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Abstract 

The unique attribute of carbon nanomembranes (CNMs) in molecular separation is their 

capability to overcome the typical trade-off between permeance and selectivity for 

conventional membranes[9],[1],[2]. These two key properties determine the performance and 

energy-efficiency of materials when used for molecular separation in filtration systems. CNMs 

are molecularly thin membranes that can act as two-dimensional sieves due to the presence of 

sub-nanometer conduits. CNMs are fabricated by cross-linking of aromatic self-assembled 

monolayers (SAMs), e.g. p-terphenylthiol (TPT) SAMs. Cross-linking can be achieved by 

irradiation with low-energy electrons. TPT CNMs, in particular, have shown great potential in 

water separation[9]. Spectroscopic methods have provided deeper insight into structural and 

chemical transformations associated with cross-linking[53],[13],[11],[14],[50] but molecularly 

resolved microscopic data on characterizing cross-linking is available only rarely[9].  

In this work, electron irradiation-induced cross-linking of aromatic SAMs was studied by 

scanning tunneling microscopy (STM), employing TPT SAMs on Au(111) on mica as a model 

system for aromatic SAMs. SAMs were prepared from dimethylformamide (DMF)-based 

solution and from the vapor phase under ultra-high vacuum (UHV) conditions. CNMs from 

TPT SAMs are commonly prepared from DMF-based solution[9],[1]. SAMs prepared from the 

gas phase, however, are of similar structure and have proven to be more suitable for STM 

experiments. SAMs were cross-linked either by exposing the sample to the homogeneous 

50 eV electron beam of an in-situ flood gun or by exposing the sample to the focused, scanning 

1 keV electron beam of a scanning electron microscope (SEM). Both primary electron energies 

are expected to cause similar modifications of the monolayer/substrate system as XPS analysis 

has revealed similar cross-sections for the modification of the carbonaceous matrix and the 

sulfur-gold interface, respectively. The advantage of employing the combined STM/SEM 

system, however, is the chance to acquire STM images of the same sample location before and 

after electron irradiation and thus to observe the influence of the electron impact on the local, 

molecular level. 

TPT SAMs were characterized by high-resolution STM. Two distinct, ordered phases were 

observed for SAMs prepared from DMF-based solution, denoted as α-phase and β-phase. Both 

phases were observed previously for TPT SAMs on Au(111) which were prepared in ethanolic 

solution and subsequently annealed in ethanol at 40°C[39]. The α-phase consists of densely-
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packed molecules in the well-known �2√3 × √3�R30° structure with two molecules per unit cell. 

The monomers occupy an area of 0.216 nm² and adopt tilt angles of γ~13°[39]. The β-phase is 

characterized by a point-on-line incommensurate  �4 00 n� with n close to 8 and 8 molecules per 

unit cell. The monomers occupy an area of 0.288 nm² and adopt tilt angles of 33-49°[39].  SAMs 

prepared from the gas phase are characterized by the absence of α-phase domains. Instead, the 

largest part of the substrate surface is covered with β-phase domains. Moreover, domains of a 

slightly distorted β-phase were observed and identified. This phase can be described by a � 4 0−1 � + 1� lattice with n close to 8. Typical domains sizes for SAMs prepared either from 

DMF-based solution or from the gas phase are 10-100 nm. It was found that SAMs prepared 

from the gas phase are much more suitable for STM experiments due to the total absence of 

mobile impurities or adsorbates that may lead to unstable imaging conditions. 

STM data indicates that the initial stage of cross-linking in TPT SAMs, which has been caused 

by the impact of 50 eV and 1 keV electrons and only a few electrons per monomer, is 

characterized by the propagation of radical chain reactions, as proposed previously[14]. The 

chain reactions apparently involve up to 33 molecules and 5–6 monomers on average until 

they are terminated, and they are probably accompanied by a partial cleavage of S−Au bonds. 

The first radicals initiating individual chain reactions may form upon 6 eV (secondary) 

electron attachment, but different electron-molecule primary interactions producing radicals 

cannot be excluded. Potential termination mechanisms cannot be deduced from the STM data 

but different mechanisms are proposed. 

In the further course of cross-linking, the long-range molecular order is reduced significantly 

compared to the pristine SAM. Pristine-like domains are typically less than 10 nm in size, being 

separated by apparently cross-linked, amorphous parts of the monolayer. The reduction of the 

average regular phase domain size is supported by STM data acquired within the scope of 

complementary STM/SEM experiments. The evolution towards the nearly fully cross-linked 

state is characterized by a loss of long- and short-range molecular order. Sub-nanometer-sized 

voids were observed, which can possibly be assigned to sub-nanochannels or pores in the 

transferred TPT CNM. Similar structures were were previously found and characterized[9]. The 

average void diameter was estimated to 0.5 ± 0.2 nm and the areal void density to 

~1.7 × 1017 m-2 which is in agreement with previous findings[9].    
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1 Introduction 

If you folded a regular sheet of paper (80 g/m²) 27 times, the stacking height would overcome 

the height of Mount Everest. If you did the same with a carbon nanomembrane (CNM), the 

membrane stack would barely reach your ankle. CNMs represent a specific class of synthetic 

nanomembranes[1],[2]. Whereas the term “nanomembrane” often denotes membranes with 

thicknesses less than 100 nm, CNMs with monomolecular thickness exhibit the nearly 

minimum possible material thickness beside graphene. A free-standing CNM prepared from 

p-terphenylthiol (TPT) precursors can be seen in the helium ion microscopy (HIM) image 

shown in Figure 1.1 (a). The membrane is suspended over a micrometer-sized transmission 

electron microscopy (TEM) mesh grid. CNMs are fabricated by cross-linking of aromatic self-

assembled monolayers (SAMs), e.g. by irradiation with low-energy electrons (see Figure 1.1 (c)).  

The resulting sheet can subsequently be released from the supporting substrate by employing a 

sophisticated transfer process[3] and placed on other surfaces. Despite their minimal thickness 

(~1 nm) even thinner than cell membranes, CNMs show excellent mechanical strength[4],[5] 

and, beyond that, are highly resistant to chemicals[1] and heat[6]. CNMs are built in a versatile 

and scalable fabrication process and can further be tailored with physical, chemical or 

biological function[1],[7]. Moreover, CNMs show high potential in membrane filtration 

applications. The final CNM molecular structure is of rather amorphous nature and can 

sustain nanoscale pores or even sub-nanometer-sized pores[9],[11]. The pores may facilitate 

selective transport in membrane separation processes, thereby acting as molecular sieves. Gas 

permeation characteristics of single-layer and multilayer CNMs prepared from biphenylthiol 

(BPT) and nitrobiphenylthiol (NBPT) precursors were reported for the first time in 2014 by 

Ai et al.[8], revealing that gases of small kinetic diameter, i.e. He and H2 are subject to a 

significantly higher permeance compared to larger molecules, i.e. CO2, Ar, O2, N2, CH4, and 

C2H6, in particular in multilayer CNMs. A schematic illustration of a single-layer BPT CNM on 

polydimethylsiloxan (PDMS) including pores (bright regions) is shown in Figure 1.1 (b). CNMs 

with appropriate pore sizes may therefore be utilized for energy-efficient natural gas 

purification, e.g. production of oxygen or nitrogen from air. It should be noted that pores 

constitute open pathways through the membrane for distinct molecular species. Open 

pathways for small molecules such as He or H2 may still block larger molecules, e.g. CO2 and 

therefore not act as pores for the latter species. In order to efficiently filtrate distinct molecular 
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species selectively, a narrow pore size distribution and a low areal density of defects is therefore 

generally of particular importance. Tremendous effort has also been invested to extend the 

utilization of CNMs towards water purification. The ability of CNMs prepared from TPT 

precursors to combine high water selectivity with an exceptionally high permeance was shown 

by Yang et al. in 2018[9], opening new pathways to applications in water purification, water 

desalination, membrane distillation, dehydration of organics and dehumidification of gases. In 

combination with their minimal thickness, CNMs can overcome the typical trade-off between 

permeance and selectivity applying for conventional bulky membranes[10]. The permeance 

describes how fast the molecules can pass through the membrane. The selectivity describes the 

ability of a membrane to separate the target molecules from impurities. In conventional 

membrane filtration processes, selective mass transport is usually achieved by a solution-

diffusion process which is energy consuming and requires a high mechanical stability of the 

membrane. Here, material flow through the membrane is limited by the membrane thickness 

and a higher selectivity can only be achieved at the expense of throughput and vice versa. Thin 

selective membranes such as CNMs may overcome this fundamental dilemma. 
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The formation of pores proceeds during cross-linking by irradiation with energetic particles, 

e.g. electrons. While the spatial separation of adjacent monomers in the pristine SAM is 

essentially given by the van der Waals (vdW) dimensions of the monomers, intermolecular 

cross-linking, that is, the formation of intermolecular carbon-carbon bonds may lead to a 

reduction of the spatial separation of adjacent monomers and thereby to the formation of 

(sub-) nanometer-sized voids within the molecular layer[13]. Those voids may be preserved and 

act as pores when the cross-linked film is released from the substrate and employed in 

molecular separation processes. The molecular structure, rigidity, and dimensions of the pores 

is strongly influenced by the choice of the molecular precursors. In particular, the molecules 

should be able to form cross-links in two dimensions which is the case for TPT precursors as 

they can form independent cross-links via three rotable phenyl rings. The molecular packing 

density of the pristine SAM and the ability of the molecular monomers to undergo 

reorientations during cross-linking should also play a significant role for the molecular 

structure of the membrane and the dimension and areal density of the pores. A thorough 

microscopic study as performed for this thesis should provide deeper insight into the 

fundamental mechanisms of cross-linking, the structural transformation of the molecular layer 

during cross-linking, and the formation of pores.  

1.1 Motivation and Thesis Outline 

Spectroscopic data has provided deep insight into the molecular mechanisms of cross-

linking[13],[14],[53]. However, detailed information about the influence of electron impact on the 

scale of molecular phase domains or even on the molecular scale is still lacking. This work aims 

to investigate electron irradiation-induced cross-linking by scanning tunneling microscopy 

(STM), focusing on structural transformations of the monolayer. For this purpose, TPT SAMs 

were employed as model aromatic SAMs. SAMs were cross-linked under ultra-high vacuum 

(UHV) conditions (< 10-10 mbar) by delivering distinct intermediate 50 eV (flood-gun) and 

1 keV (SEM) electron doses (< 50 mC/cm²) to the surface. Cross-linking of TPT SAMs is 

commonly achieved by irradiation with 50-100 eV electrons using a dose of 50 mC/cm². 

Within the scope of this thesis, however, a combined STM/SEM system (see section 3.2.3) was 

used that allows for acquiring STM data of the same sample location before and after electron-

irradiation, thus enabling to observe the influence of the electrons on the SAM on the local, 

molecular level. The minimum kinetic energy the SEM can provide, however, is 1 keV.  
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The first research objective of this work is to unravel the initial stage of cross-linking, that is, 

the response of the monolayer to electron doses of only 1 % of the value required to obtain a 

“fully cross-linked” molecular film. The identification of elementary structural changes, that is, 

local modifications of the monolayer that can be ascribed to the impact of single electrons, is 

here of particular interest. This may reveal whether or not cross-linking propagates via radical 

chain reactions, as previously proposed[14]. Further research objectives are the investigation of 

the structural evolution from the pristine SAM to the fully cross-linked molecular film. This 

should provide deeper understanding about the formation of CNMs from TPT precursors. In 

particular, the observation and characterization of sub-nanometer voids or “pores” may 

support previous findings and assumptions about the molecular sieving mechanisms of TPT 

CNMs[9].  

Chapter 2 provides basics and theoretical considerations about the preparation and 

characterization of SAMs and on the present knowledge about the molecular mechanisms of 

electron irradiation-induced cross-linking of aromatic SAMs, primarily deduced from 

spectroscopic data. Information is given about the effects of cross-linking on the structural, 

chemical and electronic properties of aromatic SAMs. The following sections introduce the 

main methodologies employed for this thesis to characterize pristine and partially irradiated 

SAMs, i.e. STM and X-ray photoelectron spectroscopy (XPS). In particular, preliminary 

considerations on the effect of cross-linking on the STM image contrast are made.     

Chapter 3 presents the materials and methods employed for this thesis, involving detailed 

information about the analytical instruments and the experimental parameters employed, how 

the experimental data was processed and how SAMs from TPT precursors on Au(111) were 

prepared, cross-linked and characterized.  

Chapter 4 presents the XPS and STM data acquired for this thesis covering the structural and 

chemical transformation from the pristine TPT SAM to the nearly fully cross-linked film. 

SAMs of oligo(phenyl)thiols on Au(111) and their response to 50-100 eV electron irradiation 

have already been investigated thoroughly by XPS[15],[13]. The main purpose of employing XPS 

for this thesis is to quantify the effect of the electron energy on the structural modification of 

the monolayer as monolayers were irradiated with 50 eV and 1 keV electrons (see above). This 

makes it possible to compare STM images of monolayer that were irradiated with different 

electron energies. The data is presented in the first section. In the following section, STM data 
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on the characterization of the pristine SAM surfaces that were prepared either in 

dimethylformamide (DMF) or from the gas phase under UHV conditions is presented. 

Afterwards, STM data on the initial stage of cross-linking is presented. Eventually, the 

evolution of the monolayer towards the fully cross-linked state is investigated and the 

structural transformation accompanied therewith.  

Chapter 5 draws final conclusions of the present study and provides outlook for future 

research.
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2 Basics and Theoretical Considerations 

This chapter first focuses on the structure and preparation of self-assembled monolayers 

(SAMs) on solid substrates and their structural and chemical conversion into laterally cross-

linked, two-dimensional molecular sheets as well as the underlying molecular mechanisms of 

cross-linking. The motivation of this thesis, basically the investigation of cross-linking of 

aromatic SAMs by scanning tunneling microscopy (STM), is formulated in detail. Finally, the 

operation principles of the surface analytical methods employed for this thesis, STM and X-ray 

photoelectron spectroscopy (XPS), are described in detail.  

2.1 Self-Assembled Monolayers 

SAMs are ultrathin molecular films that form on suitable substrates by adsorption and 

subsequent self-organization, that is, by exposing a bare substrate (e.g. metals like Au, Ag, Cu, 

Pd, Hg, metal oxides like Al2O3, SnO2, TiO2, SiO2, or ‘functionalized semiconductors’ like 

Si−H, or semiconductor surfaces like GaAs, InP) to specific amphiphilic molecular precursors 

(e.g. aromatic or aliphatic hydrocarbons with suitable head groups, e.g. −SH, −COOH , −OH, 

trichlorosilane) a well-ordered and densely-packed molecular assembly is generated 

spontaneously on its surface[16],[17],[18].  

The building blocks for SAMs are the precursor molecules (see Figure 2.1 (a)). They can 

generally be divided into three parts: (a) the head group (also called anchor group, linking 

group or ligand), (b) the spacer (also called backbone), and (c) the functional group (also called 

terminal group). The orientation of the molecules with respect to the substrate surface is 

typically defined by the tilt angle α, which is the angle between the molecular backbone and the 

surface normal direction; the twist angle β which describes the rotation of the molecular 

backbone plane with respect to the molecular axis; and the precession angle χ which gives the 

tilt direction and is derived from the projection of the inclination plane (defined by the 

substrate normal and the axis of the molecular backbone) on the substrate plane[20] (see Figure 

2.1 (b)).  

