution is added and amounts to about 2 pA cm™.
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Addition of 5 mM 4-nitrobenzenediazonium tetrafluoroborate at
10 s (time after insertion of the sample into solution).
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The current decreases rapidly within the first 20 s after addition of
diazonium salt solution for the atomically flat hydrogenated Si(111)
surface (figure 4.1). At longer times, the current decreases much slower
to values which are significant below the initial value in the acidic
solution. This points to a higher limitation of charge transfer across the
Si(111) / organic layer interface with respect to the hydrogenated Si
surface.

The current decreases strongly within 20 s and tends to level out at
longer times for the atomically rough hydrogenated Si(111) surface. In
contrast to the atomically flat hydrogenated S(111) surface, the current
does not decrease below the initial value in acidic solution.

The current stays at a high value and decreases only very slowly after
addition of the diazonium salt solution for the chemically oxidized
Si(111) surface. As a remark, a thick brownish organic layer is deposited
on the chemically oxidized Si(111) surface after 1000 s. This is not the
case for hydrogenated Si(111) surfaces.

The time dependent current density of the flat hydrogenated Si(111)
surface can be separated into two phases (fast decrease for phase 1 and
slow decrease for phase 2 at longer times, see figure 4.1) during
deposition of 4-nitrobenzene. Phase 1 also appears for 4-nitrobenzene
deposition on atomically rough hydrogenated Si(111) surfaces, while
phase two 1s absent (table 4.1). Both phases are absent for 4-
nitrobenzene deposition on Si(111) surfaces covered with a chemical
oxide. These observations are summarized in table 4.1. It will be shown
in section 4.2 that phase 1 and 2 are related to adsorption site and
diffusion limited current density, respectively.

The charge transfer across hydrogenated Si(111) surfaces decreases
during the electrochemical deposition of a 4-nitrobenzene layer. This
behavior is due to an exchange of Si-H surface bonds during the
electrochemical grafting process. A dense monolayer of 4-nitrobenzene
is formed on the Si(111) surface 18. The electron transfer from the
Si(111) surface to solution is blocked by the dense monolayer of 4-
nitrobenzene. A similar effect was observed by Abstreiter et al 84 for
grafted organic monolayers of octadecylthiol on GaAs.
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surface (pre-treatment) phase 1 phase 2

flat hydrogenated Si(111) surface yes yes
(NH4F pre-treated)

rough hydrogenated Si(111) surface yes no
(HF pre-treated)

chemically oxidized no no

Table 4.1 : Presence of the phases 1 and 2 during the deposition
of 4-nitrobenzene on differently pre-treated Si(111) surfaces.

blocking of electron transfer electron transfer

/\
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Figure 4.2 : Schematic view of a flat Si(111) surface with
perpendicularly grafted benzene molecules (a) and with non-
grafted benzene and phenyl compounds which are deposited flat
on the Si surface (b). The black solid circles denote the group of
the benzene compound (for example nitro-, bromo-, chloro-,
dichloro- ...) The arrow marks the possible electron transfer.

The electron transfer across chemically oxidized Si(111) surfaces is not
limited by the growth of an organic monolayer. This can be explained by
an electron transfer via the m-electron system (see chapter 1) of the
benzene ring which lies parallel to the Si surface (see also figure 4.2).
For ideally flat hydrogenated Si(111) surfaces, the grafted benzene
molecules are directed perpendicular to the surface and the charge
transfer is inhibited. An intrinsic disorder is implemented in the dense
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grafted 4-nitrobenzene monolayer for rough hydrogenated Si(111)
surfaces and therefore, the electron transfer across the Si(111) surface is
not limited during the electrochemical deposition process. As a remark,
leakage currents are possible through grafted benzene layers at NH,F
pre-treated Si(111) surfaces due to disorder induced by defects.

All of the following experiments are carried out at NH,F pre-treated
Si(111) surfaces, to have a well oriented organic monolayer on the
Si(111) surface.

4.1.2 Deposition of different benzene compounds on flat
hydrogenated Si(111) surfaces

Figure 4.3 shows the time dependence of the current density during the
electrochemical deposition of 4-nitrobenzene (top) and 4-
methoxybenzene (bottom) on NH4F pre-treated p-Si(111) at -1.2 V wvs.
Au in 0.01 M H,SO,. Addition of the diazonium salt solution after 10 s
of cathodic pre-polarization of the Si sample. The currents are
normalized to the value of the current before the beginning of the
deposition process in 0.01 M H,SO, for better comparison of the change
in current.

Both benzene compounds show a similar time dependence of the
current during electrochemical grafting. Therefore, 4-nitrobenzene and
4-methoxybenzene belong to one class of grafting processes which is
characterized by the presents of phase 1 and 2.

The time dependence of the normalized current density during the
electrochemical  deposition of  4-bromobenzene (top) and
3,5-dichlorobenzene (bottom) on NH4F pre-treated p-Si(111) at -1.2 V
vs. Au in 0.01 M H,SO, is plotted in figure 4.4. Addition of the
diazonium salt solution after 10 s of cathodic pre-polarization of the Si
sample. The currents are normalized to the value of the current before
the beginning of the deposition process in 0.01 M H,SO,.

Both benzene compounds show a similar time dependence of the
current during electrochemical grafting. The phases 1 and 2 are present.
However, an intermediate time region exists for the electrochemical
grafting process during which the current density decreases also strongly
(phase 3). The current density decreases slower during phase 3 than
during phase 1.
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Figure 4.3 : Time dependence of the current density during the
deposition of 4-nitrobenzene (top)
methoxybenzene (bottom) on NH4F pre-treated p-Si(111) at -1.2 V
vs. Au in 0.01 M H,SO,. Insertion of the diazonium salt solution is

electrochemical

marked by the arrows at 10 s.

Figure 4.5 shows the time dependence of the normalized current
density during the electrochemical deposition of N,N-diethylamino-
benzene (top) and 4-(4-methoxyphenylamino)benzene (bottom) on
NH,F pre-treated p-Si(111) at -1.2 V vs. Au in 0.01 M H,SO,. Addition
of the diazonium salt solution after 10 s of cathodic pre-polarization of
the Si sample. The currents are normalized to the value of the current
before the beginning of the deposition process in 0.01 M H,SO,. Both

current densities level out at longer times (phase 2 is absent).

The six benzene compounds described in this section can be separated
into 3 classes with respect to the appearance or disappearance of the
phases 1,2 and 3. The first class, represented by 4-nitrobenzene and
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4-methoxybenzene, is characterized by the appearance of phases 1 and 2.
These molecules are very similar in their shape and size and the dipole
moment of the radical is relatively high (2.8 and 2.0 Debye,
respectively).

