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1 Introduction 

 

New technological trends such as artificial intelligence, internet of things and autonomous 

driving will have a huge impact on the future of mankind. All these technologies would not be 

possible without powerful and affordable hardware. This hardware is based on nanotechnology. 

Nanotechnology can be described as the production and characterization of structures with a 

size from 1 to 100 nm in at least one dimension. Modern semiconductor industry relies on 

nanotechnology and enables it to produce ever more powerful microchips with ever smaller 

structure sizes. The structures embedded in modern microchips are complex hybrids consisting 

of metals, semiconductors and insulating materials. The latest technology, which has reached 

production maturity, is the so-called extreme ultraviolet (EUV) lithography. This development 

allows that the predictions of Moore´s Law from 1965,1 which states that the number of 

transistors in dense integrated circuits approximately doubles every two years, are still fulfilled.  

In general, there are two different approaches for the production of nanostructures. The 

first one is the so-called bottom-up approach. Here, the effect of self-assembly of smaller 

entities, e.g., molecular building blocks or atoms, is used to create larger complex units. The 

second approach is the top-down approach, in which larger components are transformed into 

small devices by structuring techniques.2 EUV lithography as well as standard ultraviolet (UV) 

lithography are typical top down approaches and consist of several complicated processing 

steps.  

Another powerful top-down approach for the fabrication of nanostructures is focused 

electron beam induced processing (FEBIP),3-5 which is the key method in this thesis. As the 

name implies, in FEBIP a focused electron beam is utilized to locally modify the properties of 

matter for the fabrication of well-defined, arbitrary shaped nanostructures. In the field of FEBIP, 

electron beam induced deposition (EBID) is the most investigated and prominent technique.3-
 

4, 6 

In EBID, precursor molecules, which are usually metal–organic compounds, are decomposed 

by the impact of the electron beam such that ideally the nonvolatile metal center forms a deposit, 

whereas the volatile organic fragments desorb. In 2010, FEBIP was extended by a novel method 

referred to as electron beam induced surface activation (EBISA).7-9 In EBISA, a surface is 

irradiated by a focused electron beam, resulting in an activation of the electron exposed areas. 
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Activation in that sense means, that the electron affected areas are chemically altered such, that 

a subsequently dosed precursor is decomposed at the latter sites. Thus, an “initial” deposit is 

formed. Under ultrahigh vacuum (UHV) conditions certain precursor molecules like Fe(CO)5 

and Co(CO)3NO tend to dissociate at these initial deposits and lead to an autocatalytic growth 

(AG). Using this effect, nanostructures with high purity and lower proximity effects can be 

fabricated.9-13 So far, EBISA was conducted successfully with Fe(CO)5 on silicon oxide,8, 14 

rutile TiO2(110),11 surface-anchored metal-organic frameworks (SURMOFs),15 and a thin layer 

of porphyrin molecules.16-17 Whereas for Co(CO)3NO it was reported that EBISA only works 

on the electron beam activated areas of a thin layer of porphyrin molecules.17 For oxide surfaces 

the activated sites have been identified as oxygen vacancies resulting from electron stimulated 

desorption (ESD).11 In the case of organic and organometallic substrates, the nature of the 

activated sites and their formation has not yet been analyzed in detail. A part of the thesis at 

hand is therefore to gain insight in the molecular processes occurring on organic and metal-

organic substrates during electron exposure.  

A very-well studied organic system are self-assembled monolayers (SAMs), which can be 

fabricated via a wet-chemical bottom-up approach. SAMs consisting of aromatic molecules can 

be transformed into carbon nanomembranes (CNM) via electron or UV irradiation.18 These 

CNMs are versatile two-dimensional (2D) materials with very high mechanical19 and thermal20 

stability and tunable electrical conductivity and stiffness.21 However, for several auspicious 

applications in optics (i.e. photonic and plasmonic devices), electronics (i.e. 

nanoelectromechanical systems (NEMS)22), and magnetics (i.e. switchable permeable 

membranes) further functionalization is necessary. In the thesis at hand a novel approach for the 

fabrication of complex hybrid structures consisting of metallic nanostructures on top of a 2D 

CNM is presented (cf. Chapter 3.1.1). Therefore, an aromatic SAM fabricated via a bottom-up 

process on a Au substrate is in a first step functionalized via a top-down method, i.e. EBID. 