The choice of the precursors plays a crucial role for defining the physical, chemical and 

interfacial properties of the monolayer/substrate system. The head group mediates the 

chemical bond of the precursors to the substrate surface, which is, in particular, of covalent 
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2.1.1 The Langmuir adsorption model 

The Langmuir adsorption model[28] explains the kinetics of adsorption on a rather 

fundamental level, that is, by assuming that i) the surface of the solid adsorbent is 

homogeneous, that is, the adsorption sites are equivalent, ii) the adsorbates occupy the sites 

with probability p = 1 (free site) and p = 0 (occupied site), iii) no interaction between the 

adsorbates on adjacent sites takes place, and iv) the adsorbate coverage is limited by one 

monolayer.  

In case of single non-dissociative adsorbates, the adsorption rate rads and desorption rate rdes 

are given by ���� = ���� × �� × ��.�. Equation 2.1 ���� = ���� × �� Equation 2.2 

where kads and kdes are the adsorption and desorption constants, respectively, pA is the partial 

pressure of the adsorbate, cA is the surface adsorbate concentration, and cb.s. is the surface 

concentration of the bare adsorbtion sites.  

In the equilibrium state, the surface coverage of the adsorbent θA is given by  Ɵ� =  !"∙$%&' !"∙$%   with   (�) = *+,-*,!- Equation 2.3 

where Keq denotes the equilibrium adsorption rate. 

If the adsorption rate kads exceeds the desorption rate kdes, that is, Keq > 1, the Langmuir 

adsorption isotherm is characterized by a leveling-off behavior of the surface coverage θA. As 

previously mentioned, the previous model considers the simplest case of adsorption. It does 

not account for the competitive adsorption of different adsorbate species A and B, for the case 

of dissociative adsorption, for rough surfaces with inequivalent adsorption sites, for adsorbate-

adsorbate interactions, or for multilayer adsorption. Extensions of the basic Langmuir model 

can be found in the literature[29]. In particular when the monolayer is formed in the liquid 

phase, solvent-substrate and solvent-adsorbate interactions need to be taken into account (see 

below).  
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2.1.2 Vapor Phase Deposition vs. Liquid Phase Deposition 

Two preparation methods are commonly used to prepare SAMs on substrates: i) SAMs are 

formed by immersing a clean substrate in a dilute solution of molecular precursors or ii) SAMs 

are prepared by vapor deposition; typically under UHV conditions. Fundamental aspects 

concerning both techniques are described below.   

SAM formation by vapor deposition requires sophisticated UHV equipment and may be of 

lower throughput compared to the preparation from solution but may yield SAMs of high 

purity due to the absence of a solvent and other contamination sources, making them suitable 

for spectroscopic or microscopic studies, in particular SPM experiments. However, adequate 

vapor pressures are required allowing for thermally evaporating the precursors while avoiding 

thermal degradation. This is problematic in particular for long-chain alkanethiols. The 

monolayer coverage is typically controlled by the exposure time of the substrate to the 

molecular stream. The assembly of thiols on gold from the vapor phase at low coverage 

typically involves the formation of one or more low-coverage phases, characterized by an 

ordered pattern of molecules lying flat. The growth kinetics may be approximated by simple 

first-order Langmuir adsorption kinetics[30]. At higher coverage, that is, when steric 

interactions between the precursor molecules become relevant, adsorption becomes more 

complicated involving different (intermediate) phases[31],[32],[33]. The final state of self-

assembled (aliphatic and aromatic) organothiols on Au(111) is typically characterized by a 

densely-packed molecular layer of (nearly) upright-standing molecules, accompanied by a 

conversion of the molecules to thiolates via dissociative adsorption and therefore by a 

transition from a physisorbed state to a chemisorbed state[16]. The specific ordering of the SAM 

is strongly determined by the energetic of the metal-sulfur bonds and the attractive 

intermolecular interactions between the molecular spacers via vdW forces and hydrogen 

bonding interactions[16].  

SAM formation in solution is a rather complex process compared to gas phase formation in 

UHV due to additional solvent-substrate and solvent-adsorbate interactions. For this thesis, 

TPT SAMs on Au(111) on mica were prepared in a 1 mM solution of TPT in dry, degassed 

DMF by immersing the clean gold substrate in the solution for one day at 70 °C (see 

section 3.1.3). Another common method to prepare organothiolate-based SAMs is to employ 

ethanolic solution of the precursors [16]. The adsorption process of terphenyl-derivatized thiols 
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was investigated by STM involving different solvents[34]. The most important parameters 

influencing the final SAM structure are the nature of the solvent, the concentration of the 

solute, the immersion time, and the adsorption temperature. At low coverage, that is, 

immediately after adding the substrate to the precursor solution, SAM growth can be described 

by Langmuir adsorption (see above)[35]. The precursor adsorption rate is influenced and may 

be lowered by interactions between solvent molecules and the substrate surface[16]. The SAM 

growth rate is significantly lower at higher coverage (~ 80%) due to the reorientation of the 

precursors in order to obtain a densely packed SAM layer with (nearly) upright-standing 

monomers, similar to SAM growth from the vapor phase. SAM preparation may therefore 

require immersion times up to one day. The fabrication of SAMs from solution is reasonable if 

the SAM is subsequently exposed to other liquids, for example biosensor applications[23], water 

filtration[9], or wetting studies[36]. 

2.1.3 Organothiolate-based SAMs at High Surface Coverage 

For this thesis, p-terphenylthiol (TPT) SAMs were prepared on Au(111) on mica. TPT 

molecules form well-ordered SAMs on noble metal surfaces, such as Au(111)[39],[40],[112] or 

Ag(111)[124]. The gold surface is well-suited for the fabrication of SAMs from thiol-containing 

precursors. The low chemical activity of the gold surface provides protection against 

oxidization and most chemicals but binds thiols with high affinity[19]. The gold surface is easy 

to clean via ozone treatment and subsequent rinsing with ethanol. TPT SAMs were prepared 

either from dimethylformamide (DMF)-based solution or from the gas phase under ultra-high 

vacuum (UHV) conditions. Both preparation methods bring their own advantages and 

disadvantages in terms of the ease of fabrication, cleanliness, throughput and the quality and 

structure of the monolayer. However, the basic mechanisms underlying the respective 

formation processes are similar, but their understanding is complex and requires the 

consideration of both kinetic and thermodynamic factors[16].  

The molecular ordering of organothiolate-based SAMs (aliphatic and aromatic SAMs) on 

Au(111) at high surface coverage is generally dictated strongly by the local (√3 × √3)R30° 

overlayer domain structure of atomic sulfur on Au(111)[20],[37] at highest coverage (0.28 ML), 

indicating the influence of the interaction between the sulfur anchor groups and the Au(111) 

surface on the molecular assembly. This ordering also determines the maximum packing 

density of the SAM molecules. Figure 2.2 shows a structural model for the local (√3 × √3)R30° 
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the unit cell and the respective intramolecular configuration, e.g. the inter-ring twist angle γ 

defining the rotation between the phenyl rings in case of oligophenyl-based SAMs, remains 

unknown. NEXAFS may provide information on the average tilt angle α of the molecules in 

oligophenyl-based SAMs[41],[43] but cannot distinguish between different tilt angles adopted in 

different phase domains. The same applies to XPS which allows for estimating the average tilt 

angle by determining the thickness of the molecular layer[44], provided that the molecular 

length is well-known. Closer insight into the molecular packing motifs of biphenylthiolates on 

Au(111) was recently achieved by Verwüster et al. employing density functional theory 

(DFT)[21]. The results indicate, among others, that i) neighboring phenyl rings preferentially 

adopt a T-shaped arrangement resulting in a herringbone pattern compared to a co-planar 

situation (this finding is supported by STM data for TPT SAMs on Au(111)[41]), and that ii) the 

molecules are either almost perfectly planar or strongly twisted with γ ≈ 70°-80°.   
2.2 Cross-Linking of Aromatic SAMs 

Whereas aliphatic SAMs degrade upon electron exposure[45],[46], SAMs from aromatic 

precursors are laterally cross-linked and converted into monomolecular sheets with extremely 

high thermal stability[13],[47],[6]. Aromatic SAMs can be employed as negative electron resists in 

nanolithography applications[48] (but also SAMs from cycloaliphatic precursors have shown 

performance as negative electron resist[49]) and as building blocks for the fabrication of 

ultrathin (quasi two-dimensional) materials, i.e. carbon nanomembranes (CNMs), providing 

an innovative technology in the field of membrane separation[1],[2],[9]. This section focuses on 

molecular mechanisms of cross-linking as well as on electron irradiation-induced structural 

and chemical modifications of aromatic SAMs.  

2.2.1 Molecular Mechanisms 

Cross-linking of aromatic SAMs can be achieved by irradiation with electrons[48],[11],[50],[13], 

He+ ions[51], or UV light[52]. Both primary electrons (PEs) with kinetic energies of typically 50-

100 eV and the low-energy secondary electrons (SEs) emitted from the substrate were identified 

to contribute to cross-linking[53],[54],[13],[1],[14],[55]. Cross-linking starting with electron 

attachment (EA) can be described by the reaction route depicted in Figure 2.3. (a) An incoming 

electron of low kinetic energy is attached to a phenyl unit of a SAM molecule to form a 
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transient negative ion (TNI), that is, the incident electron becomes temporarily trapped in the 

vicinity of the target molecule, e.g. the biphenylthiol (BPT). (b) The TNI may decay via a 

number of different channels, among which the abstraction of (anionic) hydrogen through the 

dissociation of C−H bonds and quenching of the electronically excited C−H* state through 

interaction with the induced image dipole at the metal surface are two dominating decay 

channels. In the first case, the remaining radicalized carbon center may further react with an 

adjacent molecule in forming an intermolecular, covalent carbon-carbon bond; a process 

which is accompanied by some significant conformational and orientational molecular 

disordering which gives rise to the amorphous molecular structure of the monolayer at the 

final stage of cross-linking. 

 

Figure 2.3: Schematic representation of cross-linking in biphenylthiol-based SAMs, involving (a) electron 

attachment to phenyl units, (b) dissociation of C−H bonds, and (c) formation of intermolecular covalent carbon-

carbon bonds. Reprinted from ref [1]. Copyright (2017) Walter De Gruyter GmbH.   

Low-energy (< 10 eV) electron-induced cross-linking of TPT SAMs on Au(111) was 

investigated by Amiaud et al. employing high resolution electron energy loss spectroscopy 

(HREELS)[14]. The excitation function of the energy loss at 378 meV, attributed to the ν(C−H)ph stretching mode, exhibits a maximum at 6.0 ± 1.5 eV. Based on the observed 

aromaticity loss of 47-53 % upon 6 eV electron exposure with a dose of 50 electrons per 

monomer, a radical chain reaction mechanism going along with aromaticity loss was proposed. 

This mechanism is schematically shown in Figure 2.4. Individual chain reactions are initiated 

by EA at 6 eV. The resulting TNIs decay either via electronic rearrangement (without hydrogen 

loss), leading to the creation of a negatively charged carbon centre next to a radical carbon 

centre (route A), or via dissociative electron attachment (DEA) process going along with the 

release of an hydrogen ion and the creation of a radicalized carbon center (route B). Therefore, 
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the first radical is created upon EA. The chain reaction propagates as the radicalized phenyl 

rings are free to react with adjacent phenyl rings, generating new radicals which in turn 

generate new radicals and so on. Every involved monomer is subject to rehybridization of two 

carbon centers from sp² to sp³. The efficiency of the propagation processes is thereby increased 

by the freedom of the radicalized carbon centers to propagate along the respective phenyl rings. 

Potential mechanisms leading to the termination of those two-dimensional chain reactions 

were not addressed. Based on the observed loss of aromaticity, which was attributed to the 

electron irradiation-induced formation of sp³-hybridized C−Hx groups, a reactive EA cross-

section of 1.2 × 10-16 cm² was estimated. A partial loss of aromaticity was also observed 

previously in NEXAFS data for 50 eV electron-irradiated BPT SAMs[13]. However, HREELS 

data indicates that exposure of TPT SAMs on Au(111) with 50 eV PEs is not accompanied by 

aromaticity loss[53]. Note that the proposed chain reactions propagate without hydrogen loss.  

However, cross-linking is accompanied by hydrogen loss[53],[48] and an effective cross-section 

for hydrogen loss of σH-loss = 2.7–4.7 × 10-17 cm² was calculated[53]. Electron impact ionization 

was identified to be the major mechanism leading to the loss of hydrogen, with impact 

electronic excitation contributing only marginally. Reactive processes induced by the low-

energy SEs seem to contribute to hydrogen loss with a cross-section estimated as one order of 

magnitude smaller.  
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the nSs may be incorporated into the carbonaceous matrix. S−Au bond cleavage may be slowed 

by cross-linking of the aromatic network[13]. For TPT SAM on Au(111), the cross-section of 

the S−Au bonds to undergo bond cleavage upon 50 eV electron exposure amounts to 

1.7 ± 0.3 × 10-17 cm², as derived from XPS data[15].  
2.2.3 Structural and Chemical Modifications upon Cross-Linking 

The progressive broadening of the C1s XP signal indicates both the reduction of the molecular 

conformational and orientational order of the monolayer and the modification of the 

electronic structure of the carbon centers upon electron exposure[13],[57]. The reduction of the 

long-range molecular order upon electron exposure was further verified on the molecular level 

for BPT SAMs on Cu(111) employing STM and LEED[58]. NEXAFS measurements further 

indicate an increased downward tilting of BPT molecules on Au(111) upon cross-linking, with 

tilt angles of ~31° (pristine SAM) and ~41° (after cross-linking). Earlier studies have shown 

that the irradiation of biphenyl-based aromatic SAMs with electrons may lead to a marginal 

desorption of carbonaceous material, hence leaving the carbon content mostly 

preserved[59],[48],[54]. For TPT on Au(111), the irradiation with electrons (100 eV, 60mC/cm²) 

led to a reduction of the carbon content by 4%[11], as seen from the intensities of the XPS C 1s 

and Au 4f photoelectron signals. HREELS measurements have shown[53] that the carbon 

content is conserved upon 50 eV electron irradiation up to a dose of 9.5 mC/cm², within the 

restriction of accounting for a carbon content variation of a few percent. Moreover, ring 

opening accompanied by the formation of aliphatic C=C bonds could not be excluded.  Beside 

lateral cross-linking, electron exposure may affect the monolayer-ambient interface[60].  

2.2.4 Formation of Molecular-Dimension Pores 

More recently, the morphology of a cross-linked TPT monolayer (100 eV, 50 mC/cm²) on 

Au(111) was characterized by AFM[9], revealing its amorphous and porous molecular structure 

by indicating the presence of “nano-voids”. The void diameter is estimated to an upper limit of 

0.7 ± 0.2 nm. The presence of molecular-dimension pores may explain the capability of CNMs 

made from TPT precursors to filtrate water molecules and helium atoms[9]. The measured pore 

size is supported by an estimation of pore sizes from classical flow models[9]. Understanding 

the membrane molecular structure is of particular interest in order to tune their filtration 

properties.  
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2.3.1 Topographic Imaging in STM 

The operating principle of STM contrasts significantly with related microscopic techniques, i.e. 

optical or electron microscopy. Instead of a complex lens system which is supposed to guide a 

beam of light or electrons interacting with the sample surface, a metallic tip of atomic 

sharpness is used as a pointed measuring probe and brought in tunneling contact with a 

conducting sample (see Figure 2.7). The separation between tip and sample surface d is typically 

only a few Ångström units. Applying a voltage UT between tip and sample generates a 

tunneling current IT. By employing piezoelectric actuators (one or more, depending on the 

construction of the STM) and a measuring and control system, the tip is scanned over the 

sample surface (x,y) while the tunneling current is monitored and used as a highly distance-

sensitive measurement signal. When the STM is operated in the constant-current mode, an 

integrated feedback loop maintains IT constant by controlling d; more specifically, the voltage 

applied to the respective piezo actuator. This technique allows for generating a three-

dimensional map z(x,y) of the surface with molecular or even atomic resolution.  