4-bromobenzene and 3,5-dichlorobenzene belong to the second class
for which all three phases in the current time behavior appear. In
difference to the first class, the radicals of these benzene compounds are
very small (0.5 and 0.4 Debye, respectively).

in 0.01 M H,SO,
10 u=-12Vv N,* BF,”

i,

N,* BF,

Figure 4.4 : Time dependence of the normalized current density
during the electrochemical deposition of 4-bromobenzene (top)
and 3,5-dichlorobenzene (bottom) on NH4F pre-treated p-Si(111)
at -1.2 V vs. Au in 0.01 M H,SO,. Addition of the diazonium salt
solution at 10 s is marked by the arrows.
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Figure 4.5 : Time dependence of the normalized current density
during the electrochemical deposition of N,N-diethylaminobenzene
(top) and 4-(4-methoxyphenylamino)benzene (bottom) on NH4F
pre-treated p-Si(111) at -1.2 V vs. Au in 0.01 M H,SO,. Addition of
the diazonium salt solution at 10 s is marked by the arrows.
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The phases 2 and 3 did not appear during electrochemical grafting of
benzene compounds of the third class, where the size of the molecules is
much larger than of classes one and two. As a remark, the dipole
moment of 4-propylaminobenzene and N,N-diethylaminobenzene (both
about 3.2 Debye) is even larger than the dipole moment of the radicals of
class 1 molecules. Therefore, the value of the dipole moment is not
important for the appearance of phases 1 and 2.
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4.1.3 The role of chlorine and ZnCl, during the electrochemical
deposition

Differences are expected for the electronic properties during the
electrochemical grafting process with both, chlorine or ZnCl, present,
since chlorine is able to exchange Si-H bonds and to form Si-Cl bonds
and Zn metal deposition can take place. The optimal potential for the
electrochemical grafting of 4-nitrobenzene is — 1.2 V. This potential is
sufficient to reduce 4-chlorobenzene compounds and to deposit zinc
compounds. An example for the time dependence of the current (black

in 0.01 M H,SO,
10 - Uu=-12V N2+ PFG'
. .\—- Cl
1h-e-ee
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Figure 4.6 : Time dependence of the normalized current density
during the electrochemical deposition of 4-chlorobenzene (top)
and 4-propylaminobenzene (bottom) on NH4F pre-treated p-
Si(111) at -1.2 V vs. Au in 0.01 M H,SO,.The dependence for
ZnCl, is shown for comparison. Insertion of the diazonium salt
solution is marked by the arrows at 10 s.
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circles) during the electrochemical deposition of 4-chlorobenzene (top)
and 4-propylaminobenzene (bottom) on NH4F pre-treated p-Si(111) at
-1.2 Vvs. Auin 0.01 M H,SO, is shown in figure 4.6. In addition, the
current time behavior during cathodic polarization of p-Si(111) in 5 mM
ZnCl, solution is plotted in the bottom part of figure 4.6 (dotted line).
Addition of the diazonium salt or ZnCl, solution after 10 s of cathodic
pre-polarization of the Si sample. The currents are normalized to the
value of the current before the beginning of the deposition process in
0.01 M H,SO,.

The shape of the time dependence of the current during the
electrochemical deposition of 4-chlorobenzene is similar to that of
4-(4-methoxyphenylamino)benzene which shows phases 1 and 3. The
current does not decrease significantly for long times when ZnCl, is
present in solution. As a remark, zinc compounds like Zn(OH), are
deposited mostly in these cases.

4.2 Adsorption site and diffusion limited electrochemical
deposition

4.2.1 Adsorption site limited deposition of benzene compounds on
flat hydrogenated Si(111) surfaces

In this section, phase 1 is analysed in more detail. Phase 1 of the
electrochemical deposition process of benzene compounds on
hydrogenated Si(111) surface is present for any benzene compound.
Furthermore, phase 1 is always much faster than phase 2 and 3.
Therefore, phase one should be directly related to the grafting process.

The grafting process (exchange of Si-H by Si-C bonds) starts with the
surface covered completely by Si-H bonds. The number of available
Si-H surface sites for grafting (adsorption sites) is decreasing with the
ongoing grafting process. It is well known that such process (adsorption
site limitation) can be described by an exponential law.

Figure 4.7 shows the time dependent difference between the offset
current density and the current density during the electrochemical
deposition of 4-nitrobenzene on NH4F and HF pre-treated p-Si(111) at
-1.2 Vvs. Auin 0.01 M H,SOy, in a logarithmic plot. Addition of 5 mM
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4-nitrobenzenediazonium tetrafluoroborate at 10 s (time after insertion
of the sample into solution).

The current density is a sum of the current of the grafting process
(radical formation) and additional processes of charge transfer (offset
current density). In these sense, the current 1, and i; characterize the
additional charge transfer processes. The current iy is the current before
deposition of benzene compounds in acidic solution and the current i; is
the current at the end of phase 1 of the deposition process. The value of
1o 1s practically the same for atomically rough and flat hydrogenated
Si(111) surfaces (i = 2.5 pA cm™).

10"k p-Si(111)
= 0.01 M H,SO,
— \ -1.23V
1 \
oA
5ol T
é 107 A pre-treated with
£ « A —o— NHF
~ VoA —A— HF
0 ;
o0tk | °
0 50 100

Time (s)

Figure 4.7 : Time dependent difference between the offset current
density and the current density during the electrochemical
deposition of 4-nitrobenzene on NH4F and HF pre-treated
p-Si(111) at -1.2 V vs. Au in 0.01 M H,SO,. Addition of 5 mM
4-nitrobenzenediazonium tetrafluoroborate at 10 s (time after
insertion of the sample into solution).

For the NH4F pre-treated Si(111) surface, the time dependent value of
i-1; can be described by an exponential decay with 1, = 5 s. The same
time constant appears also for the HF pre-treated Si(111) surface. An
additional exponential decay with a time constant of 50 s can be seen for
the HF pre-treated Si(111) surface. The existence of two time constants
points to the presents of two distinguishable adsorption sites for the
grafting of benzene radicals at the rough hydrogenated Si(111) surface.
The second time constant (50 s) can be related, for example, to the
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grafting at Si=H, surface bonds. However, the detailed reaction
mechanisms are unknown and values of reaction rate constants can not
be given on the base of the given experimental results. The time
dependent current i-i; (i3 is the offset current for phase 3) decays also
exponentially. Table 4.2 compares the time constants t; (phase 1) and t;
(phase 3) for the investigated benzene compounds during grafting at
atomically flat hydrogenated Si(111) surfaces. The time constant T,
ranges between 4 and 8 s, excepting 4-chlorobenzene and the benzene
compound containing a ZnCl,. There is no correlation between t; and
the values of the dipole moments (benzene ion, radical and molecule)
and their ratios. With respect to the accuracy of the determination of the
concentration of diazonium salt solution, the time constant t; i1s
independent of the compound for electrochemical grafting of benzene
compounds in 5 mM diazonium salt solutions. As a remark, variations in
concentration are inevitable because the diazonium salts could not be
dried before the experiments were carried out.

compound T4(s) T3 (s)
nitrobenzene 5 -
methoxybenzene 5 -
bromobenzene 8 125
dichlorobenzene 4 150
diethylaniline 5 -
4-methoxyphenyl 8 -
aminobenzene

chlorobenzene <3 33
propylaminobenzene - -
with ZnCl,

Table 4.2 : Values of the determined time constants obtained for
adsorption site limited deposition of different benzene compounds
on Si(111) surfaces.
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4.2.2 Diffusion limited deposition

Phase 2 is analysed in more detail in this section.
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Figure 4.8 : Time dependence of the current density during the
electrochemical deposition of 4-nitrobenzene on a NH4F pre-
treated p-Si(111) surface at -1.2 V vs. Au in 0.01 M H,SO,.
Addition of 5 mM 4-nitrobenzenediazonium tetrafluoroborate at
10 s (time after insertion of the sample into solution). The solid line
shows a fit with respect to the diffusion limitation.

Phase 2 characterizes the slowest decrease of the current density during
the electrochemical grafting of the benzene compounds (in the case
when the time dependent current does not level out). The decrease of the
current density during phase 2 can not be described by an exponential
law.

The best fits of phase 2 were obtained by using a potential law with an
exponent of —1/2 (i ~ A-t'2, A is the fit constant). Such time dependent
behavior is typical for diffusion limited deposition, where the
consumption of the species takes place at the interface and is much faster
than the support from the electrolyte. By this way, the depletion layer of
the reacting species increases with time near the interface at the
electrolyte side.