 

Figure 2.7: Operation principle of scanning tunneling microscopy. A metallic tip of atomic sharpness is used as a 

measuring probe and brought into tunneling contact. The application of a voltage between tip and sample surface 

results in a tunneling current being used as measurement and reference signal during image acquisition. The tip is 

scanned over the sample surface by piezoelectric actuators. In the constant-current mode, the tunneling current is 

kept constant by controlling the distance between tip and surface, thus enabling the acquisition of three-

dimensional surface maps. Reprinted from ref [65]. 

The principle of operation of the STM is based on the quantum mechanical tunneling effect. 

Therefore, the following section focuses on the simplest case of electron tunneling, that is, 
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elastic electron tunneling in one dimension. This approximation already explains the extreme 

sensitivity of the tunneling current to the width of the potential barrier. 

2.3.2 Elastic Tunneling in One Dimension 

Elastic tunneling of a single electron with kinetic energy E0 and wave vector  k0 through a one-

dimensional rectangular potential barrier of height V0 and width Δz is the most fundamental 

approach for the theoretical description of tunneling phenomena (see Figure 2.8). The wave 

nature of microscopic particles, commonly known as wave-particle dualism, was first 

postulated by Louis de Broglie in 1923[66] and later formulated mathematically by Erwin 

Schrödinger[67] in his popular Schrödinger Equation(s). The wave nature of electrons allows 

them to traverse potential barriers which are impenetratable from the classical point of view. 

The overall wave function of the electron is derived from solving the time-independent 

Schrödinger equations for the three regions (j=I,II,III) and by matching the ψj and their first 

derivatives dψj/dz at the discontinuities of the potential V(z). A thorough theoretical 

background of numerous tunneling processes, including a detailed mathematical description 

of the present subject can be found in ref [68]. In the wave model of the electron, the incident 

electron wave ψinc is split up into a transmitted part of lower amplitude, ψtrans with wave vector 

ktrans, and a reflected part (not shown), while the electron energy is being preserved during the 

(elastic) tunneling process. From the classical point of view, the transmitted part of the electron 

wave function equals zero. It is to be noted that particles in quantum mechanics are described 

by wave packets but, for clarification, a sinusoidal electron wave is shown in Figure 2.8. In the 

particle model of the electron, the electron passes the barrier with a certain transmission 

probability, which is expressed by the transmission coefficient T. For a strongly attenuating 

barrier (κ × Δz >> 1), T shows the following dependency: . ∝ exp�−23 ×  Δ5 �     with decay rate     3 = 627(9: − ;:) ℏ⁄ , Equation 2.4 

where ℏ is the Planck constant, m is the electron mass, and V0 - E0 is the effective barrier height.  

The same result for the transmission coefficient T was also found by Bardeen in 1961 for metal-

insulator-metal tunneling junctions by solving the time-dependent Schrödinger equation with 

approximate solutions of the exact Hamiltonian and by using Fermi’s ‘golden rule’ of first-

order time-dependent perturbation theory[69]. Equation 2.4 reveals the strong sensitivity of the 
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2.3.4 Tunneling in STM 

The major difference between planar tunneling junctions and STM tunneling junctions is the 

pointed shape of the STM scanning probe which allows for acquiring images with 

extraordinarily high lateral resolution. Already Equation 2.4 indicates that the tunneling 

current I majorly originates from the very front end of the scanning probe. This is a 

fundamental property of tunneling contacts. Thus, the origin of the tunneling current can be 

localized on the sample surface (x,y) in an extremely precise manner. However, the three-

dimensional shape of the scanning probe makes the mathematical derivation of the tunneling 

current more complex. Moreover, in practice typically neither the atomic structure of the tip 

very near the sample surface nor the tip wave functions contributing to the tunneling process 

are known. In conventional STM experiments, the tip is typically subject to recurring 

modifications during the scan, making its exact characterization prior to experiments not 

practicable. In 1961, Bardeen derived the following expression for the tunneling current I in 

first-order time-dependent perturbation theory[69]: R =  2SNℏ T?U(;V) − U(;� + NP)LV,� ∙ |YV�|J ∙ ẟ(;� − ;V) Equation 2.7 

where f(E) is the Fermi function, U the bias voltage, Mts  is the tunneling matrix element 

between the unperturbed electronic states ψt of the tip and ψs of the sample surface, and Et and 

Es are the energies of the states ψt and ψs in the absence of tunneling.  

In this formalism, the matrix element Mts is given by YV� = − ℏ²27 \ H] ∙ (^V∗∇^a − ^a∇^V∗) Equation 2.8 

where the integral is to be evaluated over a random surface separating the STM tip and the 

sample surface. 

As the wave functions of tip and sample surface are typically unknown, further theoretical 

treatment requires the assumption of a model wave function. Tersoff and Hamann (1983, 

1985) assumed the very front part of the tip to be of spherical geometry with effective radius R 

(see Figure 2.11)[74],[75]. The strong dependency of the tunneling current on the width of the 

potential barrier (see Equation 2.6), that is, an increase of the barrier width by one Ångström 

may lead to a decrease of the tunneling current by one order of magnitude, makes it reasonable 

to assume that the major part of the tunneling current results from the very front part of the tip 
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and that the overall tip geometry can be neglected. Therefore, assuming spherical tip geometry 

of radius of curvature R, with its center of curvature at r0, is reasonable (see Figure 2.11). The 

distance between the front end part of the tip and the sample surface is d. Tersoff and Hamann 

modeled the tip by an s-type wave function, neglecting all contributions from tip wave 

functions with angular dependence with orbital number l ≠ 0.  

 

Figure 2.11: Schematic illustration of the tunneling geometry. The tip geometry is assumed locally spherical with 

radius of curvature R and center of curvature at r0. The distance between the front end of the tip and the sample 

surface (shaded) is d. Reprinted with permission from ref [74]. Copyright (1998) American Physical Society. 

In the limit of low temperature T and small applied bias voltage U, the following dependency of 

the tunneling current was obtained: R ∝ P ∙ exp (23b) ∙ �V(;c) ∙ �d(;c , e:) Equation 2.9 

where nt(EF) is the density of states of the tip at the Fermi level, ns(EF,r0) the LDOS of the 

sample surface at the Fermi level evaluated at the center of curvature r0 of the tip, and κ = 2mΦ/ℏ is the decay rate where Φ is the effective local potential barrier height.  

Following the formalism by Tersoff and Hamann, the STM tunnel junction shows ohmic 

behavior at low bias (if r0 = constant). The influence of the electronic structure of the scanning 

probe can be neglected. The proportionality of the tunneling current to the LDOS of the 

sample surface implies that the STM images, if acquired in constant current operating mode, 

reflect contour maps of constant surface LDOS at the Fermi level, evaluated at the center of 

curvature r0 of the tip. For metals with a simple electronic structure, this contour map 

approximates the actual sample topography. However, Equation 2.9 is only valid at low bias 

voltage and in case that only one s-type wave function and no tip wave functions with angular 

dependence (l = 1,2, …) contribute to the tunneling current. A finite bias voltage may lead to a 
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distortion of the tip and sample surface wave functions ψt and ψs as well as to a distortion of 

the respective energy eigenvalues Et and Es
[76]. In a first approximation, that is, by using the 

undistorted (zero-voltage) tip and sample surface wave functions and energy eigenvalues, by 

neglecting image potential effects and the influence of the electrodes’ band structure on the 

tunneling probability, the tunneling current can be expressed as R ∝ \ H; ∙ �V(∓; ± NP)�h: ∙ ��(;) ∙ .(;, NP) Equation 2.10 

with transmission coefficient .(;, NP) = NQ�?−2(H + b)3L   with   3 = iJjk!llℏ²  

and D�mm = kn'k-J + �hJ − ; 
Equation 2.11 

where D�mm is the reduced effective barrier height. Depending on the polarity of the bias voltage, 

electrons can tunnel from occupied electronic states of one electrode (tip or sample) into 

unoccupied electronic states of the opposite electrode. The energy-dependency of the decay 

rate κ is a result of the WKB approximation. The exponential dependency of the transmission 

coefficient T is in agreement with Equation 2.4, Equation 2.5 and Equation 2.6 and results from 

the fact that the LDOS of the sample surface at the Fermi level, ns(EF), decay exponentially in 

the z direction normal to the surface towards the vacuum ambient: �d(;c , 5) ∝ exp (−235) Equation 2.12 

The effective lateral resolution of the STM was estimated geometrically by Tersoff and 

Hamann[74],[75] under consideration of the exponential dependency of the transmission 

coefficient (see Equation 2.11) a spherical model tip of radius R (see Figure 2.11) to  o�mm =  1.66 ∙ qb + H3  Equation 2.13 

Assuming a tip-sample distance of R + d = 1 nm and a sample work function Φ of 5 eV, the 

lateral resolution is about 4-5 Å. This relation indicates that Leff is defined by the gap width d in 

case of a sharp tip (R << d) and by the radius of curvature R in case of rather blunt tips 

(R >> d). However, geometrically approximating the STM lateral resolution is only reasonable 

for larger surface corrugations such as the reconstruction of metal surfaces, e.g. Au(100) 5×1 

and Au(110) 2×1 with surface periodicities of ~14 Å and 8.2 Å, respectively. 



Basics and Theoretical Considerations 

29 

Wiesendanger et al. have shown[77] that the resolution of the STM can be significantly higher 

than predicted within the s-wave tip model by measuring the atomic surface structure of 

Au(111) exhibiting corrugations < 3 Å. Understanding the underlying mechanism requires a 

more detailed modeling of the STM tip. Chen[78],[79] found that the atomic orbital at the front 

end of the tip has strong impact on whether atomic corrugations can be resolved or not. In 

particular, the experimentally observed atomic corrugation of Al(111) is explained by 

assuming a dz² tip state, whereas an s tip state would only provide LDOS contrast without 

atomic resolution. In particular, tungsten STM tips are predominantly characterized by pz and 

dz² states at the tip apex[78],[80]. Tunneling through electronic tip states with angular dependency 

is described by the ‘derivative rule’ developed by Chen[80]. Following Chen’s formalism, the 

tunneling matrix element M for pz and dz² tip states are proportional to the respective z 

derivatives of the surface atom wave functions ∂ψ⁄∂z and ∂²ψ⁄∂z², evaluated at the center r0 of 

the tip apex. Therefore, the observed corrugations in constant-current STM images involving 

tip states with angular momentum (l = 1, 2, …) generally do not represent contour maps of 

constant LDOS at EF  of the sample surface, as derived from the calculations of Tersoff and 

Hamann for s-type tip states, but contour maps of constant conductance distribution σ(r) = σ0. 

It is clarified by the ‘reciprocity principle’ in STM by Chen[78] that the STM tip apex generally 

does not image the actual electronic structure of the sample surface. If the tip state and the 

sample surface states are of different angular momentum, interchanging the tip and sample 

surface states would not affect the contours of constant conductance σ(r) = σ0 and therefore 

lead to similar patterns in constant-current STM images (see Figure 2.12).  

 
Figure 2.12: Schematic illustration demonstrating the ‘reciprocity principle’ by Chen. Interchanging the tip and 

sample surface states would yield a similar contour pattern. Reprinted from ref [81]. 

The contribution of non-s-type tip states can explain the unexpectedly high atomic corrugation 

amplitude on the Au(111) surface observed by Hallmark et al.[82] which is about two orders of 

magnitude higher than predicted by the theory of Tersoff and Hamann by assuming an s-type 
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tip state. Recent studies have demonstrated the possibility to reproducibly probe and select 

different d–orbitals of a single crystalline tungsten tip in a controlled manner[83] (see Figure 

2.13). This was performed by employing the localized carbon orbitals of the HOPG surface 

atoms. The experimental results, being supported by DFT calculations, demonstrate the 

capability of the STM to achieve sub-ångström lateral resolution (at zero temperature), thereby 

breaking through the resolution limit proposed by Tersoff and Hamann.  

 
Figure 2.13: Schematic view of a W(001) tip with the d3z²-r² (left), dxz,yz (center), or dx²-y² (right) orbital at the apex 

above the graphite surface. (b)-(d) Pseudo 3D images of the atomic features measured with W(001) tips and 

predominant contribution of the displayed tip orbitals. Reprinted with permission from ref [83]. Copyright (2010) 

Europhysics Letters.  

2.3.5 Preliminary Considerations on the Effect of Cross-linking on the STM 

Image Contrast 

To specify the origin of the STM image contrast of isolated adsorbates or even adsorbate layers 

on metallic surfaces is a complex issue. STM does not simply measure the topography on a 

sample surface. Instead, manifold parameters influence the image contrast, e.g. the nature of 

the scanning probe frontal atomic orbital, the modulation of the sample work function by 

polarizable molecular adsorbates, the electronic structure of the adsorbates; in particular which 

electronic states predominantly contribute to the image contrast, the local electronic properties 

of the sample surface (LDOS), the tip-surface separation, mechanical and electrostatic tip-

surface interactions, the applied bias voltage, etc. The electronic structure of adsorbates may 

further be altered by changes in molecular conformation and packing[84]. In particular, 

adsorbates can appear as peaks or valleys or even be completely invisible, depending on the 

applied bias voltage and on whether their presence increases or decreases the LDOS of the 

sample surface[85],[86]. “For the imaging of adsorbates with the STM, it is not correct to say that 

the microscope images the adsorbate, or that it images the adsorbate perturbed by its 
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interaction with the substrate. The microscope in fact probes the adsorbate and the substrate, 

both perturbed by their mutual interaction” (see: Sautet 1997, p.1115)[87].  