Figure 4.8 shows the time dependent current density during the
electrochemical deposition of 4-nitrobenzene on a NH4F pre-treated
p-Si(111) surface at -1.2 V vs. Au in 0.01 M H,SO,. Addition of 5 mM
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4-nitrobenzenediazonium tetrafluoroborate at 10 s (time after insertion

of the sample into solution). The solid line shows a fit with respect to the

diffusion limitation. The fit constant is A =3 pAs'?cm™.

0k n-Si(111) 4-bromobenzene
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Figure 4.9 : Time dependent current density (b) and respective
deposition potential (a) during the prolonged electrochemical
deposition of 4-bromobenzene on NH4F pre-treated n-Si(111)
surfaces at increased potentials in 0.01 M H,SO,. Addition of
5 mM 4-bromobenzenediazonium tetrafluoroborate at 100 s (time
after insertion of the sample into solution).

Figure 4.9 shows the time dependent current density (b) and respective
deposition potential (a) during the prolonged electrochemical deposition
of 4-bromobenzene on NH,F pre-treated n-Si(111) surfaces at increased
potentials in 0.01 M H,SO,. Addition of 5 mM 4-bromobenzene-
diazonium tetrafluoroborate at 100 s (time after insertion of the sample
into solution). At 100 s, the potential is switched from — 0.8 Vto -3 V
and kept constant up to 5000 s. At 5000 s the potential is switched from
— 3V to—-4V and at 5500 s it is switched again to — 3 V. The current
increases rapidly at 100 s, when the diazonium salt solution is added and
the potential is switched to — 3 V. The fast processes (phase 1) are not
considered in this figure since the time resolution is too low.
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Diffusion limitation (phase 2) can be observed between 500 and 5000 s,
as long as the potential is kept at — 3 V. The fit constant for phase 2
amounts to A = 140 pAs'?cm™. The current increases by more than one
order of magnitude due to breakdown during switching the potential
from —3 V to — 4 V. The current reaches again the A-t'* dependents
after the potential 1s switched to — 3 V. It is evident that the breakdown
at —4 V occurred locally at imperfections of the organic layer.

The fit constant A can be used for the estimation of the diffusion
constant D. After Hamann 182, the diffusion limited current density can
be described by the following equation :

- __[b,
j=1F ﬁ(co C;) 4.1)

where z is the number of transferred electrons per molecule,
F=9.6-10* As mol™ (Faraday constant), © = 3.14. D, ¢, and c; are the
diffusion constant, the concentration of reaction active species in
solution and ¢, the concentration of reaction active species at the surface.
The value of z is 1 for radical formation from the diazonium ion. It can
be considered that ¢, is much larger than c,. In the following, c has been
neglected.

The diffusion coefficient obtained by using equation 4.1 are given in
table 4.3 for 4-bromo-, 4-nitro-, 4-methoxy- and 3,5-dichlorobenzene.
The largest value of the diffusion coefficient 1s reached for
4-bromobenzene. The diffusion coefficient amounts to 2-107 and
3-107 cm’s™ for NH,4F pre-treated p-Si(111) and n-Si(111), respectively.
The diffusion coefficient is independent of the type of doping and
deposition potential. The diffusion coefficient is 5-10° cm’s™ in the case
of the electrochemical deposition of 4-nitrobenzene and
4-methoxybenzene. These two molecules are very similar in shape and
size, and they are larger than the 4-bromobenzene molecule. The lowest
diffusion  coefficient ~was obtained for 3,5-dichlorobenzene
(5:10” cm’s™). Obviously, the two chlorine side groups making the
molecule thicker reduce the diffusion in comparison to the other benzene
compounds.
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D (108 cm2s)
p-Si(111) n-Si(111)
compound (-1.2V) (-3V)
bromobenzene 20 30
nitrobenzene )
methoxybenzene 5
dichlorobenzene 0.5

Table 4.3 : Values of the determined diffusion coefficients
obtained during deposition of different benzene compounds on
Si(111) surfaces.

The diffusion coefficients, obtained for benzene compounds during
electrochemical deposition of organic layers can be compared with the
diffusion coefficients of organic molecules in organic liquids and solids.
For example methanol in water at 20°C has a diffusion coefficient of
1.6:10° cm®s™®, benzene in bromobenzene 1.0-10° cm’s® at 7°C,
bromobenzene in benzene 1.4-10° ecm?s™ at 7°C 1%, and 4.9-10"% cm?*s™
and 2.7-10"% cm’s™ are the diffusion coefficients for benzene and toluene
in Teflon” at room temperature 1, respectively. It can be concluded that
the diffusion limitation does not take place in the electrolyte.

4.3 Structural changes at the Si(111) / grafted organic layer
interface

4.3.1 Agglomeration at imperfections during the electrochemical
deposition process

Figure 4.10 shows the scanning electron microscopy (SEM) image of a
n-Si(111) surface after electrochemical deposition of 4-bromobenzene
(conditions as for figure 4.9). The Si edge, the flat organic layer and
organic precipitates are well distinguished. The thickness of the organic
layer has been estimated from the SEM measurements and amounts to
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about 20 nm. The thickness of the organic layer is very homogeneous
over the whole sample surface. This shows that thicker organic layers
can be electrochemically deposited at increased cathodic potentials. The
existence of the precipitates shows that the deposition velocity is
enhanced at certain places. The height of the precipitates has been
estimated by atomic force microscopy and amounts to about 20 to
30 nm. The growth of the precipitates is possible near defective interface
regions where the electron transfer is enhanced. The defective regions
are sources for leakage current. The time integrated current (charge
which passes through the interface during the deposition process) is
larger by one order of magnitude as one would expect for the
electrochemical growth of a 20 nm thick organic layer. Therefore, side
reactions of benzene radicals in the electrolyte are essential.

R — e,

precipitate

20 nm thick

HMIBPEE 5.8 kV X1B0K 38

Figure 4.10 : Scanning electron microscopy (SEM) image of a
n-Si(111) surface after electrochemical deposition of
4-bromobenzene (conditions as for figure 4.9). The sample was
tilted by 30° to the surface normal.

The interface between the Si(111) and the grafted organic layer is
shown in figure 4.11. The atomic monolayers of Si are well resolved in
the high resolution transmission electron microscopy (TEM) image. The
sample was prepared on NH4F pre-treated n-Si(111) under identical
conditions as described in figure 4.9. The Si(111) / grafted organic layer
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interface is atomically flat. This demonstrates that the structure of the
grafted monolayer is preserved even during electrochemical growth of
thicker organic layers, i.e. etch processes do not take place.

Figure 4.11 : High resolution transmission electron microscopy
(HR-TEM) image of a n-Si(111) surface after electrochemical
deposition of 4-bromobenzene (conditions as for figure 4.9).

4.3.2 NEXAFS and TDS of thin organic layers on Si surfaces

The structure of the electrochemically grafted benzene layers can be
investigated by near edge x-ray absorption fine structure spectroscopy
(NEXAFS). Figure 4.12 compares the N 1s NEXAFS spectra obtained at
Si(111) surfaces after pre-treatment in NH4F and electrochemical
deposition of 4-nitrobenzene for 10 and 1000 s, i.e. the surface is
compared after adsorption site limited and diffusion limited deposition.
The angle of incidence of the NEXAFS measurements is 0° (normal
incidence) and the spectra range from 380 to 430 eV.

The broad NEXAFS spectrum after 10 s of deposition time is
dominated by the 6* resonance of nitrogen at about 405 eV. Besides the
broad spectrum of the 6* resonance, two narrow peaks of n* resonances
appear around 393 and 397 eV after 1000 s deposition time. The
stronger resonance at 397 eV can be seen as a shoulder also after the
deposition time of 10 s.
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Figure 4.12 : Near edge x-ray absorption fine structure spectra of
N 1s for a NH4F pre-treated p-Si(111) surface with
electrochemically deposited 4-nitrobenzene at — 1.2 V vs. Au in
0.01 M H,SO,4. The deposition times were 10 (bottom) and 1000 s
(top). The angle of incidence was 0° to the surface normal (normal

incidence).

The broad peak of the o* resonance can be assigned to nitrogen
bounded to carbon and oxygen. Such bonds are present after adsorption
limited and diffusion limited deposition. The appearance of the w*
resonances 1s equivalent to the formation of new nitrogen bonds which
appear during the diffusion limited deposition process. These new bonds
may be related to N=N species which can arise during electrochemical
polymerisation of nitrobenzene. A sketch of the Si(111) / organic
interface after phase 1 (a) and 2 (b) is shown in figure 4.13. Detailed
NEXAFS investigations are in progress and information about the exact
orientation of benzene molecules grafted to the Si surface are expected.
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Figure 4.13 : Sketch of the Si(111) surface with an
electrochemically grafted monolayer of 4-nitrobenzene (a) and
with a thick deposited benzene compound (b). The monolayer is
completed just after the adsorption place limited deposition while
the thick layer is formed during diffusion limited deposition.

The thermal stability of the deposited organic molecules is investigated
by thermal desorption spectroscopy. As one example, figure 4.14 shows
the thermal desorption of the C,H, fragment (26 atomic units) from
NH,F (a) and HF (b) pre-treated p-Si(111) surfaces with
electrochemically deposited 4-nitrobenzene at - 1.2 V vs. Auin 0.01 M
H,SO,4. The deposition times are 10 and 100 s (open and filled circles,
respectively) and the spectra are normalized to the background. The
appearance of C,H, fragments gives evidence for the destruction of the
benzene molecule. The fragmentation starts at around 180°C. There is
practically no difference in fragmentation for electrochemical deposited
molecules at HF pre-treated Si(111) surfaces after 10 s and 100 s
deposition time. For the NH4F pre-treated Si(111) surface, the
fragmentation temperature 1is shifted slightly to lower values of
temperature for deposition of 10 s (phase 1) compared to deposition time
of 100 s (phase 2). This means that the Si-C bond decreases slightly the
strength of the C=C bond in the benzene ring.
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Figure 4.14 : Thermal desorption specta of the C,H, fragment (26
atomic units) from NH4F (a) and HF (b) pre-treated p-Si(111)
surfaces with electrochemically deposited 4-nitrobenzene at
-1.2V vs. Auin 0.01 M H,SO,4. The deposition times were 10 and
100 s (open and filled circles, respectively) and spectra are
normalized to the background.

4.3.3 Electrochemical stability of 4-bromobenzene grafted
electrochemically at the flat hydrogenated Si(111) surface

The thick deposited organic layer (deposition process is described in
figure 4.9) has been investigated by electron loss spectroscopy (EELS)
in a high resolution transmission electron microscope (HR-TEM). Figure
4.15 shows the high resolution transmission electron microscopy image
of (a) the interface region between n-Si(111) and an electrochemically
organic layer deposited from 4-bromobenzenediazonium tetrafluoro-
borate solution (deposition conditions as described in figure 4.9). The
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Figure 4.15 : High resolution transmission electron microscopy
image (a) of the interface region between n-Si(111) and an
organic layer deposited electrochemically in 4-bromobenzene-
diazonium tetrafluoroborate solution (deposition conditions as
described in figure 4.9). The high resolution electron energy loss
images are shown on the same sample for the elements Si, C, O
and Br (b-e, respectively). The integrated signal intensity of Br
across the n-Si(111) / organic layer interface is shown (f).
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high resolution electron energy loss images are shown for the same
sample for the elements Si, C, O and Br (b-e), respectively. The
integrated signal intensity of Br across the n-Si(111) / organic layer
interface 1s shown as a line scan in figure 4.9.

The diverse images (b) to (e) are obtained as difference images of the
EELS signal in the emission peak of the respective element and the
background signal. Silicon is detected only in the Si substrate (b) and
carbon only in the organic layer (c). The oxygen signal is below the
detection limit (d). The bromine concentration (e) 1s increased at the Si/
organic layer interface. The integrated intensity of the bromine signal is
shown in figure (f) as a line scan. The bromine signal is negligible at the
silicon and organic sides in comparison to the Si / organic layer
interface. This means that bromine disappears from the 4-bromobenzene
compounds during electrochemical deposition of thick organic layers at
increased  potentials. It points to a polymerization of
4-bromobenzenediazonium ions on both sides, diazo and bromo, where
radical sites are formed as an intermediate which tend to form polymers.

M > > <> >

Figure 4.16 : Sketch of the Si(111) surface with an organic layer
deposited electrochemically at increased potentials. The
deposition has been performed in 4-bromobenzenediazonium
tetrafluoroborate solution. The Br atoms are still present at the
benzene molecules grafted directly to the Si(111) surface while
the Br atoms are practically absent in the rest of the organic layer
due to electrochemical reduction of species at increased cathodic
potentials.
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A sketch of the organic layer is depicted in figure 4.16. The bromine
atoms are still present at the benzene molecules grafted directly to the
Si(111) surface. This means that at increased cathodic potentials (the
thick organic layer has been deposited at — 3 V) the bromobenzene
compound is reduced electrochemically. The existence of bromine on
the benzene molecules grafted directly to the Si(111) surface shows that
for this grafted molecules the reduction potential is shifted to much
higher cathodic potentials.

The thick deposited organic layer consists of polymerized benzene
molecules, which are reduced during the electrochemical deposition
process.
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5 Electronic properties of p-Si(111) surfaces during
electrochemical grafting of benzene compounds

In this chapter, measurements of PL intensity and photovoltage are
presented during the electrochemical grafting of benzene compounds on
Si(111) surfaces.

The PL intensity is determined by the non-radiative surface
recombination. There is no correlation between the grafting of benzene
compounds and changes in non-radiative surface recombination. Si-H, Si
dangling bonds and Si-C bonds are no non-radiative recombination
centers. Impurities from the diazonium salts induce non-radiative
recombination centers to the Si surface.

Changes in the photovoltage during grafting of benzene compounds are
caused by changes in the band bending at the Si(111) surface. There is a
linear correlation between the changes of photovoltage during grafting
of benzene compounds and the dipole moment of the grafted molecules.

Ex-situ measurements of PL intensity and photovoltage on Si(111)
surfaces covered with a benzene layer show the stability of the organic
layer in air. The surface radiative recombination velocity does not
degrade during prolong storage in air. Positive charge is introduced
probably by diffusion of water into the organic layer during storage in
air and acts as a donor, which partially passivates non-radiative defects
at the Si(111) surface.

5.1 Non-radiative surface recombination at p-Si(111)
surfaces during electrochemical grafting of benzene
compounds

5.1.1 Non-radiative surface recombination during deposition of
4-nitrobenzene on different kinds of Si(111) surfaces

Figure 5.1 shows the time dependence of the PL intensity during the
electrochemical deposition of 4-nitrobenzene on differently prepared
p-Si(111) surfaces (pre-treated in NH4F, HF and chemically oxidized,
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a-c, respectively) at -1.2 V vs. Au in 0.01 M H,SO,. Addition of
5 mM 4-nitrobenzenediazonium tetrafluoroborate at 10 s (time after
insertion of the sample into solution). The PL intensity is measured
simultaneously with the current (see figure 4.1).
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Figure 5.1 : PL intensity during the electrochemical deposition of
4-nitrobenzene on different p-Si(111) surfaces (pre-treated in
NH4F, HF and chemically oxidized , a-c, respectively) at- 1.2 V vs.
Au in 0.01 M H,SO,. Addition of 5 mM 4-nitrobenzenediazonium
tetrafluoroborate at 10 s (time after insertion of the sample into
solution).