The accurate interpretation of STM images which show partially cross-linked TPT monolayers 

on Au(111)  therefore requires a prior discussion of how the appearance of cross-linked 

monolayer areas in (constant-current) STM images may differ from pristine ones; more 

specifically, how cross-linking may affect the STM image contrast. For this it is reasonable to 

consider the findings in previous studies on how cross-linking affects the charge transport and 

the electronic transport properties through the molecular layer. In this context, the relative 

contributions of cross-linking of the carbonaceous matrix and the modification of the S−Au 

interface to the (constant-current) STM image contrast should be discussed and, in particular, 

if both kind of modifications can be distinguished in the STM images. Cross-linking of SAMs 

made from oligophenyl derivatives significantly affects the charge transport through the 

monolayers. Penner et al.[88] investigated the charge transport through molecular junctions 

incorporating pristine and cross-linked SAMs (100 eV, 50 mC/cm²) of oligophenylthiols of 

different molecular length (phenylthiol, biphenylthiol, p-terphenylthiol, and 

p-quaterphenylthiol), employing an eutectic Ga-In (EGaIn) top electrode and the 

Au(111)/mica substrate as bottom electrode. It was found that the tunneling junction 

incorporating the cross-linked layer is characterized by an increase of the (low-bias) tunneling 

resistance R upon cross-linking by 1-2 orders of magnitude (also observed by Yildirim et al.[89]) 

which could be accounted for by the enhanced tunneling barrier at the Au/monolayer interface 

and the partial loss of aromaticity compared to the pristine monolayer. This indicates that 

locally cross-linked spots in the monolayer appear as depressions in STM images (see Figure 

2.14). This hypothesis is supported by Zhang et al.[90] employing conductive probe atomic force 

microscopy (CP-AFM) yielding current images acquired at a bias voltage of 100 mV of a 

patterned monolayer consisting of pristine and cross-linked 4′-nitro-1,1′-biphenyl-4-thiol 

(NBPT) monolayer areas (patterned by shadow mask in close proximity to the monolayer 

during electron irradiation), revealing that the tunneling current is decreased in the cross-

linked areas.  
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The energy gap between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) for the pristine TPT film was determined by 

Kong et al.[93] using DFT calculations, yielding a value of 4.1 eV (4.4 eV was specified by 

Houplin et al.[94]). The energy of the LUMO orbital is 2.1 eV above the Fermi level. Schematic 

energy diagrams for the respective tunneling situations are shown in Figure 2.15. The calculated 

ground state molecular orbital energies and their positions are shown (brown, horizontal 

lines). For high bias voltages with respect to the LUMO (a), resonant tunneling is to be 

considered. For low bias voltages (b), no molecular orbitals should contribute to the tunneling 

current directly. However, a reduction of the HOMO-LUMO gap upon cross-linking may 

occur. It was shown in case of [1,1’;4’,1’’-terphenyl]-4,4’’-dimethanethiol SAMs on Au that 

electron irradiation (50 eV, 54 mC/cm²) results in a reduction of the HOMO-LUMO gap from 

6.8 eV to 5.9 eV[95]. For TPT SAMs, this may lead to the contribution of additional tails of 

molecular orbital resonances to the STM image contrast through resonant tunneling and 

therefore, cross-linked areas within the molecular layer should appear brighter compared to 

the pristine areas. Moreover, taking into account the decrease in aromaticity, more broadened 

molecular orbitals are expected[88].  

In conclusion, locally cross-linked spots within the TPT layer should appear as depressions in 

constant-current STM images, due to the strong increase of the tunneling resistance R upon 

cross-linking. As the increase of R is primarily caused by the increase of the contact resistance 

R0, it is further expected that the major contribution to the STM image contrast results from 

the modification of the S−Au interface. Cross-linking of the carbonaceous matrix, however, is 

expected to contribute only marginally to the contrast as the decay constant. βR does not 

change significantly after cross-linking. Though the reduction of the HOMO-LUMO gap 

might lead to the contribution of additional tails of molecular orbital resonances to the 

tunneling current, the strong increase of the tunneling resistance R upon cross-linking strongly 

indicates that locally cross-linked spots within the TPT layer appear as depressions in STM 

images.  
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Rd = R: exp (− Ht) Equation 2.15 

Here, λ denotes the inelastic mean free path (IMFP) of the electrons inside the material. It 

depends on the kinetic energy of the photoelectron and the material itself. However, universal 

dependencies for elements, organic and inorganic compounds and adsorbed gases were 

discovered by Seah et al.[99]. The typical escape depth of non-scattered photoelectrons is 

1-10 nm.  

XPS further allows for determining the layer thickness t of the monolayer from the attenuation 

of a substrate photoemission signal with preferably high intensity. For this method, a bare 

reference substrate sample is required. The layer thickness t can be calculated according to[100]:  R� = R: × Nu Vvwx�Ɵ  Equation 2.16 

where I0 and Id are the photoemission signals from the reference sample and the monolayer-

covered substrate, respectively. Ɵ is the emission angle and t is the attenuation length of the 

chosen substrate photoemission signal. For this thesis, the monolayer thickness was calculated 

by employing the Au 4f7/2 signal. The attenuation length t employed amounts to 36 Å[52]. 
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3 Materials and Methods 

This chapter provides background information about the molecular and electronic structure of 

the TPT precursors and how TPT SAMs on Au(111) on mica were prepared from solution and 

from the gas phase. Most experiments for this thesis were performed on the Omicron 

Multichamber UHV system (excluding SAM preparation from solution). The modular design 

of this system will be explained. Afterwards, technical details about the surface analytical 

instruments, XPS and STM, are given and how the data was processed and evaluated after 

acquisition. Monolayers were cross-linked either by using the rastering electron beam of a SEM 

or by using an in-situ electron floodgun. Both procedures are described in detail. In some 

experiments, the STM/SEM combination system was employed to irradiate a distinct area of a 

monolayer with electrons and to acquire STM data of the respective surface location 

immediately before and after electron irradiation. All steps involved in this procedure will be 

described in detail.  

3.1 Materials 

3.1.1 Molecular Precursors 

The p-terphenyl (TPT, HS-(C6H4)2-C6H5) precursor molecules were purchased from Sigma-

Aldrich. A schematic drawing of the molecules is shown in Figure 3.1 (a). Each of the three 

planar phenyl rings forming the terphenyl spacer has a rotational degree of freedom about the 

main molecular axis. It is reasonable to assume that the rotation of the phenyl rings is of 

particular importance for the TPT molecules to form intermolecular bonds in two dimensions. 

Two stable twisted conformations of the free molecules were found by employing DFT 

calculations[101], differing mainly by the twisting angles between the successive planar phenyl 

rings (see Figure 3.1 (b1),(b2)). The twisting angles were respectively associated to the couples 

of angles (ϕ1,ϕ2) = (+41.0°,+41.8°) and (+41.9°,-43.2°), taking the central phenyl ring as 

reference and ϕ1 referring to the thiol substituted ring. An upper value for the rotation barrier 

separating the two stable conformations upon variation of the twisting angle ϕ2 of 110 meV 

was found. The distance between the sulfur and the terminal carbon atom amounts to ~13.2 Å. 
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day before being introduced into the multichamber UHV system. XP spectra typically revealed 

the absence of any oxidized carbon or sulfur species. If not, the samples were not used for the 

STM experiments.  

3.1.4 Preparation of SAMs from Gas Phase 

TPT molecules were deposited from gas phase on Au(111)/mica substrates under UHV 

conditions. For this, a clean Au(111) surface was prepared by argon sputtering for 10 min at 

1 keV and a pressure of 3×10-6 mbar. Subsequently, the sample was annealed at 673 K for 

1 hour in order to obtain a flat substrate surface characterized by large gold terraces. The grade 

of purity was monitored by measuring the C 1s and O 1s XPS signal intensities. If required, 

successive sputtering/annealing cycles were performed until the absence of any 

aforementioned XPS signal was proven. Immediately subsequent to sputtering, the gold 

substrate was exposed to the molecular beam from a quartz crucible inside a Knudsen-type 

organic evaporator (TCE-BSC, Kentax). The crucible was filled with TPT crystals previously 

purified by sublimation. The sublimation temperature was set to 398 K and the substrate was 

held at room temperature. The chamber pressure during the evaporation process was ~10-

8 mbar and the evaporation time was ~30 min. Subsequent to the evaporation step, the XPS 

S 2p signal was monitored in order to prove the existence of thiolates (R-S−Au) as well as 

unbound thiols (R-S-H, physisorbed on top of the SAM surface). To remove physisorbed 

molecules, the sample was annealed at 343 K for ~15 min. The absence of any traces of 

physisorbed thiols and the existence of a densely-packed SAM was subsequently verified by 

XPS.  

3.2 Methods 

3.2.1 Introduction to the Omicron Multichamber UHV System 

The Multiprobe® UHV surface science system (Omicron) is depicted in Figure 3.2. Among 

others, it is equipped with a combined STM/SEM system, an XPS instrument, two electron 

flood-guns and an organic evaporator. All instruments are described in detail in the sections of 

this chapter. The preparation and analysis chambers are interconnected by an integrated 

transfer system, allowing for transferring the samples between all chambers whilst being 

protected constantly from surface contaminations by the UHV environment.  
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3.2.4.2 Irradiation by SEM 

To cross-link SAMs by the rastering electron beam of the SEM, the kinetic energy of the 

electrons was set to 1 keV for all experiments, which is the minimum energy of the SEM. The 

pressure in the SEM column was ~10-8 mbar. Prior to each experiment, the beam current was 

measured by using a Faraday Cup. SAMs were irradiated with beam currents ranging from 

200-600 pA. For this purpose, the SEM beam was rastered over the sample surface with a 

distinct number of cycles. Prior to electron irradiation, the STM tip was retracted and moved 

sufficiently far away from the surface location of interest, so that the electrons to may pass the 

tip and reach the surface location. This procedure is described in detail below. The irradiated 

area was typically around 30 × 40 µm². The time per cycle was 2.5 s. The irradiation dose 

applied to the surface, d, is calculated from the beam current, I, the cycle time, t, the number of 

cycles, n, and the scan area, A, according to d = (I × t × n)/A. The diameter of the SEM beam 

was sufficiently lower than the SEM scan width/height. All STM data was acquired at room 

temperature under UHV conditions (chamber pressure < 10-10 mbar). The instrument was 

operated in the constant-current mode with tunneling currents of 10 – 100 pA and sample 

biases between −1.2 to −0.4 V and +0.4 to +1.2 V. A z-resolution of better than 0.01 nm can be 

achieved. The STM tips were prepared from 0.375 mm polycrystalline tungsten wire (Alfa 

Aesar) by electrochemical etching in 3 M NaOH solution. The instrument was calibrated by 

imaging HOPG with atomic resolution. The data was post-processed by using gwyddion v.2.41 

free software.  

The main advantage of the STM/SEM combination system is the possibility to irradiate the 

TPT SAM locally and to acquire STM images of the same sample location immediately before 

and after irradiation, thus allowing for observing the influence of the electrons on the SAM on 

the local, molecular level.   

The experimental implementation requires several steps, as listed below. A simplified scheme 

is depicted in Figure 3.4.  

1) The SEM beam energy is set to 1 keV.  

2) The beam current is measured by using a Faraday cup (20 µm aperture).  

3) The SEM beam is focused on the very front part of the STM probe tip which is in 

tunneling contact (scan area ~30 × 40 µm²). 

4) The beam path is interrupted by using a beam shutter.  
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5) The STM tip is retracted by several micrometers in order to avoid a tip crash during the 

following step.  

6) The sample stage is moved by ~1 mm in order to bring a pristine part of the SAM surface 

into the focus of the SEM beam.  

7) The STM probe tip is brought in tunneling contact with the sample surface and STM data 

of the pristine SAM is acquired.  

8) The STM probe tip is retracted from the surface over the full travel of the z-piezo actuator 

and moved laterally over the full travel of either the x- or y-piezo actuator. 

9) The beam shutter is opened and the required electron dose is delivered to the surface.  

10) The beam shutter is closed and the STM probe tip is moved laterally over the full travel of 

the respective piezo actuator to its original position. 

11) The STM tip is brought in tunneling contact and STM data of the same, now irradiated 

sample location is acquired.  

 
Figure 3.4:  Simplified scheme of the SEM irradiation process, accompanied by STM imaging of the same sample 

location before and after irradiation. At first, STM data of the pristine SAM is acquired. Second, the STM probe tip 

is retracted and moved to the side in order to enable the subsequent irradiation by the SEM beam. Finally, the 

STM probe tip is positioned back to the initial sample location and STM data of the same, now irradiated sample 

area is acquired.  

3.2.5 Post-Imaging Software Image Correction 

STM images are typically subject to linear and non-linear distortion, i.e. thermal drift, piezo 

creep, piezo hysteresis, and cross-talk which would lead to large errors in the determination of 

distances and angles if the images would not be subsequently corrected by employing suitable 

standard protocols.  

Thermal drift is typically a linear effect and results from the fact that the components building 

up the STM device, in particular the scanner head including scanning probe, piezo ceramics 

and linking parts and the scanning stage consist of different materials with different coefficients 



Materials and Methods 

44 

of thermal expansion (CTE) and temperature diffusivities. Slow temperature variations ΔT and 

the difference between the thermal expansion coefficients α cause thermal drift according to Δl/l=Δα∙ΔT[68]. The consequential linear relative (lateral and vertical) motion between the 

STM tip and the sample surface during the scan was estimated to ~10 nm/h when a change in 

temperature of only 1 K/h and a difference in the CTE of 10% between two materials is 

assumed[103]. Within the scope of this thesis, typical image sizes are ~10-100 nm and typical 

image acquisition times are 10-30 min. Therefore, the acquired images had to be corrected 

subsequent to the scan. Given that thermal drift is typically a linear effect, that is, the drift 

velocity is nearly constant during the acquisition of successive up- and down-scans, as the 

acquisition of STM images is usually carried out on a time scale significantly shorter than the 

time that is needed to reach thermal equilibrium, SPM images can easily be corrected by 

applying basic affine image transformations, in particular scaling and shearing operations. A 

procedure for correction of SPM images distorted by linear thermal drift was developed by 

Rahe et al.[103] and applied for the images for this thesis by using the polynomial distortion tool 

of gwyddion 2.41[104].  

Piezo creep is a non-linear effect and an inherent property of the piezo ceramics. Creep 

appears after a fast voltage change, that is, when the STM tip is moved on a short time scale 

over a long distance relative to the sample surface, e.g. in the course of moving to a new sample 

location (creep in x- and/or y-direction) of after approaching the STM tip to the sample surface 

to create the tunneling contact (creep in z-direction). Piezo creep is characterized by a slow 

logarithmic expansion according to Δl/l=α+β∙ln(t)[68], where α and β are constants that 

depend on the piezo ceramics and t is time. The fact that piezo creep occurs to different extent, 

depending on the ramp shape of the voltage change, makes a post-imaging processing of the 

STM image difficult, in particular if sample surfaces of low order and unknown structure are 

investigated. Within the scope of this thesis, creep effects on the images were minimized by 

waiting long enough before the acquiring the new image. Due to its logarithmic character, 

piezo creep becomes nearly linear over time and cannot be distinguished from linear thermal 

drift effects anymore. Post-imaging correction was therefore carried out by using the standard 

protocol for thermal drift correction[103]. 

Piezo hysteresis is a non-linear effect and the most accepted explanation for this behavior is 

attributed to reversible and irreversible displacement or sliding of polarization domain walls, 

which are related to the material polarized grains[105]. However, significant hysteresis effects in 
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Total measurement uncertainty of the Multiscan STM VT. All aforementioned linear and 

non-linear distortion effects affect the measurement accuracy of the Multiscan STM VT. 