For the atomically flat hydrogenated Si(111) surface (pre-treated in
NH,F), the PL intensity drops by about 50 times after addition of the
diazonium salt solution. There is a time interval of about 20 s after the
drop where the PL intensity remains constant. The PL intensity increases
to half of the value of atomically flat hydrogenated Si(111) surfaces after
longer times of polarization in solution of diazonium salt.



100 Chapter 5

It should be pointed out, that the concentration of non-radiative surface
defects is on the order of 10" cm™ for the Si(111) surface pre-treated in
NH,F solution. Therefore a drop by 50 times corresponds to an increase
of the amount of non-radiative surface defects to about 10'> cm™. This
value is much lower than the number of exchanged surface bonds during
the grafting process (i.e. 10'* cm™). For the atomically rough
hydrogenated Si(111) surface (pre-treated in HF), the value of the PL
intensity is about half of the value of the PL intensity for the atomically
flat hydrogenated Si(111) surface.

The PL intensity decreases during the first 10 s after addition of
diazonium salt solution and i1s not as abrupt than for the flat
hydrogenated Si surface. The decrease in PL intensity is followed by a
time interval of 200 s where no change in PL intensity occurs. The
minimum of the PL intensity is nearly equal for electrochemical grafting
on atomically rough and flat hydrogenated Si(111) surfaces. The PL
intensity increases to a value which is comparable to the initial one for
all hydrogenated Si surfaces. The increase of the PL intensity at longer
times is not related to the diffusion limited deposition process and is
independent of the current density.

The initial PL intensity of the Si(111) surface covered with a chemical
oxide 1s about two orders of magnitude less than the initial PL intensity
of the p-type Si(111) surface pre-treated in NH4F. The concentration of
non-radiative defects at the Si / chemical oxide interface is on the order
of 10> cm™. The PL intensity of the Si(111) surface covered with a
chemical oxide remains unchanged during the electrochemical
deposition process. This is not surprising since the Si / chemical oxide
interface 1s not affected by the grafting process.

5.1.2 Non-radiative surface recombination during deposition of
different benzene compounds on flat hydrogenated Si(111)
surfaces

Figure 5.2 compares the time dependent normalized PL intensity during
the electrochemical deposition of 4-nitrobenzene (top) and
4-methoxybenzene (bottom) on NH,F pre-treated p-Si(111) at — 1.2 V
vs. Au in 0.01 M H,SO,. Addition of the diazonium salt solution at 10 s
(time after insertion of the sample into solution).
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The electrochemical deposition process (i.e. the current time behavior)
of 4-nitro- and 4-methoxybenzene is practically identical (see chapter 4).
The behavior of the PL intensity during deposition of 4-nitrobenzene on
atomically flat hydrogenated Si(111) surfaces has already been described
in the former paragraph. The most striking feature for the 4-nitrobenzene
deposition is the immediate drop of PL intensity after addition of
diazonium salt solution.
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Figure 5.2 : Time dependence of the normalized PL intensity
during the electrochemical deposition of 4-nitrobenzene (top) and
4-methoxybenzene (bottom) on NH4F pre-treated p-Si(111) at
-1.2 V vs. Au in 0.01 M H,SO,. Insertion of the diazonium salt
solution is marked by the arrows at 10 s.

In contrast to the deposition of 4-nitrobenzene, the PL intensity does
not drop strongly after addition of 4-methoxybenzene. The small
decrease of PL intensity is less than half of the initial value after addition
of 4-methoxybenzene. This means that the concentration of non-
radiative active surface defects is less than 5-10'° cm™. This number has
to be compared with the number of exchanged surface bonds
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(2:10" cm™). The deposition of the first monolayer is finished after 20 to
30 s (phase 1 of the time dependence of the current density, see
figure 4.3). But the PL intensity decreases monotonously within 500 s to
a value lower than one order of magnitude of the initial value. This
demonstrates clearly that the time dependence of the PL intensity is not
related to the exchange of Si-H by Si-C bonds via radical formation
(grafting process). Nevertheless, the PL intensity increases at longer
times of polarization in diazonium salt solution.
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Figure 5.3 : The normalized PL intensity during the
electrochemical deposition of 4-bromobobenzene (top) and 3,5-
dichlorobenzene (bottom) on NH4F pre-treated p-Si(111) at- 1.2V
vs. Au in 0.01 M H,SO,. Insertion of the diazonium salt solution is
marked by the arrows at 10 s.

Figure 5.3 shows the normalized PL intensity during the
electrochemical  deposition of 4-bromobobenzene (top) and
3,5-dichlorobenzene (bottom) on NH4F pre-treated p-Si(111) at - 1.2 V
vs. Au in 0.01 M H,SO.,. Addition of the diazonium salt solution at 10 s
(time after insertion of the sample into solution).
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The PL intensity decreases within 50 s after addition of
4-bromobenzenediazonium salt solution. The PL intensity increases
slightly in the time interval between 50 s and 500 s and rises faster at
longer times of polarization in diazonium salt solution. The PL intensity
tends to saturate at very long times. The saturation value of the PL
intensity i1s comparable to that obtained for 4-nitrobenzene deposition.

For 3,5-dichlorobenzene, the PL intensity decreases during the first
20 s after addition of diazonium salt solution. The PL intensity does not
change and remains at a relatively low level at longer times of
polarization in diazonium salt solution.

The decrease in PL intensity gives evidence for chemical side reactions
at the silicon surface leading to the generation of non-radiative surface
defects. The increase in PL intensity at longer times shows that the
amount of defects is reduced, probably due to passivation by hydrogen
(hydrogen evolution takes place at the applied cathodic potential of
- 1.2 V at Si surfaces).

no generation of
recombination active states .

.

H H H H DB H HiH

generation of
recombination active states

Oxygen into
‘ Si-backbonds

Figure 5.4 : Sketch of the atomic configurations at a Si(111)
surface for which radiative surface states are not generated and
generated (top and bottom, respectively).
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There is no correlation between the time dependence of the current and
the PL intensity. The time dependence of the current shows that the
grafting of a monolayer benzene species is finished after less than 100 s,
i.e. when the amount of current flow is decayed. During the grafting
process, the number of Si-H bonds which are exchanged by Si-C bonds
is on the order of 10" cm™. The change in PL intensity during the first
100 s after addition of diazonium salt solution is correlated to a change
in the density of non-radiative active defects on the Si(111) surface on
the order of about 10'' cm™. The value is much less than the amount of
intermediate Si radicals which are present during the grafting process. It
is known from literature that Si-H bonds are not non-radiative active
defects 170. This shows that Si radicals (i.e. dangling bonds) and, at least,
the Si-C bonds are not related to non-radiative active surface defects.

A sketch of the Si surface with surface states which are not and are
recombination active is plotted in figure 5.4. The generation of non-
radiative surface defects is probably related to corrosion effects. It is
known from literature that corrosive reactions via Si backbonds lead to
the generation of non-radiative active defects 3. It is important to
remark, that it has already been shown by experiments in ultra high
vacuum that Si dangling bonds at reconstructed Si surfaces are not
recombination active 13.

However, corrosive side reactions may be caused by reactions of
impurities in the diazonium salts (purity is on the order of 99 %). Side
reactions are strongly suppressed for electrochemical grafting of
4-methoxybenzene where the direction of the dipole moment changes
during radical formation. This leads to an additional motion of the
molecule during the grafting process and therefore retards the formation
of Si radicals. The reactive species (impurities from the diazonium salt)
react immediately with the 4-methoxybenzene radical and do not
contribute for these reason to the formation of non-radiative defects.
From this point of view, the electrochemical grafting in solution of
4-methoxybenzene is comparable to experiments under ultra high
vacuum conditions for which the concentration of adsorbing molecules
is extremely low. The retarded formation of Si radicals in comparison to
benzene radicals acts like a gatter for reactive species near the Si surface.
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5.1.3 Stability of p-Si(111) surfaces covered with electrochemically
deposited benzene layers in air

For applications, the non-radiative recombination velocity at the
Si/ organic layer interface is important. Figure 5.5 shows an example of
PL transients of a p-Si(111) surface covered with 4-bromobenzene (as
prepared, stored in air for 4 h and 312 h, a-c, respectively). The ex-situ
PL lifetime of the as prepared sample covered with 4-bromobenzene
amounts to 40 ps (surface recombination velocity 200 cm s™)
corresponding to 10" cm™ of non-radiative defects. After storage in air
for 4 hours the PL lifetime increases to 55 ps. After prolonged storage in
air for 312 h the PL lifetime further increases to a value of 65 ps. This
demonstrates that excellently passivated Si / organic layer interfaces can
be prepared by electrochemical grafting of benzene compounds and that
the surface radiative recombination velocity does not degrade during
prolonged storage in air.
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Figure 5.5 : PL transients of a p-Si(111) surface covered with
4-bromobenzene (as prepared, stored in air for 4 h and 312 h, a-c,
respectively).
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5.2 Band bending at p-Si(111) surfaces during
electrochemical grafting of benzene compounds

5.2.1 Band bending during deposition of 4-nitrobenzene on different
kinds of Si(111) surfaces

The change of the band bending during electrochemical deposition of
benzene compounds has been investigated by in situ SPV. Figure 5.6
shows an example for the time dependence of the photovoltage during
the electrochemical deposition of 4-nitrobenzene on different p-Si(111)
surfaces (pre-treated in NH4F, HF and chemically oxidized , a-c,
respectively) at -1.2 V vs. Au in 0.01 M H,SO,. Addition of 5 mM
4-nitrobenzenediazonium tetrafluoroborate at 10 s (time after insertion
of the sample into solution). In difference to the in situ PL
measurements, the initial values of the photovoltage depend very
sensitively on the preparation conditions.

Nevertheless, good reproducibility can be achieved within one
experimental run. The initial photovoltage of the NH,F pre-treated
p-Si(111) is around — 0.3 V.

After addition of 4-nitrobenzenediazonium tetrafluoroborate, the
photovoltage changes instantaneously by about 80 mV and decreases to
— 0.2 V within the following 20 to 30 s. The overall increase of the
photovoltage is for the given preparation about 100 mV. It should be
remarked that values of change of the photovoltage between 80 and
120 mV  were measured in different experimental runs. One
experimental run is a series of measurements under identical surface
preparation and identical solutions.

The overall change of the photovoltage is 20 mV for HF pre-treated
Si(111) surfaces. This shows, in comparison to NH4F pre-treated Si(111)
surfaces, that the microscopically roughness is crucial for the change of
the surface band bending.

For Si(111) surfaces covered with a wet chemical oxide, the
photovoltage changes only slightly after long deposition times when the
voltage drop across the forming thick organic layer is increasing. For
this reason, the potential of the Si surface decreases.

The change of photovoltage during deposition of 4-nitrobenzene is
caused by the introduction of a dipole layer. At NH,F pre-treated Si(111)
surfaces, the major part of the molecules grafted on the Si(111) surface
are well oriented. This is not the case for the atomically rough Si(111)
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Figure 5.6 : Time dependence of the photovoltage during the
electrochemical deposition of 4-nitrobenzene on different
p-Si(111) surfaces (pre-treated in NH4F, HF and chemically
oxidized, a-c, respectively) at -1.2 V vs. Au in 0.01 M H,SO,.
Addition of 5 mM 4-nitrobenzenediazonium tetrafluoroborate at
10 s (time after insertion of the sample into solution).

surface or for the surface covered with a wet chemical oxide. The dipole
moment of 4-nitrobenzene is 3.9 Debye (1 Debye = 3.3:10°° Cm). A
monolayer (3:10'* molecules cm™) of 4-nitrobenzene molecules grafted
on a Si(111) surface would lead to a potential drop of 2.2 V across the
monolayer. This value is much larger than the observed drop of the
surface potential (change of surface voltage 0.1 V). Therefore, local
screening by ions in the electrolyte is important. Furthermore, a change
of the amount of charge in surface states should be considered.
However, the contribution of the latter one can not exceed 10" cm™ and
is therefore not important for local screening.
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5.2.2 Band bending during deposition of different benzene
compounds on flat hydrogenated Si(111) surfaces

The figure 5.7 shows the time dependence of the change of the
photovoltage AUpy (relative to the value before the diazonium salt has
been added) during the electrochemical deposition of 4-nitrobenzene
(top) and 4-methoxybenzene (bottom) on NH,F pre-treated p-Si(111) at
-1.2 Vvs. Auin 0.01 M H,SO,. Addition of the diazonium salt solution
at 10 s (time after insertion of the sample into solution). A change of
AUpy of about + 0.1 V is equivalent to a reduction of the band bending
on p-Si(111). The time dependence of the change of the photovoltage
during the deposition of 4-nitrobenzene on NH,F pre-treated p-Si(111) is
as described before.

0.1r A
' N,* BF,
0.0 -.\./.‘. in 0.01 M H,SO,
—_ ' T NO, U=-12V
\>_/ | " " P | " " PSS | " " "
> Nz+ BF4_
o 0.1¢F
D)
<
OCH,
| o w
0.0 !"'T e

10" 10° 10°
Time (s)

Figure 5.7: Time dependence of the change of the photovoltage
(relative to the value before the diazonium salt has been added)
during the electrochemical deposition of 4-nitrobenzene (top) and
4-methoxybenzene (bottom) on NH4F pre-treated p-Si(111) at
-1.2 V vs. Au in 0.01 M H,SO,. Insertion of the diazonium salt
solution is marked by the arrows at 10 s.
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There is no prolonged instantaneous change of the photovoltage after
addition of 4-methoxybenzenediazonium salt solution on a NH4F pre-
treated p-Si(111) surface. The photovoltage changes slightly during the
first 20 to 30 s of the deposition process and remains constant at about
20 mV even after longer times of polarization in diazonium salt solution.
This value is less than the value of 100 mV obtained for 4-nitrobenzene.
This behavior can be explained by DFT calculations of the dipole
moment (see chapter 2). The calculations reveal that the dipole moment
of 4-methoxybenzene changes the orientation by about 110° with respect
to 4-nitrobenzene. Therefore, the effective dipole moment perpendicular
to the Si surface 1s about 0.8 Debye which is about 20 % of the value of
4-nitrobenzene.
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Figure 5.8 : Time dependence of the change of the photovoltage
(relative to the value before the diazonium salt has been added)
during the electrochemical deposition of 4-bromobobenzene (top)
and 3,5-dichlorobenzene (bottom) on NH4F pre-treated p-Si(111)
at-1.2Vvs. Auin 0.01 M H,SO,. Insertion of the diazonium salt
solution is marked by the arrows at 10 s.
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Figure 5.8 shows the change of the photovoltage as a function of time
(relative to the value before the diazonium salt has been added) during
the electrochemical deposition of 4-bromobobenzene (top) and
3,5-dichlorobenzene (bottom) on NH4F pre-treated p-Si(111) at - 1.2 V
vs. Au in 0.01 M H,SO,. Addition of the diazonium salt solution at 10 s
(time after insertion of the sample into solution). For deposition of
4-bromobenzene on NHF pre-treated p-Si(111), the photovoltage
changes instantaneously by about 50 mV and changes further slowly by
about 40 mV within 130 s after addition of diazonium salt solution. No
change of photovoltage is observed for times longer than 130 s. There
are side reactions during the formation of a monolayer 4-bromobenzene.
Charged species is formed by this side reactions and is partially
screening the 4-bromobenzene dipole. With time, negative charged ions
are going into the solution, leaving the region of Coulomb interaction
with the 4-bromobenzene dipole layer. The photovoltage changes
instantaneously by about 60 mV and no further major change of
photovoltage is observed for longer deposition times for deposition of
3,5-dichlorobenzene on NH,F pre-treated p-Si(111). The values of the
dipole moment for a 4-bromobenzene and 3,5-dichlorobenzene molecule
are quite similar (about 1.6 Debye). Both dipole moments do not change
the orientation during the transition from the diazonium ion to the
molecule state.