However, their contributions may be more or less pronounced, depending on the current 

status of the experiment. For example, thermal drift might become partially non-linear if the 

acquisition time of the image is long and as a result, the accuracy of the employed correction 

protocol[103] is lowered. Within the scope of the experiments for this thesis, however, no length 

and angle deviations of over Δl/l = 10% and Δφ/φ = 5.0° were observed after software image 

correction had been performed. This is in agreement with previous studies on the same 

instrument[31]. It is proposed that the determination of all characteristic length and angle 

values within the scope of this thesis are subject to the respective measurement errors.  
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4 Results and Discussion 

Cross-linking of aromatic SAMs upon exposure to low-energy electrons (1-100 eV) has already 

been studied thoroughly by spectroscopic methods (see section 2.2). However, microscopic 

data covering defined intermediate stages of cross-linking that allows for the quantitative 

characterization of the structural transformation on the nanometer-scale is still lacking. Within 

the scope of this thesis, TPT SAM on Au(111) in mica was used as a model system to 

investigate electron-irradiation induced cross-linking by STM. Two different methods were 

used to irradiate the monolayers with electrons, in which 50 eV and 1 keV PEs were used. In 

the first section of this chapter, the influence of the kinetic energy of PE’s on cross-linking will 

be discussed based on the quantitative XPS data. In particular, the effective cross-sections for 

the chemical modification of the carbonaceous matrix and the sulfur-gold interface of TPT 

SAM under 50 eV and 1 keV irradiation were calculated from the XPS data, which provides 

complementary data for the corresponding STM measurements. The second section focuses on 

the STM characterization of pristine SAM surfaces, which were prepared either from DMF-

based solution or from gas phase under UHV conditions. In the following section, STM data 

for the initial stage of cross-linking are presented, where the changes of structural features on a 

molecular level, arising from the electron-molecule interaction, and the underlying elementary 

mechanisms will be discussed. In the last section, the evolution of the monolayer towards a 

fully cross-linked state and the associated structural transformation are investigated.  

4.1 XPS Study of Cross-Linking: Effect of the PE Energy 

The present study deals primarily with the influence of the kinetic energy of the PEs on cross-

linking, in particular with the influence on the structural and chemical evolution of the 

carbonaceous matrix including the evolution of the carbon content and with the influence on 

the chemical evolution of the gold-sulfur interface. The experiments were performed in 

accordance with previous XPS studies[13].  

The cross-sections obtained in this study represent average values that include the contribution 

of all electron-induced effects and processes that cause modifications in the respective system, 

in particular the relative contributions of electron impact ionization, electron impact excitation 

and electron attachment (see section 2.2). 
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SAMs were irradiated with 50 eV and 1 keV PEs using an in-situ flood-gun (SL1000, 

Omicron), which provides an homogeneous beam profile in an adequate lateral scale. The 

evaluation of the XPS data is described in section 3.2.2. SAMs were exposed to electron doses 

of 2.5/5/10/20/30/40/50/60/75 mC/cm². One pristine TPT sample was irradiated with 50 eV 

PEs and two samples with 1 keV PEs. Three XPS regions were studied: C1s, S2p and Au4f. 

Immediately prior to each XPS experiment, a clean Au substrate was measured as a reference 

to exclude systematic errors as a result of intensity variations of the incident X-ray beam. As 

the irradiation of the samples was carried out under UHV conditions, additional chemical 

reactions associated with electron irradiation, e.g. the formation of C-O-C bonds, can be 

excluded. The absence of oxygen was monitored during the whole irradiation process.  

The negligibility of the influence of the X-ray beam on the monolayer-substrate system was 

verified in an independent experiment. A pristine SAM was exposed to the X-ray irradiation 

for a time period much longer compared to common measurement times (> 1 day) and only 

marginal changes of the C 1s and S 2p regions were detected. 

4.1.1 Evolution of the Carbonaceous Matrix 

The structural and chemical modification of the carbonaceous matrix is studied by means of 

the XPS C 1s photoelectron signal. The signals (black) are shown in Figure 4.1 (a) and (b) for 

PE energies of 50 eV and 1 keV, respectively. Spectra are displayed for doses of 20 to 

80 mC/cm², respectively. The signals consist of the main C 1s peak (red) with a binding energy 

of 284.2 eV, assigned to the carbon atoms forming the phenyl rings, and a weak shoulder (blue) 

at 285.2 eV, assigned to the carbon atom bound to the sulfur (see Figure 4.1). Cross-linking 

leads to manifold modifications of the carbonaceous matrix (see section 2.2), e.g. the cleavage 

of C−H bonds, the formation of intermolecular covalent carbon-carbon bonds, loss of 

aromaticity, and the loss of conformational and orientational order. Therefore, the dependency 

of the C1s full width of half maximum (FWHM) on the irradiation dose is generally 

characterized by a sharp increase in the low-dose regime and a level-off behavior towards high 

doses[15],[106],[57]. The evolution of the C1s FWHM upon 50 eV and 1 keV electron exposure is 

shown in Figure 4.1 (c). Both PE kinetic energies have similar dependencies of the C1s FWHM 

on the irradiation dose. The dose- dependencies are characterized by a sharp increase in the 

low-dose regime (< 10 mC/cm²) and a level-off behavior towards doses up to 50 mC/cm², in 

agreement with previous studies[15]. The data sets were fitted by a standard saturation function 
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(see Equation 4.1) which was previously used to describe irradiation-induced modifications in 

SAMs[107],[108]. R = R��V + (R$BC� − R��V) × exp (−y ∙ H/N) Equation 4.1 

where I represents the dose-dependent value of a characteristic parameter of the monolayer 

(here the shift of the C1s FWHM), Ipris and Isat are the respective values for the pristine and 

fully cross-linked monolayer, d is the irradiation dose (typically in mC/cm²), e is the 

elementary charge, and σ represents the cross-section.  

It is obvious that the carbonaceous matrix is modified predominantly at low doses less 

than 10 mC/cm². By fitting the data points (50 eV: red, dashed lines, 1 keV: black, dashed lines) 

using Equation 4.1, the cross-sections for the structural and chemical modification of the 

carbonaceous matrix are obtained, i.e. 2.9 ± 0.7 × 10-17 cm² (50 eV PE energy) and 

2.0 ± 0.4 × 10-17 cm² (1 keV PE energy). For each data set, the individual data points represent 

the shift of the C1s FWHM calculated by subtraction of the respective dose-dependent FWHM 

value from the one of the pristine SAM. The 50 eV cross-section obtained here is in good 

agreement with the corresponding XPS-derived cross-section from in the literature[15]. In 

particular, an effective cross-section for hydrogen content loss of 3.7 ± 1.0 × 10-17 cm² was 

measured by employing HREELS[53], indicating that the XPS data reflects to some extent the 

loss of hydrogen of the carbonaceous matrix. No literature data are available for 1 keV PE 

energy. The similarity between the 50 eV and 1 keV cross-sections indicate that both PE kinetic 

energies cause similar modifications of the carbonaceous matrix, which makes it possible to 

reasonably correlate the respective STM data.  
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displayed for doses of 20 to 80 mC/cm², respectively. The raw data (black) was fitted with one 

doublet. The envelope of the fit is shown in red. Figure 4.2 (c) and (d) show the dependency of 

the C 1s/Au 4f photoelectron signal ratio and the film thickness on the irradiation dose, 

respectively. The results presented here indicate that both PE energies lead to a slight 

desorption of carbonaceous material for doses < 10 mC/cm². The reduction of the C 1s/Au 4f 

photoelectron signal ratio is more pronounced when the SAM is irradiated with 1 keV PEs. 

This can be attributed to a slight desorption of carbonaceous material at the initial stage of the 

irradiation process. Electron-stimulated desorption should occur more frequently for high-

energy electrons than low-energy electrons. The irradiation with 50 eV PE’s (red data points) 

caused a slight, almost linear decrease of the C 1s/Au 4f photoelectron signal ratio with 

increasing irradiation dose, resulting in a ~2-3 % reduction of the C 1s/Au 4f signal ratio after 

irradiation with a dose of 50 mC/cm². However, the calculated layer thickness (see 

section 3.2.2) is subject to relatively high fluctuations and a similar tendency cannot be 

observed clearly. The irradiation with 1 keV PEs (black data points) initially caused a 3-7 % 

reduction of the C 1s/Au 4f photoelectron signal ratio for both samples. Consequently, the 

calculated layer thickness is initially reduced. The evolution of the respective values towards 

high irradiation doses (> 10 mC/cm²), however, is different for both samples. The C 1s/Au 4f 

signal ratio remained unaltered for one sample and increased by ~5 % for the other sample 

after irradiating with a dose of 50 mC/cm². This can be attributed to different adsorption rates 

of residual molecules from the UHV environment over time as a result of pressure differences 

in the XPS chamber. The respective thickness values show similar dependencies, but are 

subject to relatively high fluctuations.  
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exposure are shown in Figure 4.3 (a) and (b), respectively. For both PE energies, a chemical 

transformation similar to the results of previous studies[15],[13] was observed, i.e. the electron 

exposure leads to a conversion of the thiolate-related XPS signal (red doublet) at 162.0 eV to a 

new sulfur species (blue doublet) at 163.1–163.4 eV. The ratio between the S 2p signal ascribed 

to the new sulfur species and the total S 2p signal is displayed in Figure 4.3 (c), together with the 

evolution of the total amount of sulfur normalized by reference to the value of the pristine 

SAM. The total amount of sulfur remains almost unchanged during irradiation. The data 

points are subject to high fluctuation due to the low signal-to-noise ratio of the S 2p 

photoelectron signal. However, a slight increase of the total amount of sulfur caused by doses 

less than 10 mC/cm², together with the initial increase of the C 1s/Au 4f signal ratio (see 

above), indicates a low extent of electron-induced desorption of carbonaceous material. The 

energy-dependent cross-sections for the cleavage of S−Au bonds were determined by fitting 

the XPS data according to Equation 4.1 (50 eV: red, dashed lines, 1 keV: black, dashed lines). 

For 50 eV PE energy, a cross-section of 0.8 ± 0.2 × 10-17 cm² was determined. For 1 keV PE 

energy, the cross-section is 1.2 ± 0.2 × 10-17 cm². Both cross-sections are in good agreement 

with the value determined by Yildirim et al. for 50 eV PE energy, which was found to be 

1.7 ± 0.3·10-17 cm²[15].  
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4.1.3 Summary 

The present XPS study focuses primarily on the influence of the kinetic energy of the PEs on 

cross-linking, as SAMs were exposed to 50 eV and 1 keV electrons in this work. For 50 eV PE 

energy, both the cross-sections for the structural and chemical modification of the 

carbonaceous matrix and the cleavage of S−Au bonds are in agreement with the corresponding 

values from the literature. It was found that the response of the monolayer/substrate system on 

1 keV electron impact does not differ significantly from the impact of 50 eV electrons, so that 

the corresponding STM data can be correlated. XPS data also indicates a slight desorption of 

carbonaceous material from the SAM during the irradiation process and adsorption of 

carbonaceous molecular residuals, possibly originating from the vacuum chamber or the 

sample holder, may also occur. 

4.2 STM Characterization of the Pristine SAMs 

Prior to the investigation of cross-linking, the pristine SAM surfaces were characterized by 

STM. As described in section 3.1, SAMs were prepared either in DMF-based solution which 

has been the standard method for the preparation of CNMs from TPT precursors[9],[1], or from 

gas phase under UHV conditions which may yield SAMs of comparable molecular structure 

but being more suitable for STM experiments due to a very low content of contamination. It 

turned out that STM experiments involving SAMs prepared from DMF-based solution were 

typically subject to unstable imaging conditions. This may have been caused by the presence of 

mobile contaminants that probably evolved during preparation or the subsequent exposure to 

the ambient air. The quality of the SAMs prepared by both approaches was evaluated by XPS. 

This was done by verifying the integrity of the sulfur-gold interface (only presence of thiolates 

and absolute absence of oxidized sulfur species) and the carbonaceous matrix (absolute 

absence of oxidized carbon species).  

4.2.1 Preparation of SAMs from DMF-based solution 

The preparation from DMF-based solution typically yielded SAMs characterized by the 

presence of well-ordered phase domains with sizes of 10-100 nm. An STM overview scan of the 

pristine monolayer surface is shown in Figure 4.4 (a). Two major, nearly densely-packed 

molecular phases were identified, which were previously observed by Bashir et al. in case of 
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TPT SAMs on Au(111) prepared in ethanol[39]. The phases were designated as α-phase 

(marked in green) and β-phase (blue). This notation will also be used in this thesis. Similar 

phase structures were observed and discussed earlier in 2001 by Ishida et al.[34] (observation of 

molecular patterns similar to the β-phase, but interpreted as flat-lying molecules) and 

Fuxen et al.[41] (observation of the α-phase). The image also reveals the existence of gold 

adatom islands on top of the Au terraces covered with TPT molecules. Those islands are not 

present on the bare Au surface but typically form during the self-assembly process of 

arenethiol SAMs on Au(111)[109]
. 

α-phase. A fast Fourier transform (FFT)-enhanced STM image section is shown in Figure 

4.4 (b). The observed pattern is characterized by repeating parallel rows with different 

brightness. The rows are composed of equivalent features attributed to individual TPT 

monomers[39]. The absence of an additional Moiré-like superstructure indicates a 

commensurate molecular arrangement with respect to the Au substrate. A model of the 

molecular structure of the α-phase of TPT on Au(111) is shown in Figure 4.4 (e) (reprinted 

from ref [39]). The sulfur atoms are located on a �√3 × √3�b30° lattice (similar to aliphatic 

SAMs[110]), whereas the molecular backbones form a herringbone-like arrangement. The 

different twist angles (with respect to the substrate) of the molecules can result in different 

electronic coupling efficiencies between the tip and the substrate[39] and thus to a different 

brightness in STM images. The periodic structure of the molecular backbones can be described 

by a �2√3 × √3�b30° structure. The unit cell is drawn in black. The unit cell contains two 

molecules. According to ref [39], the unit cell vectors are aligned along the < 112{ > directions 

of the Au(111) substrate. The unit cell dimensions were quantified by means of the STM image 

section shown in Figure 4.4 (b). Line A represents a periodic pattern of equivalent maxima with 

a periodicity of 0.54 ± 0.06 nm. For line B, a periodic pattern of two unequal features with a 

periodicity of 0.98 ± 0.10 nm was found. The angle between the unit cell vectors is 125.2 ± 5.0°. 

The calculated area per molecule is 0.216 ± 0.036 nm², in agreement with ref [39]. On the scale 

of the phase domains, the SAM-ambient interface of the α-phase is slightly elevated by ~0.6–

0.8 Å compared to the surrounding β-phase domains (see below). This indicates a smaller tilt 

angle of the molecules with respect to the surface normal compared to the molecules forming 

the surrounding β-phase domains. The tilt angles were estimated by Bashir et al., yielding ~13° 

for the monomers in α-phase domains and 33–49° for the monomers in β-phase domains.  
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β-phase. In contrast to α-phase domains, β-phase domains are characterized by the presence of 

a periodic superstructure including parallel stripes with a distance of ~2 nm. An FFT-enhanced 

STM image section is shown in Figure 4.4 (c). The superstructure indicates an 

incommensurability between the TPT overlayer and the Au(111) surface. Two different 

symmetry directions must be distinguished: the stripe direction and the pair stacking direction. 

The internal structure of the unit cell (black) is characterized by the existence of rows of oval 

spots aligned at an angle of ~60° with respect to the stripe direction. The β-phase was 

previously observed and modeled by Bashir et al. in case of TPT SAMs on Au(111) prepared in 

ethanolic solution[39]. Accordingly, the oval spots consist of spherical spots that overlap in 

pairs, which leads to the conclusion that one oval spot contains two TPT molecules. The 

distance between the oval spots along the stripe direction (line C) is 9.3 ± 1.0 Å. The distance 

between the oval spots along the pair stacking direction (line D) is 5.2 ± 0.6 Å. The angle 

between line A and B is 117.8° ± 5.0°. According to Bashir et al., the superstructure of the β-

phase is caused by a point-on-line incommensurability. The unit cell can be formulated as 

(4 × n) with parameter n close to 8 (�4 00 n� in matrix notation). A model is shown in Figure 

4.4 (f) for n ~ 7.5 (reprinted from ref [39]). The molecular pairs forming the oval spots are 

colored in blue. Both the stripe directions and the pair stacking directions follow the < 11{0 > 

directions of the underlying Au(111) surface, whereby the molecular layer is incommensurable 

along the pair stacking directions. As the theoretical dimensions of the unit cell depend on the 

parameter n, possible variations of the unit cell dimensions are calculated by considering 

extremes such as n = 7 and n = 9[39]. The theoretical length of the unit cell vector along the pair 

stacking direction, however, may vary between 2.0 nm (n=7) and 2.6 nm (n=9). The theoretical 

length of the unit cell vector along the stripe direction and the angle between the unit cell 

vectors, on the contrary, remain constant and amount to 11.5 Å and 120°, respectively. The 

area per molecule may vary between 0.251 nm² (n=7) and 323 nm² (n=9). When n=8 is 

assumed, the area per molecule is 0.288 nm²[39]. 



Figure 4.4: Morphology of the 

STM scan of the monolayer sur

structural phases, denoted as α
gold adatom islands is also o
100 pA, cross-talk corrected). Tβ-phase (+0.4 V, 70 pA, cross-t

and (c). (e) Model of the α-pha

the β-phase of TPT on Au(111

forming one oval spot is color

Copyright (2013) American Che

4.2.2 Preparation of S

SAM preparation from th

presence of stripe phase d

prepared from DMF-based

not observed. This may be

and DMF molecules on th

Results and Discussion 

 TPT/Au(111) surface prepared from DMF-based solution

rface (+0.4 V, 70 pA, not cross-talk corrected), revealing thα- and β-phase. The respective domains are ~10-100 nm 

observed. (b) FFT-enhanced high-resolution STM scan 
The unit cell is drawn in black. (c) FFT-enhanced high-res

talk corrected) including the unit cell. (d) Line profiles of

ase of TPT on Au(111). The unit cell is drawn in black, d

11) including the unit cell (black, dashed lines) for n~7.5

red in blue. Part e and f are reprinted and adapted with 

emical Society.  

SAMs from the Gas Phase 

he gas phase has yielded monolayers characteri

 domains, similar or equal to the β-phase obse

ed solution. Dissimilar phase domains such as α-
e a result of the competition and co-adsorption o

he Au(111) surface. The molecules in α-phase do

59 

 

n. (a) Low-magnification 

the existence of two major 

 in size. The presence of 

 of the α-phase (+0.4 V, 
esolution STM scan of the 

of lines A-D shown in (b) 

dashed lines. (f) Model of 

.5. The pair of molecules 

 permission from ref [39]. 

ized by the exclusive 

erved for TPT SAMs -phase domains were 

 of the TPT molecules 

omains adopt a lower 



Results and Discussion 

60 

tilt angle (~13°) compared to the molecules in the β-phase (33–49°)[39]. The area per molecule 

of the α-phase is also smaller (0.216 nm²) compared to the β-phase (~0.288 nm², see below). 

This may result from the fact that the adsorption of DMF molecules can impede the formation 

of flat-lying TPT phases which transform into β-phase domains at higher surface coverages. 

Instead, the molecules can adsorb directly in an upright orientation and therefore preferentially 

form phases characterized by a lower tilt angle and higher packing density. However, this 

assumption should be investigated more closely. An STM overview scan is shown in Figure 

4.5 (a). The domain sizes range from 10-100 nm. Similar to the preparation from DMF-based 

solution or, more generally, arenethiol SAMs prepared in solution[109], the STM data reveals 

the presence of gold adatom islands covered by TPT molecules in an ordered arrangement (see 

inset). The adatom islands are elevated by 0.29 ± 0.07 nm with respect to the surrounding 

SAM-ambient interface, in agreement with the theoretical height of one Au(111) layer, which 

is 0.24 nm[111]. In contrast to Au adatom islands, which are typically observed for arenethiol 

SAMs on Au(111) prepared by wet chemistry, the adatom islands observed here have a well-

defined shape. The edge contour lines are 60° apart, most likely due to their alignment along 

the three symmetry directions of the underlying Au(111) surface. Figure 4.5 (b) displays a 

molecularly resolved STM image of the TPT monolayer. The image shows the coexistence of 

structural phases similar to the β-phase discussed in the previous section and observed in 

previous studies[39],[40]. The stripe directions (green) of all domains visible in Figure 4.5 (b) are 

multiples of 120° (within the measurement error of the instrument) due to the three-fold 

symmetry of the Au(111) substrate. The pair stacking directions (blue), however, are only 

multiples of 120° among the phase domains denoted as β. The pair stacking direction 

(turquoise) of the phase domains denoted as βdistorted (lower left corner) is twisted by an angle 

of 7.6 ± 5.0° with respect to the pair stacking directions of the adjacent (undistorted) β-phase 

domains. The stripe direction of the phase domain βdistorted is also a multiple of 120° with 

respect to the stripe directions of the β-phase domains. A structural model of the βdistorted-phase 

developed within the scope of this thesis is presented below. The measured lengths of the β-

phase unit cell vectors (black) are 0.99 ± 0.04 nm (line A) and 2.16 ± 0.05 nm (line B). The 

enclosed angle between the unit cell vectors is 117.2 ± 5.0°. The measured lengths of the βdistorted-phase unit cell vectors (black) are 0.97 ± 0.07 nm (line C) and 2.24 ± 0.04 nm (line D). 

The enclosed angle between the unit cell vectors is 117.2 ± 5.0°. Figure 4.5 (b) further shows 

that the appearance of the oval spots depends on the relative orientation between the fast scan 
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stacking direction (turquoise) along one of the < }}E~ >  directions. The unit cell vector along the stripe direction 

is not changed. The translocation leads to a theoretical increase of the enclosed angle by 6.6°, in agreement with 

the experimental observation.  

Model for the βdistorted-phase. The structural model for the distorted β-phase was developed for 

this thesis. According to the model introduced by ref [39], both stripe and the pair stacking 

directions of the undistorted β-phase domains are aligned along the < 11{0 > directions of the 

underlying Au(111) substrate. The structure of the βdistorted-phase can be explained by a slight 

modification of the β-phase model. The structural models are compared in Figure 4.5 (d.1) and 

(d.2). The unit cells are drawn by black, dashed lines. Equivalent binding sites are highlighted 

by red circles. The suggested unit cell of the βdistorted-phase can be constructed by shifting the 

unit cell vector along the pair stacking direction (turquoise) by one atomic distance along a 

specific < 11{0 >  direction with respect to the pair stacking direction of the undistorted β-phase 

(blue). The theoretical value of the enclosed angle is 6.6°, in agreement with the measured 

value of 7.6 ± 5.0°. The unit cell vector along the stripe direction remains unchanged as the 

stripe directions of all phase domains (green), β and βdistorted, are still multiples of 120°. This 

modification of the unit cell is accompanied by a theoretical change of the unit cell length along 

the pair stacking direction from 2.02 nm (measured value 2.16 ± 0.22 nm) to 2.17 nm 

(measured value 2.24 ± 0.23 nm). The unit cell of the βdistorted-phase can be written as � 4 0−1 � + 1� with parameter n close to 8.  

4.2.3 Summary 

TPT SAMs on Au(111) were prepared either from DMF-based solution or from gas phase and 

characterized by STM. Two distinct, ordered phases were observed in SAMs prepared from 

solution, denoted as α-phase and β-phase. Both phases were previously observed for TPT 

SAMs on Au(111) prepared in ethanolic solution[39]. The α-phase consists of densely-packed 

molecules arranged in the well-known �2√3 × √3�R30° structure with two molecules per unit 

cell. The monomers occupy an area of 0.216 nm² and could adopt tilt angles of γ~13°. The β-

phase is characterized by a point-on-line incommensurate  �4 00 n� with parameter n close to 8 

and eight molecules per unit cell. The monomers occupy an area of 0.288 nm² and adopt tilt 

angles of 33–49°[39].  SAMs prepared from the gas phase are characterized by the absence of α-

phase domains. Instead, the largest part of the substrate surface is covered with β-phase 

domains. Moreover, domains of a slightly distorted β-phase were observed and identified. This 



Results and Discussion 

63 

phase can be described by a � 4 0−1 � + 1� lattice with n close to 8. Typical domains sizes for 

SAMs prepared either from DMF-based solution or from the gas phase are 10-100 nm. It has 

been found that SAMs prepared from gas phase are much better suited for STM experiments as 

they are completely free of mobile impurities or adsorbates that can lead to unstable imaging 

conditions. In the context of the investigation of cross-linking,  TPT SAMs prepared from gas 

phase should, due to their structural analogy, constitute representive systems for TPT SAMs 

prepared from DMF-based solvent.   

4.3 STM Study of Cross-Linking 

In this section, STM data on the initial stage of cross-linking is presented and discussed in the 

first place, allowing for observing the influence of the electron impact on the local, molecular 

level and for deducing elementary mechanisms of cross-linking. Afterwards, the evolution of 

the monolayer towards the fully cross-linked state is investigated and the structural 

transformation associated with this is studied. 

4.3.1 The Initial Stage of Cross-Linking 

It is expected that the investigation of the initial stage of cross-linking will reveal deeper insight 

into the effect of the electron impact at the local molecular level. If the electron dose is so low 

that the monolayer is only slightly modified, i.e. the probability of each single monomer to be 

modified by the impinging electrons is low, the state of the irradiated monolayer is expected to 

resemble the pristine state, with the difference that pristine monolayer sections include 

modified spots which are spatially randomly dispersed and isolated from one another. Figure 

4.6 compares STM data of pristine and slightly irradiated monolayer surfaces. All samples were 

prepared from the gas phase (see section 3.1.4). Figure 4.6 (a) shows the pristine TPT 

monolayer surface, which is characterized by β-phase domains of different orientations with 

respect to the underlying gold substrate. The bright protrusions in the center and left side of 

the image represent gold islands covered by TPT molecules in the same arrangement 

compared to the respective adjacent phase domains. Figure 4.6 (b) shows a surface section of 

the same sample that was exposed to 1 keV electrons by using the SEM with a dose of 

0.5 mC/cm². It should be noted that the displayed images do not show the same sample 

location. The electron exposure causes the presence of coherent, depressed areas of various 

sizes within the domains (hereafter referred to as dark spots). Some spots are highlighted by 
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For this, their spatial distribution, their size distribution, and their (apparent) mean depth with 

respect to the SAM-ambient interface were evaluated using the STM image shown in Figure 

4.6 (b) and by marking the spots (green) by employing the Mark by Segmentation-function of 

gwyddion 2.41. The marked image is shown in Figure 4.7 (a); the aforementioned distributions 

are shown in Figure 4.7 (b)-(d). Only the spots inside the phase domains were marked, whereas 

the domain boundaries were omitted. The size distribution of the dark spots (see Figure 4.7 b) 

is plotted as a function of the spot area, which is represented in units of 0.288 nm², 

corresponding to the molecular area in the β-phase. The size distribution is characterized by 

decay towards large areas and an average size of 5–6 molecular areas. The distribution seems to 

peak at two molecular areas, but spots up to 33 molecular areas in size can be observed. It 

should be noted that due to the overlap of smaller spots larger spots may also occur. To 

determine the size distribution of the spots more precisely, a larger STM dataset is required. 

The spatial distribution of the dark spots (see Figure 4.7 c) was evaluated by dividing the STM 

image into equal sections (see inset) and then counting the number of spots in each section. 

The spatial distribution can be approximated by a Poisson distribution (black, dashed line), 

indicating that the dark spots are random and independent of each other. To gain a higher 

statistical significance, however, a larger STM data set is required. It should also be taken into 

account that spots of smaller size can overlap, thus distorting the determination of their lateral 

distribution. The areal spot number density is ��$xV�d��
 ≈ 2 ± 1 × 1012 cm-2 with an estimated 

measurement uncertainty of 50 %. Notice that the counting accuracy of smaller spots less 

than 3 molecules may be lower compared to larger spots. The mean depth distribution of the 

dark spots (see Figure 4.7 (d)) was obtained by determining the mean depth for every dark spot 

with respect to the SAM/ambient interfacial area. This was done by averaging the measured 

depth for each individual pixel. The mean depth distribution is characterized by a pronounced 

increase at small areas and a level-off behavior towards large areas. The data were analyzed by 

using an empirical fit according to Equation 4.1 (black, dashed line). However, the STM 

generally does not measure the physical height of surface features as both topographical and 

electronic variations of the sample surface can influence the tunneling current. Figure 4.7 (d) 

reveals that the measured depth of small spots is lower compared to large spots. This may be 

due to the finite size of the tip apex or due to the finite reaction speed of the feedback control 

system. For large spot areas, the measured depth is 1.4 ± 0.1 Å.  
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The area fraction of the dark spots is ���B* �$xV� = 3.2 ±  0.7%, which gives ydu�� w����.d�� = 1.0 ± 0.3 ×10u&�cm². In this context the measurement error of ���B* �$xV� was estimated to 20% of the total 

value. This value is in good agreement with the cross-section of the S−Au bonds to be cleaved 

by the impingement of 1 keV electrons, i.e. ydu�� w����.��d = 1.2 ±  0.2 × 10u&�cm², which was derived 

from XPS data (see section 4.1.2). Therefore, it is reasonable to assume that the dark spots 

observed in the STM images represent areas of cleaved S−Au bonds. It should be noted that the 

STM data allows an estimate of the areal number density of cleaved S−Au bonds rather than 

the (projected) areal number density of, for example, rehybridized carbon centers or cleaved 

C−H bonds. This is due to the fact that there is only one S−Au bond, but 13 carbon centers per 

monomer. Provided that the dark spots represent areas characterized by cleaved S−Au bonds, 

we have to answer the question why the cleavage of S−Au bonds is not evenly distributed over 

the monolayer. This would probably lead to the presence of molecular-sized spots in the STM 

images which are randomly distributed. However, the existence of extensive coherent spots 

with areas of up to several tens of molecules is observed instead. The appearance of dark spots 

upon electron irradiation may be explained by the propagation of radical polymerization 

reactions through the carbonaceous matrix of the monolayer, as previously proposed by 

Amiaud et al. based on HREELS data and irradiation experiments with 6 eV primary electrons 

(see section 2.2.1). These reactions may be initiated by the impact of impinging electrons, 

which produce the first radical and can be terminated after several propagation steps. Cross-

linking of the carbonaceous matrix can then be accompanied by the cleavage of S−Au bonds, 

which gives the observed contrast in the STM images (see section 2.3.5). It is reasonable to 

assume that each dark spot represents a completed radical chain reaction initiated by the 

impact of a single electron. Since the monolayer has been homogeneously irradiated, it can be 

expected that independent chain reactions are initiated at random locations within the 

molecular layer, which is in good agreement with the Poisson-like areal distribution of the dark 

spots. In this context, the propagation of the chain reactions can be linear or in a rather 

ramified way, as highlighted in Figure 4.8. Figure 4.8 (a) also shows the high-magnification STM 

image shown in Figure 4.6 (c). Figure 4.8 (b) and (c) schematically show the potential 

propagation pathways through the monolayer: linear (b) and ramified (c). However, the 

available STM data do not allow this hypothesis to be further clarified.  
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compared with the expected areal number density of reactive EA events deduced from 

HREELS data (see below), �B�������d. Reactive EA events are defined as EA events that eventually 

lead to the formation of at least one intermolecular carbon-carbon bond. �B�������d can be 

estimated by employing the estimated reactive EA cross-section yB�������d~ 1.2 × 10u&� cm² , 
introduced by Amiaud et al. based on the observed loss of aromaticity (see section 2.2.1). 