A change of photovoltage with opposite sign compared to
4-nitrobenzene is observed during the electrochemical deposition of
N,N-diethylaminobenzene as presented in figure 5.9. For deposition of
N,N-diethylaminobenzene on NH,F pre-treated p-Si(111) surfaces, the
photovoltage changes instantaneously by about -25 mV. A further
change within 100 s is observed, leading at last to a value of - 20 mV for
the change of photovoltage for longer times of electrochemical
polarization in diazonium salt solution. The orientation of the dipole
moment of N,N-diethylaminobenzene changes by about 130° during
transformation from the diazonium ion to the molecule state. The value
of the dipole moment of N,N-diethylaminobenzene is 2.4 Debye. The
effective dipole moment perpendicular to the Si(111) surface is
1.7 Debye. For 4-(4-methoxyphenylamino)benzene deposition on NH,F
pre-treated p-Si(111), the photovoltage changes instantaneously by about
30 mV. The change of the photovoltage remains constant within 10 s
after addition of diazonium salt solution. Between 10 and 100 s, the



Chapter 5 111

change of the photovoltage increases to 40 mV. Between 100 and
1000 s, the photovoltage changes continuously to a value of — 50 mV.
Such a change at long times can not be explained by the formation of the
first benzene monolayer. The electron density is high at the phenyl ring
and also at the amino group in difference to the other investigated
benzene compounds.
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Figure 5.9 : Time dependent change of the photovoltage (relative
to the value before the diazonium salt has been added) during the
electrochemical deposition of N,N-diethylaminobenzene (top) and
4-(4-methoxyphenylamino)benzene (bottom) on NH4F pre-treated
p-Si(111) at - 1.2 V vs. Au in 0.01 M H,SO,. Insertion of the
diazonium salt solution is marked by the arrows at 10 s.

Therefore, charge transfer is suggested to occur via the second phenyl
ring and adsorbed molecules at the first grafted monolayer (see figure
5.10). The two phenyl rings are tilted and twisted to each other, so that
charge transfer can occur and further radical formation of
4-(4-methoxyphenylamino)benzene can take place. This pathway of
electron transfer is not limited by the first monolayer and a thick
polymer layer can be deposited. As a remark, the current during
deposition of 4-(4-methoxyphenylamino)benzene is not limited at longer
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times of polarization in diazonium salt solution. The orientation of the
dipole moment of 4-(4-methoxyphenylamino)benzene changes by about
100° during the transformation from the diazonium ion to the molecule
state. The dipole moment of the 4-(4-methoxyphenylamino)benzene
molecule is 2.3 Debye. Projection of the molecule dipole moment to the
Si(111) surface normal for perpendicular adsorption of the molecule
results in a value of dipole moment perpendicular to the Si(111) surface
of 2.25 Debye.

CH3O CH30 CH30

Figure 5.10 : Growth of a 4-(4-methoxyphenylamino)benzene
layer on Si(111) with a possible electron pathway through regions
of high electron density in grafted molecules.

The tilting and twisting of the 4-(4-methoxyphenylamino)benzene
molecules can cause different dipole orientations of adsorbed molecules
on the Si(111) surface. Obviously, this long polymeric chains have the
capability to shift electronic charge away from the Si surface which
leads to an increase of the band bending on p-Si(111).

Figure 5.11 shows the time dependence of the change of the
photovoltage (relative to the value before the diazonium salt has been
added) during the electrochemical deposition of 4-chlorobenzene (top)
and 4-propylaminobenzene (bottom) on NH4F pre-treated p-Si(111) at
-1.2 V vs. Au in 0.01 M H,SO,. The time dependence for ZnCl, is
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shown for comparison (dotted line bottom). Addition of the diazonium
salt solution at 10 s (time after insertion of the sample into solution). The
change of photovoltage is instantaneously by about 25 mV after addition
of diazonium salt solution and decreases within 20 s to a value of 15 mV
for the electrochemical deposition of 4-chlorobenzene on a NH,F
pre-treated p-Si(111) surface.
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Figure 5.11 : Time dependence of the change of the photovoltage
(relative to the value before the diazonium salt has been added)
during the electrochemical deposition of 4-chlorobenzene (top)
and 4-propylaminobenzene (bottom) on NH4F pre-treated
p-Si(111) at- 1.2 V vs. Au in 0.01 M H,SO,.The time dependence
for ZnCl; is shown for comparison (dotted line bottom). Insertion of
the diazonium salt solution is marked by the arrows at 10 s.

The decrease of AUpy is followed by an increase of AUpy to a value of
90 mV within 100 s of polarization in diazonium salt solution. At longer
times, there is no further change of photovoltage. The dipole moment of
4-chlorobenzene does not change the orientation during transition from
the diazonium ion to the molecule.
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The change of AUpy during the deposition of 4-propylaminobenzene is
of opposite sign compared with the change of photovoltage during the
deposition of 4-nitrobenzene on NHyF pre-treated p-Si(111) surfaces.
The photovoltage changes instantanecously by about 80 mV after
addition of diazonium salt solution and is constant within 20 s. The
change of photovoltage decreases continuously for longer deposition
times. There is no constant value of change of photovoltage at longer
deposition times in contrast to 4-chlorobenzene deposition. The
diazonium salt of 4-propylaminobenzene contains ZnCl,. The
photovoltage changes during the deposition of ZnCl, at a potential of
- 1.2 V in the same direction as for deposition of 4-propylaminobenzene.
It is important to point out, that the current density during deposition of
4-propylaminobenzene on NH,F pre-treated Si(111) surfaces shows a
different time dependence than for the deposition of the other benzene
compounds. Deposition of Zn containing species (i.e. Zn(OH), or ZnO)
takes place at the same time with deposition of 4-propylaminobenzene.

5.2.3 Correlation between band bending and dipole moment of
benzene molecules

Figure 5.12 shows a plot of AUpy as a function of calculated dipole
moments perpendicular to the Si(111) surface which are the effective
dipole moments, pp. The change of the photovoltage has been taken at
longer times of deposition of the benzene compounds. There is a linear
dependence of the change of photovoltage on the effective dipole
moment.

The slope of the linear dependence is 25 mV. The 4-propylamino-
benzene and 4-(4-methoxyphenylamino)benzene compounds are not
included in figure 5.12 because of the continuous change of the
photovoltage in case of 4-(4-methoxyphenylamino)benzene at longer
deposition times and of the simultaneous deposition of Zn species in
case of 4-propylminobenzene. A shift of the dependence of the change
of photovoltage on the effective dipole moment during deposition of
different benzene compounds of about — 1.4 Debye at 0 mV can be
explained by the displacement and exchange of water dipoles at the
Si(111) surface and removal of hydrogen by carbon during grafting of
benzene molecules. The excellent correlation between the projected
dipole perpendicular to the Si surface and the change in band bending
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shows that the benzene molecules are grafted mainly perpendicular to
the Si(111) surface and that the density of the grafted monolayer is
practically the same for all of the investigated benzene compounds.
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Figure 5.12 : Change of the photovoltage as a function of the
calculated effective dipole moment perpendicular to the Si(111)
surface (p.1) for various benzene compounds (A) 4-nitro-, (B)
4-chloro-, (C) 3,5-dichloro-, (D) 4-bromo-, (E) 4-methoxybenzene,
(F) N,N-diethylaminobenzene.