The expected areal number density of reactive EA events is estimated by employing the 

following equation: �B�������d = �d�,��� × yB�������d�jx�  Equation 4.3 

where �jx�  denotes the area occupied by a single molecule in the β-phase, which is 

0.288 nm²[39] and �d�,��� denotes the areal number density of SEs emitted within the window of 

the resonance, i.e. with kinetic energies of 6.0 ± 1.5 eV[14]. �d�,��� can be determined by employing the following equation:  �d�,��� = �;� × Ud�,��� × ���  Equation 4.4 

where SEY denotes the PE kinetic energy-dependent secondary electron yield, Ud�,��� the 

fraction of the overall distribution of SE produced within the window of the resonance, and H�� 

the PE areal number density. 

The SEY for incident 1 keV PE impinging on gold surfaces was determined by Gonzales et al., 

which gives 1.65 for a clean surface and 1.85 for a contaminated surface[116]. Ud�,��� was 

graphically estimated to 5–10 % by Houplin et al.[53] for 50 eV PE impact. This value should be 

similar in case of 1 keV PE impact, since the low-energy tail of the SE energy distribution does 

not change significantly with the increase in the PE kinetic energy[117]. ��� is derived by 

dividing the applied PE dose H�� by the elementary charge e, yielding ��� = 0.5 ± 0.1 mC ×cmuJ/N = 3.1 ± 0.7 × 10&�cmJ . Accordingly, �d�,���  is estimated to 4.1 ± 1.7 × 10&�cmuJ . The 

expected areal number density of reactive EA events upon 1 keV electron exposure with a dose 

of 0.5 mC/cm² is therefore �B�������d = 1.7 ± 0.7 × 10&�cmuJ, which should be compared with ��$xV�d�� = 2.0 ± 1.0 × 10&JcmuJ . The comparison of the areal number densities shows that ��$xV�d��  is 

roughly one order of magnitude lower than �B��. This result appears counterintuitive, as �B�� 

was derived from the reactive EA cross-section determined from the HREELS data[14]. 

Assuming that each dark spot is created upon formation of a TPT monomer radical, ��$xV�d��  is 
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expected to be equal to or higher than �B�������d, especially since further reaction pathways, such 

as neutral dissociation (ND) and/or dissociative ionization (DI) may contribute to the 

formation of radicalized monomers at higher energies[118]. It must be pointed out that, 

however, the reactive EA cross-section yB�������d
 was overestimated by Amiaud et al.[14] by 

neglecting the propagation of radical chain reactions. HREELS data show that 6 eV electron 

irradiation with a dose of 50 electrons per molecule leads to a 47–53% decrease of the aromatic 

C−H stretching feature. As one TPT monomer has 13 aromatic C−H groups, on average 6–7 

aromatic carbon centers are converted to aliphatic carbon centers after irradiation. Without 

taking into account the propagation of radical chain reactions, i.e. only the reaction between 

two monomers is considered (see Figure 2.4), the creation of one radical center leads to the 

formation of two aliphatic groups. Assuming that each DEA event leads to a reaction with an 

adjacent monomer, on average 3 DEA events per monomer are required to cause the observed 

~50% loss of aromaticity. Considering that every monomer is irradiated by 50 electrons and 

occupies an area of ~20 Å², the reactive EA cross-section is therefore yB�������d~ 1.2 × 10u&�cm². 

The theoretical considerations by Amiaud et al. are extended in the following by considering 

the propagation of radical chain reactions: When considering the propagation with an average 

of n monomers involved, every DEA event should cause the formation of 2n-2 aliphatic groups 

within the monolayer (see Figure 4.9), which means that n-1 times more aliphatic groups are 

created compared to the case when neglecting the propagation. Therefore, the reactive EA 

cross-section yB�������d ~ 1.2 × 10u&�cm² estimated by Amiaud et al.[14] must be divided by (n-1), 

which leads to yB�������d(�) ~ 1.2 × 10u&�cm²� − 1  Equation 4.5 

The STM data indicates that n = 5–6 monomers are involved in the radical chain reactions on 

average, which leads to yB�������d�� = 5– 6 � ~ 2.2 ± 0.3 × 10u&�cm². Employing Equation 4.3 allows 

then for estimating �B�������d�� = 5– 6� ~ 3.8 ± 1.9 × 10&Jcm². This value is in good agreement with 

the areal number density of the dark spots observed in the STM image shown in Figure 4.6 (b), 

which is ��$xV�d�� = 2.0 ± 1.0 × 10&JcmuJ. Hence, the present data indicates that the dark spots 

observed in the STM images were created by one EA event each, followed by the creation of the 

first radical.   
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about possible mechanisms can be made. By presuming the creation of isolated molecular 

radicals that initiate chain reactions within the monolayer, it is assumed that termination by 

recombination of two radicals makes only a marginal contribution as long as the respective 

chain reactions propagate well-separated from each other in the SAM. It should be noted that 

the SAM monomers are bound to the substrate and thus almost immobilized, which 

distinguishes the current type of 2D chemistry from conventional chemical reactions in the gas 

or liquid phase.  

We propose two different potential chain termination mechanism: i) Termination occurs due 

to steric hindrance of the cross-linked molecular island. It is expected that the cross-linking 

between two adjacent molecules will be accompanied by molecular reorientations. While single 

molecules should have sufficient translational and rotational degrees of freedom, cross-linking 

between several molecules can lead to reduced mobility of the monomer constituting the 

reaction front. ii) Termination occurs upon contraction of the cross-linked molecular island 

due to the formation of intermolecular covalent bonds. After several propagation steps, the 

front radical is separated by a gap from adjacent pristine molecules, thus terminating the 

propagation.  

4.3.1.2 Alternative Interpretation of the Dark Spots 

As discussed previously, the dark spots observed in the STM images can be ascribed to locally 

cross-linked segments of the monolayer, which are accompanied by S−Au bond cleavage. In 

this section, however, two alternative interpretations of the dark spots are discussed – first, the 

dark spots result from an irradiation-induced reconstruction of the underlying gold substrate, 

in particular from the formation of gold vacancy islands in the topmost Au(111) layer, and 

second, the dark spots result from the desorption of single TPT molecules and/or molecular 

fragments induced by electron irradiation and the subsequent reorientation of adjacent 

monomers. Figure 4.10 visualizes the two types of electron-induced modifications of the 

TPT/Au(111) system under consideration, which could be represented by dark spots in STM 

images.  
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which is a consequence of release of Au atoms mediated by the herringbone relaxation[122]. 

Here, the adatoms merge with the surrounding step edges, which is why gold adatom islands 

are typically not observed for alkanethiol SAMs on gold. In contrast, the morphology of 

arenethiol-SAMs is typically characterized by the presence of only very few vacancy islands, 

where gold adatom islands are formed as a consequence of an increased diffusion barrier and 

of a resulting decrease in the mobility of surface Au atoms[109].  

Within the experiments for this thesis, electron exposure of TPT SAMs on Au(111) was not 

accompanied by the formation of additional gold adatom islands. The STM image sequences 

presented in Figure 4.11 show the same sample position before (left) and after the first 

irradiation step (right) by SEM. The SAMs were irradiated with electron doses of 0.3 mC/cm² 

(upper sequence) and 2.0 mC/cm² (lower sequence), respectively.  

From the measured mean depth of the dark spots of only 0.14 ± 0.01 nm and the absence of 

gold adatom islands after electron exposure it can be concluded that the observed dark spots 

cannot be assigned to gold vacancy islands.   
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4.3.2 Evolution towards the Fully Cross-Linked State 

The previously presented STM results provide information about electron-induced 

modifications of the TPT monolayer-substrate system at the initial stage of cross-linking. In 

the following, the STM data on the evolution of the monolayer-substrate system towards a fully 

cross-linked monolayer is presented and discussed.  

4.3.2.1 Reduction of the Structural Order 

XPS data indicates that the 50 eV and 1 keV electron irradiation-induced loss of molecular 

order in TPT SAMs on Au(111) is most pronounced for irradiation doses less than 10 mC/cm² 

(see section 4.1.1). The STM data presented in this section is in agreement with this finding. 

Figure 4.14 displays STM scans of (a) the pristine monolayer surface, (b)-(d) monolayers that 

were exposed to doses of 2.5, 10, and 25 mC/cm², respectively. All samples were prepared from 

DMF-based solution and irradiated with 50 eV electrons. The pristine SAM (a) is characterized 

by the presence of phase domains of high molecular order, as discussed thoroughly in 

section 4.2.1. Some domain sizes range from 10 to 100 nm. Domain boundaries are highlighted 

by black lines. Moreover, the image reveals the presence of Au adatom islands which are 

covered with TPT molecules. The irradiated SAM shown in (b) is characterized by the presence 

of dark spots that may be ascribed to locally cross-linked areas of the monolayer, which have 

evolved through the propagation of radical chain reactions (see section 4.3.1). Electron 

exposure with a dose of 10 mC/cm² (c) leads to a significant reduction of the long-range order 

of the monolayer. The surface is characterized by small but well-ordered phase domains (some 

are framed by green lines) with sized typically less than 10 nm. The internal molecular 

structure is similar to the structures observed in the pristine SAM, indicating that the 

corresponding areas were only slightly affected during electron exposure. The domains appear 

to be “embedded” in a rather amorphous matrix (some parts are framed by blue lines) that 

could not be resolved molecularly. This matrix appears darker compared to the bright, well-

ordered domains, which indicates that these areas were subject to rather significant cross-

linking. In the pristine SAM, ordered domains are separated by domain boundaries, which also 

appear darker in STM images but are only ~2 nm wide and are still characterized by a relatively 

high degree of molecular order. Here, molecular phase domains are separated by apparently 

amorphous areas that are 5-10 nm wide. Electron irradiation with a dose of 25 mC/cm² (d) 

apparently leads to a complete loss of long- and short-range molecular order. Molecular phase 
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domains that are identical or similar to pristine phase domains could not be observed. 

However, the surface morphology is still characterized by brighter areas of 5-10 nm in size 

(framed by green, dashed lines), separated by darker structures of branched shape (framed by 

blue, dashed lines). The brighter appearance can be explained by a certain residual molecular 

order. As indicated by (c) and discussed in detail in section 2.3.5, monolayer areas that were 

more affected by electron exposure should appear darker in constant-current STM images. 

XPS data also indicates a certain residual order after electron exposure at 25 mC/cm², since the 

conformational and orientational order of the monolayer still shows a certain tendency to 

decrease when the irradiation dose is increased from 25 mC/cm² to 50 mC/cm² (see 

section 4.1.1). 
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distribution was approximated by a Poisson-distribution (see Figure 4.17 (c), red dashed line). 

The data was evaluated by dividing the surface area into equal segments (see inset) and 

counting the number of voids in each segment. However, it should be borne in mind that the 

limited size of the STM image may not provide representative data of the entire monolayer 

surface and therefore may not be of sufficient statistical significance. The observed deviation 

from the fit may therefore be a consequence of lack of statistical significance or may be due to 

structural influences of the monolayer, i.e. non-uniform cross-linking of the monolayer. Since 

the irradiation dose has been set to only 50% of the dose required to convert the monolayer 

into a fully cross-linked film, some fairly pristine molecular structures may still be present. 

This hypothesis is supported by the observation that the voids are more likely located in the 

darker regions (black arrows) of the image, while no voids are visible in the brighter regions 

(white arrows). This is consistent with the previous observation (see Figure 4.14 (c)) that 

monolayer areas with a certain residual molecular order appear brighter in STM images 

compared to cross-linked areas. This suggests that the local areal void density correlates with 

the monolayer molecular structure and that the void formation is directly attributed to cross-

linking. The distribution of the equivalent void diameter was approximated by a Gaussian 

distribution, yielding a void diameter of 0.5 ± 0.2 nm. The consistency between the void 

diameter estimated here and the nanopore diameter of 0.7 ± 0.1 nm determined by Yang et al. 

using AFM[9] suggests that the voids could be ascribed to pores. The mean depth of the voids 

displayed in Figure 4.17 was derived from the applied mask and is 0.21 ± 0.02 nm. The areal 

density of the voids is ~1.7 ∙ 1017 m-2. This value is approximately four times lower than the 

areal pore density estimated in ref [9], which may be due to the higher irradiation dose used in 

ref [9] and/or the fact that not all existing voids were covered by the mask shown in Figure 

4.17 (b). Unfortunately, the frequent occurence of imaging tip artifacts for highly-irradiated 

samples (see section 4.3.3) prevented the acquisition of molecularly-resolved STM images of 

fully cross-linked TPT monolayers (50 mC/cm²). It must be considered that the molecular 

packing density may also influence the areal void density. As discussed in section 4.2.1, the 

pristine SAM prepared from DMF-based solution is characterized by the presence of two 

major molecular phase domains, i.e. α- and β-phase domains. The molecular area in the α-

phase is 0.216 nm² and in the β-phase is 0.288 nm². It is not known whether the cross-linked 

film shown in Figure 4.17 (a) has evolved from an α- or β-phase domain or from both. 

Molecular phase domains with sizes between 10 and 100 nm were observed in the pristine 
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interpretations. They may be caused by the presence of sharp features protruding out of the 

sample surface and rastering the surface of the scanning probe tip. Whereas the acquisition of 

STM data of pristine TPT SAMs has never been subject to tip artifact imaging within the scope 

of this thesis, imaging of partially irradiated monolayer surfaces was typically accompanied by 

imaging of tip artifacts. Two different image sequences comprising consecutive up- and down-

scans are shown in Figure 4.18. The monolayers were exposed to 50 eV electrons with doses of 

0.1 mC/cm² (upper sequence) and 40 mC/cm² (lower sequence). The tip artifacts are 

highlighted by black, dashed circles. The tip artifact pattern did not change in consecutive up- 

and down-scans, indicating the presence of sharp features that remain unaltered during 

scanning. As a general tendency, higher irradiation doses were accompanied by a higher areal 

density of tip artifacts. Imaging of partially cross-linked monolayers (> 10 mC/cm²) was often 

fully dominated by this effect. As imaging of pristine SAM surfaces has never been subject to 

tip artifact imaging, the appearance of tip artifacts may be traced back to electron irradiation-

induced structural modifications of the monolayer, accompanied by molecular moieties 

protruding out of the monolayer surface. With increasing irradiation dose, TPT monolayers 

become rougher and more amorphous. As a result, the molecular structure of monolayers that 

had been irradiated with electron doses > 10 mC/cm² could only be resolved under exceptional 

circumstances that might be traced back to particularly sharp tip states.  
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by varying the irradiation dose. First of all, the initial stage of cross-linking was studied by 

irradiating the pristine SAM with a dose of 0.5 mC/cm², which corresponds to ~1 % of the total 

dose required to achieve a fully cross-linked monolayer. The evolution of the monolayer 

towards the nearly fully cross-linked state was studied by applying intermediate doses up to 

25 mC/cm², which corresponds to ~50 % of the total dose for a fully cross-lined monolayer. 

Unfortunately, STM data of the fully cross-linked monolayer could not be obtained due to 

extensive tip artifact imaging.  

At the initial stage of cross-linking, the irradiation with both 50 eV and 1 keV electrons leads to 

the presence of coherent, depressed spots (dark spots) that are randomly distributed over the 

whole surface and are apparently surrounded by the pristine monolayer. The size distribution 

of the dark spots decreases towards large areas, where spots with an average size of 5–6 

molecular areas were identified and spots with sizes up to 33 molecular areas in the respective 

phases were also found. The measured depth of dark spots as a function of their area saturates 

at 1.4 ± 0.1 Å. Based on this observation and on the absence of gold adatom islands, a 

reconstruction of the underlying gold substrate into vacancy islands that could lead to the 

appearance of dark spots is thus excluded. STM data indicates that the internal structure of the 

dark spots appears to be of lower structural order compared to the pristine SAM, but the data 

does not provide further insights into their structure. It cannot be excluded that the dark spots 

in the STM images could also be caused by electron irradiation-induced desorption of 

molecular constituents or fragments and the consequential structural collapse of the 

surrounding molecules. However, the cross-section of TPT monomers derived from the XPS 

data for the PEs subject to cleavage of the respective S−Au bond indicates that the dark spots 

represent monolayer sections characterized by cleaved S−Au bonds. As the major contrast 

mechanism in the STM images is believed to be due to an enhanced tunneling barrier at the 

monolayer/substrate interface, the dark spots are ascribed to locally cross-linked islands within 

the pristine monolayer. As the spots include up to several tens of molecules, it is suggested that 

they may have evolved via radical chain reactions. The propagation of radical chain reactions 

within TPT monolayers upon 6 eV electron irradiation was previously proposed based on the 

observed aromaticity loss of 47-53 %[14]. Here, individual two-dimensional chain reactions are 

initiated by creation of one monomer radical each. Monomer radicalization proceeds via 

electron attachment at 6 eV, followed by the subsequent formation of a carbon radical center. 

Chain reactions are accompanied by a partial loss of aromaticity due to partial rehybridization 
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of the carbon centers from sp² to sp³ and propagate via formation of covalent carbon-carbon 

bonds between rehybridized carbon centers on neighboring phenyl rings. The formation of 

locally cross-linked islands within the TPT monolayer surfaces irradiated with 50 eV and 1 keV 

PEs can therefore be caused by the 6 eV SEs emitted from the gold substrate. Indeed, the areal 

number density of the dark spots observed in the STM images of the 1 keV electron-irradiated 

monolayer surface is in good agreement with the expected areal number density of (secondary) 

EA events at 6.0 eV, which is derived from the reactive EA cross-section previously calculated 

by Amiaud et al. [14] divided by the factor n-1, where n = 5–6 is the average number of 

monomers involved in chain reactions which was derived from the STM data. However, it 

should be noted that the contribution of various electron-molecule primary interactions that 

generate radicals such as neutral dissociation or dissociative ionization cannot be excluded. In 

particular, it was estimated by Houplin et al.[53] that electron impact ionization is the major 

mechanism leading to hydrogen loss upon 50 eV electron impact, whereas the contribution of 

impact electronic excitation and the contribution of the 6 eV secondary electrons to the 

chemical transformations associated with the  hydrogen loss were estimated to be much 

weaker. Following the proposed mechanisms, however, the propagation of radical chain 

reactions occurs almost exclusively without hydrogen loss[14]. Therefore, electron attachment 

may still play an essential role in the initiation of radical chain polymerization reactions. 

However, there is still an inconsistency in spectroscopic data that needs to be clarified: While 

6 eV electron irradiation leads to the observed aromaticity loss, no noticeable rehybridization 

of the carbon centers was observed after irradiation with 50 eV electrons[53]. It is expected, 

though, that the 6 eV SEs emitted from the Au substrate upon 50 eV electron exposure have the 

same influence on the monolayer as 6 eV PEs. However, STM data at the initial stage of cross-

linking indicates that the exposure to 50 eV and 1 keV electrons leads to the initiation and 

propagation of radical chain reactions. Potential mechanisms that could lead to the 

termination of the chain reactions were not discussed by Amiaud et al.[14]. Nevertheless, a 

termination either due to steric hindrance of the frontal monomer radical or due to contraction 

of the cross-linked molecular island is conceivable. In the further course of the irradiation 

process (50 eV, 10  mC/cm²), the long-range order is significantly reduced compared to the 

pristine SAM. The molecular structure is characterized by small domains of well-ordered 

molecules, with domain sizes typically less than 10 nm, whereas the pristine TPT SAM is 

typically characterized by phase domains sizes up to ~ 100 nm. The domains with regular 
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molecular ordering are separated by apparently cross-linked, amorphous parts of the 

monolayer. The electron-induced reduction of the average phase domain size is supported by 

STM data obtained in STM/SEM experiments (1 keV, 2 mC/cm²), which provides STM data of 

the same sample site immediately before and after the irradiation step.   

The STM data for the nearly completely cross-linked monolayer (50 eV, 25 mC/cm²) allow the 

identification of sub-nanometer-sized voids, which can be assigned to sub-nanochannels or 

pores found and characterized by Yang et al.[9]. The lateral distribution of the voids can be 

approximated by a Poisson-distribution, indicating their random character. However, the 

lateral distribution may still be influenced by the initial SAM structure, since different 

structural phases with different molecular area densities are present (see section 4.2). This 

cannot be excluded due to the limited size of the respective STM image. The diameter of the 

voids was estimated to 0.5 ± 0.2 nm, which is consistent with the pore diameter estimated by 

Yang et al.[9]. The areal density of the voids amounts to ~1.7 ∙ 1017 m-2, which is roughly a factor 

of 4 lower than the areal pore density determined by Yang et al. However, it must be taken into 

account that the electron dose used by Yang et al. is 50 mC/cm² and thus higher by a factor 

of 2. Unfortunately, no STM data are available for 50 mC/cm² due to the extensive occurrence 

of tip artifact imaging. A further increase of the irradiation dose can still lead to an increasing 

area density of the voids. The comparison of the size distribution and the areal density of the 

voids observed by STM with the corresponding values for the pores determined by Yang et al. 

leads to the conclusion that the voids shown in Figure 4.17 (a) can probably be assigned to sub-

nanometer pores within the cross-linked TPT layer, which will later on provide the already 

proven high filtration performance of TPT CNMs[9]. 

The essential stages of the electron irradiation-induced cross-linking of TPT on Au(111), as 

indicated by STM data obtained in this work, are visualized schematically in Figure 4.19. At the 

initial stage of cross-linking (a), individual radical chain reactions occur within the monolayer, 

which lead to the formation of (partially) cross-linked islands. At intermediate electron doses 

(b), the long-range order is significantly reduced compared to the pristine SAM, which leads to 

the existence of small domains of regular structural order that are separated by apparently 

cross-linked, amorphous parts of the monolayer. The progressive stage of cross-linking (c) is 

characterized by the absence of nearly any molecular ordering. The STM data allow the 

identification of sub-nanometer-sized voids that are apparently randomly distributed in the 

monolayer matrix and can be assigned to sub-nanochannels or pores.  
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5 Conclusion and Outlook 

The electron irradiation-induced cross-linking of aromatic SAMs on Au(111) was studied by 

STM, employing TPT SAMs as model aromatic SAMs. So far, the electron irradiation-induced 

cross-linking of aromatic SAMs has been studied thoroughly by spectroscopic methods, 

yielding deep insight into structural and chemical transformations and the underlying 

mechanisms of cross-linking. However, microscopic data of cross-linked SAMs with molecular 

resolution is available only rarely, in particular when considering the initial stage and 

intermediate stages of cross-linking. The STM data acquired within the scope of this thesis 

provides information about cross-linking for the first time on the molecular scale, thus 

enabling to observe the influence of the electrons on the SAM on the local, molecular level. 

Cross-linking was investigated by delivering low, intermediate, and high 50 eV and 1 keV 

electron doses to the TPT monolayer, followed by the acquisition of STM data.  

The molecular structures of the pristine TPT SAMs, prepared either from DMF-based solution 

or from the gas phase under UHV conditions were studied by high-resolution STM. The 

preparation from DMF-based solution is the common method for the preparation of carbon 

nanomembranes from TPT SAMs[9],[1]. SAMs prepared from the gas phase, however, are 

characterized by a similar molecular arrangement and have shown to be more suitable for STM 

experiments due to their outstanding crystalline purity. It is therefore expected that TPT SAMs 

prepared from the gas phase constitute a representative system of TPT SAMs prepared from 

DMF-based solution. STM data allows for the identification of two distinct, ordered phases for 

SAMs prepared from DMF-based solution; α-phase and β-phase domains. Both phases occupy 

approximately ~50% of the surface area. SAMs prepared from the gas phase are characterized 

by the absence of α-phase domains, that is, only β-phase domains and slightly distorted β-

phase domains were observed. The packing density of the molecules in the α-phase is ~ 33% 

higher compared to the β-phase. Typical domains sizes for SAMs prepared either from DMF-

based solution or from the gas phase are 10-100 nm.  

STM data of the irradiated monolayer surface at the initial stage of cross-linking (50 eV and 

1 keV, 0.5  mC/cm²) reveals the presence of dark spots which may represent locally cross-

linked sections of the monolayer. The STM contrast may originate from the local decoupling of 
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the molecules through the cleavage of S−Au bonds, as can be gathered from the cross-section 

for the S−Au bonds to be cleaved by an impinging electron deduced from XPS data. Based on 

the acquired STM data it is proposed that cross-linking in TPT SAMs (and possibly in aromatic 

SAMs in general) proceeds via radical chain reactions as previously proposed[14]. Following the 

size distribution of the dark spots, the chain reactions involve up to 33 molecules and 5–6 

monomers on average. The first radicals initiating individual chain reactions may form upon 

6 eV (secondary) EA, indicated by the reactive 6 eV electron attachment cross-section 

estimated previously based on HREELS data[14]. However, different electron-molecule primary 

interactions producing radicals cannot be excluded. Potential termination mechanisms cannot 

be deduced from the STM data but different mechanisms were proposed.  

With reference to the aforementioned cross-sections derived from spectroscopic data, the dark 

spots were ascribed to locally cross-linked sections of the monolayer. However, surveying the 

internal structure and chemical nature of the dark spots is still an outstanding task. This may 

support the hypothesis that the dark spots can be ascribed to cross-linking via radical chain 

reactions. For this, inelastic electron tunneling spectroscopy (IETS) at low temperature may 

verify the partial sp³-rehybridization of the carbon centers inside the dark spots. IN previous 

studies, two different conformations of the acetylene molecule (sp²-like and sp³-like) were 

found to exist on a Ni(110) surface[127]. A change of the LDOS of the dark spots compared to 

the pristine SAM areas may be detected by I-V-spectroscopy. The modification of the local 

work function by the dark spots may be quantified by ln(I)-z-spectroscopy[68] or by performing 

spatially resolved tunneling barrier height measurements[128]. Resolving the topographical 

structure of the dark spots by AFM may reveal whether or not the internal structure is subject 

to amorphization.  

The propagation of radical chain reactions at the initial cross-linking stage may be investigated 

by preparing TPT SAMs including spin traps at low concentration compared to the TPT 

monomers. The isolated spin traps should be easily distinguishable from the surrounding TPT 

monolayer due to their expected difference in STM contrast. The irradiated TPT/spin trap-

surface may be characterized by the presence of dark spots tendentially being smaller 

compared to the spots in the pure TPT monolayer as the propagation of the chain reactions is 

expected to be terminated in the presence of spin trapping molecules. It is conceivable to 

employ aromatic thiol-containing molecules similar to TPT molecules but including spin traps 

such as n-tert-butyl-alpha-phenylnitrone or 5,5-dimethyl-1-pyrroline N-oxide. 



Conclusion and Outlook 

93 

To explore which electron-molecule primary interactions cause the initiation of radical chain 

reactions and thus contribute to the creation of cross-linked islands within the monolayer, the 

irradiation experiments should be performed with 6 eV primary electrons, corresponding to 

the energy of the DEA resonance. Below ionization and excitation thresholds, the production 

of monomer radicals can only proceed upon electron attachment, thus excluding different 

interaction mechanisms. Provided that equivalent electron doses were delivered to the 

monolayer (the 6 eV primary electron dose should be similar to the estimated 6 eV secondary 

electron dose the monolayer was exposed to in the 1 keV irradiation experiments for this 

thesis), the areal number density and possibly the size distribution of the dark spots may give 

insight into the role of electron attachment for cross-linking. 

Provided that cross-linking indeed proceeds via radical chain reactions, the dependency of the 

average number of molecules involved in individual chain reactions on the areal molecular 

density may be of interest. It would be conceivable that higher packing densities facilitate the 

propagation of chain reactions. The average size of the dark spots in α-phase domains (packing 

density ~33% higher compared to β-phase domains) may differ significantly from the 

respective value in β-phase domains. Irradiation experiments of biphenyltiolate and/or 

quaterphenylthiolate-based SAMs may give additional insight. 

In the further course of the irradiation process (50 eV, 10  mC/cm²), the long-range order is 

reduced significantly compared to the pristine SAM. Pristine like domains are typically less 

than 10 nm in size, being separated by apparently cross-linked, amorphous parts of the 

monolayer. The reduction of the average regular phase domain size is supported by STM data 

acquired within the scope of complementary STM/SEM experiments (1 keV, 2 mC/cm²). The 

evolution towards the nearly fully cross-linked state (50 eV, 25  mC/cm²) is characterized by a 

loss of long- and short-range molecular order. Sub-nanometer-sized voids that can be assigned 

to sub-nanochannels or pores found and characterized by Yang et al.[9] were observed. Here 

again, the dependency of the equivalent pore diameter on both the molecular packing density 

and the molecular length may be of interest.  

The STM experiments were significantly impaired by unstable measurement conditions, in 

particular experiments on partially irradiated samples (electron dose > 1 mC/cm²). Recurrent 

tip modifications during the scan and tip artifact imaging resulted in quite a limited data set. 
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Sample cooling and SAM preparation under UHV conditions from the gas phase may help to 

increase the stability of the measurements. 
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short-range order. However, some residual order might be left as indicates by brighter parts of 
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magnification STM scan of the monolayer surface (U=-1.2 V and I=10 pA). (b) Height profiles 
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monolayer. The SAM was prepared from solution. The irradiation was performed with 50 eV 

electrons and an irradiation dose of 25 mC/cm². (a) STM scan of the monolayer surface (U=-

1.2 V, I=10 pA). The image is also shown in Figure 4.14 (d). The image was post-processed by 

using the 2D CWT-function of gwyddion 2.41 (see text for details). Voids are preferentially 

located in darker regions (black arrow), whereas brighter regions (white arrow) are rather free 

of voids. (b) The same image as shown in (a). The voids were marked by using the Mark by 

Segmentation-function of gwyddion. (c) Lateral distribution of the voids. The fit displayed in 
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was acquired by dividing the STM image shown in (b) into equal sections (inset) and counting 
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equivalent disk diameter, which is the diameter of circular voids of similar area. The fit 

displayed in red approximates the data by following a Gaussian distribution, revealing a void 

diameter of 0.5 ± 0.2 nm. ....................................................................................................................... 84 
Figure 4.18: Imaging of tip artifacts on partially cross-linked monolayers. The artifact are 
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of p-terphenylthiol SAMs on Au(111), as indicated by STM data. (a) Electron impact at the 
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“islands”, accompanied by the cleavage of S−Au bonds (red). Potential reaction pathways are 
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