5.2.4 Ex-situ photovoltage measurements on p-Si(111) covered with
4-methoxybenzene

The figure 5.13 shows the ex-situ measured dependence of the
photovoltage, Upy, on the applied field voltage, Ur, of a p-Si(111)
sample covered with a 4-methoxybenzene layer (as prepared and stored
in air for one day, triangles and circles, respectively). The ex-situ
photovoltage is — 100 mV for p-Si(111) samples covered with
4-methoxybenzene as prepared. Upy is nearly independent on the applied
field voltage in the range from —500V to +500 V. In terms of
rechargeable surface states, the defect density at the Si(111) surface is
rather high (4-10" eV'cm™). It should be pointed out that these states



116 Chapter 5

are not related to non-radiative active defects (N, = 10 cm™) as
obtained by PL measurements (see figure 5.2).

[ p-Si(111)
0.0 | covered with methoxybenzene
[ _,,-::::::':v:v
-0.1F PRS- 2 2 A A A
R A A A AL
— as prepared
2 -02¢
= L
o L
2 o3} .
L /';QJ
i /0;3:8/
I e
0.4 F P s
- o<'4:o—0<l<8>':l"'8
I stored in air for one day
0.5}
P R

T S T N TN SO SR S S 1 PN T S TR SR [N SN T S |
600 -400 -200 0 200 400 600
Ue (V)

Figure 5.13 : Ex-situ measured photovoltage as a function of the
applied field voltage for p-Si(111) covered with a 4-methoxy-
benzene layer (as prepared and stored in air for one day, triangles
and circles, respectively).

The photovoltage at zero external potential shifts towards inversion
(-400 mV) after one day of storage in air. The band bending at the
surface decreases at positive applied potentials whereas it only slightly
changes at negative applied potentials.

The density of states, Dj, for the p-Si(111) sample covered with
4-methoxybenzene is about 410" eV'cm™ (as prepared) and on the
order of 2:10'* eV 'ecm™ after storage in air for one day. The shift of the
surface band bending at zero potential from — 100 to — 400 mV reflects
positive charges which have been introduced into the organic layer / p-Si
interface. This charge is probably related to diffusion of water into the
layer, acting as a electron donor and being able to passivate partially
non-radiative active defects. Figure 5.14 summarizes these results.
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Figure 5.14 : Dependence of the density of surface states, D;, on
the surface Fermi level for p-Si(111) covered with a 4-methoxy-
benzene layer (as prepared and stored in air for one day, triangles
and circles, respectively). E;denotes the intrinsic Fermi-level of the
bulk near midgap.
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Summary

The electronic properties of the Si(111) surface are investigated in-
situ during the electrochemical grafting of benzene compounds. The
benzene compounds have been grafted directly to the Si(111) surface by
forming Si-C bonds in a diazonium salt solution. The rate of the radical
formation, the change of the non-radiative surface recombination
velocity and the modification of the surface potential have been
monitored by the cathodic current passing through the interface between
Si(111) and the electrolyte and by the in-situ photoluminescence and
photovoltage techniques.

The following significant results have been obtained:

(1) A theoretical analysis of the benzene compounds used in
experiments has been performed by density functional theory. The
dipole moments of benzenediazonium ions, radicals and molecules have
been calculated and the change of the value and direction of the
calculated dipole moments is presented.

(2) A simple deposition method of benzene monolayers at
hydrogenated Si(111) surfaces in an aqueous electrolyte has been
proposed. The application of in-situ current, PL and PV measurements
was important for the optimization of the methode. The hydrogenated p-
Si(111) surface is hold at fixed cathodic potential in the aqueous
electrolyte before the diazonium salt solution is added.

(3) The electrochemical grafting of simple benzene compounds at
atomically flat hydrogenated Si(111) surfaces is self-limited. The reason
for the self-limitation 1s the depressed charge transfer across the Si(111)
surface covered by benzene compounds which are oriented
perpendicular to the Si(111) surface. Since a charge transfer is possible
across interacting Tt-electron systems, the electrochemical deposition of
benzene compounds is not self-limited if disorder is introduced into the
first grafted organic monolayers or if longer chains with a connected T&
electron system are bound to the benzene molecule.
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(4) Adsorption site and diffusion limitation takes place during the
electrochemical grafting of benzene molecules at hydrogenated Si(111)
surfaces. The diffusion coefficients could be estimated for the diffusion
limited process and amount, for example, to D = 500° cm?s™ for the
deposition of 4-nitrobenzene.

(5) The interface between Si(111) and the grafted monolayer of
benzene compounds remains ideally flat even after deposition of thick
organic layers at increased cathodic potentials. The benzene compounds
grafted directly to the Si surface are much more stable to electrochemical
reduction than the molecules in the disordered thick organic layer
deposited on the first grafted organic monolayer.

(6) The Si radicals which are formed during the grafting process of
benzene compounds on hydrogenated Si(111) surfaces from diazonium
salt solutions are not recombination active as well as the formed Si-C
bonds. Very low surface recombination velocities have been achieved
for Si(111) / electrochemically grafted organic monolayers.

(7) A possible increase of the surface recombination velocity
during the grafting process is related to side reactions which can be
suppressed if using benzene compounds with dipole moments changing
the direction during the grafting process. In this case, benzene radicals
getter reactive impurities in the electrolyte before Si radicals are formed
at the hydrogenated Si(111) surface. This fact gives the opportunity for
ultraclean grafting of benzene compounds at Si (111) surfaces.

(8) The change of the band bending is correlated with the dipole
moment of the grafted benzene molecules projected perpendicularly to
the Si(111) surface. The orientation and the dipole moment of the
grafted molecules are crucial for the change of the surface band bending
at the Si(111) / grafted organic monolayer interface. For this reason, the
preparation of atomically flat hydrogenated Si(111) surfaces as substrate
for the grafting of benzene compounds is essential.
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(9) High external electrical fields are needed for a remarkable
modulation of the potential at the interface between Si(111) and a
grafted organic monolayer. This gives evidence for rechargeable surface
states and / or efficient screening by the surface dipole.

(10) The storage in air of the interface between p-Si(111) and a
grafted organic monolayer leads to the shift of the surface potential by
about 300 mV from depletion to inversion. This shift is caused by the
insertion of water molecules which are donor like. It is supposed that the
water molecules enter the space between the grafted benzene molecules.

As conclusion, it was shown that the engineering of a well
passivated interface between Si(111) and a grafted organic monolayer is
possible by using electrochemical deposition of benzene compounds
from diazonium salt solutions. After formation of grafted organic
monolayers, head groups at the grafted benzene molecules can be
exchanged and by this way systems of organic layers at passivated Si
surfaces can be processed. This makes the grafting at Si(111) surfaces by
using diazonium compounds interesting for the formation of an interface
between bulk silicon and organic and biological systems.

In future experiments, the detailed investigation of the structure,
orientation, bond configuration and stability of grafted monolayers of
benzene compounds at Si(111) surfaces and its correlation with the
electrical and chemical passivation will be necessary. This is important
for the better understanding of the role of the structure of organic
molecules for the engineering of Si surfaces and for the development of
bio-sensors, solar cells, sensors etc.
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