After electron-induced cross-linking the functionalized CNMs were successfully transferred 

either onto solid SiO2 substrate or onto grids to obtain free-standing metal/CNM hybrid 

structures. The iron structures on top of the 1 nm thick CNM stay intact during the whole 

process. In Chapter 3.1.2 this novel fabrication method is analyzed further by investigating 

different substrate materials for the growth of the SAM. EBID and EBISA were performed on 

a SAM grown on Ag with Fe(CO)5 and Co(CO)3NO. Here, the same trend as in previous results 
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occurs: EBISA is only working with Fe(CO)5. Next to this, the EBISA process on SAMs shows 

a pronounced time dependence, which was never reported on other substrates before. 

Furthermore, the change of the substrate from Au to Ag and the associated change in the wet-

chemical transfer process leads to shrinking and deformation of the iron structures and to 

dissolution of the cobalt-oxide structures during the transfer. Considering the huge variety of 

different precursor molecules available for FEBIP,4 this result underlines the importance of 

studying the fabrication process and the interactions for different substrates, etching chemicals, 

and deposit materials.  

In Chapter 3.2 the fabrication process is expanded to a different type of molecules for the 

fabrication of the 2D membrane. Instead of chemical bound aromatic SAMs, physisorbed 

porphyrin molecules are used. Porphyrins are key building blocks in nature23-24 and due to their 

specific properties, they can also be used in several technical applications.25-28 The resulting 

1.5 nm thick CNMs consisting of cross-linked porphyrin molecules are stable throughout the 

whole transfer process and can even hold metallic iron structures on top without any support 

material. Furthermore, the processes occurring on a molecular scale during electron irradiation 

of the porphyrin molecules are analyzed via electron-stimulated desorption (ESD) and reflection 

absorption infrared spectroscopy (RAIRS).  

In order to get further insight into the mechanisms of electron irradiation of organic 

respectively metal-organic materials a third type of substrate, namely surface-anchored metal-

organic frameworks (SURMOFs) is investigated in Chapter 3.3. The well-studied SURMOF 

HKUST-1 is compared to surface-grown copper(II)-oxalate, regarding their selectivity in the 

EBISA process with the precursors Fe(CO)5 and Co(CO)3NO. EBISA was solely successful on 

the HKUST-1 sample with Fe(CO)5. In the case of the copper(II)-oxalate sample EBISA worked 

with neither of the two precursors. Moreover, ESD and RAIRS were conducted on both 

substrates in order to study the molecular processes during electron irradiation. The results 

indicate that the aromatic building block, which is only present in the HKUST-1 plays a crucial 

role in the activation process for EBISA. 

In summary the thesis at hand reports novel methods to fabricate complex hybrid 

nanostructures with high application potential via FEBIP methods. 
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2 Fundamentals and Techniques 

2.1 Scanning Electron Microscopy (SEM) 

 

In scanning electron microscopy (SEM) a highly focused electron beam is used to acquire 

images of a specimen surface down to sub-nanometer resolution. The highly focused electron 

beam (primary electrons, PEs) is scanned pixel by pixel across the surface. The energy of the 

PEs is determined by the acceleration voltage. The interaction of the PEs with the sample leads 

to the emission of electrons, which can be detected for image acquisition. Furthermore, X-rays 

and Auger electrons (AEs) are released, which can be employed for chemical analysis of the 

surface near region of the sample. A detailed introduction to scanning electron microscopy can 

be found in L. Reimer: “Scanning Electron Microscopy”.29  

In Figure 2-1 the so-called interaction volume of the PEs with the specimen is depicted. 

The most relevant interaction products are secondary electrons (SEs), backscattered electrons 

(BSEs), X-rays and AEs. The SEs (Ekin < 50 eV) and AEs (up to ~ 200 eV) are particularly 

surface-sensitive, i.e. they are emitted from the top-most surface layers (up to 10 nm30). 

However, the BSEs (Ekin > 200 eV) and X-rays are also emitted from below the surface (in the 

µm regime). The reason for this behavior is the difference in kinetic energy and the associated 

inelastic mean free path. SEs are generated by inelastic collision of electrons with sample atoms. 

Depending on the colliding electrons, they are divided into SEI (for PEs) and SEII (for BSEs). 

Instead of the SEI, which contribute to the high resolution, the SEII cause a background signal, 

as they are usually released farther away from the electron beam impact point due to their higher 

energies and thus larger mean free path. BSEs originate from multiple inelastic scattering of 

PEs. The diameter of the BSE exit area and the depth, which can both be well in the μm range, 

depends on the PE energy, the sample properties such as density and the atomic numbers. The 

generation of characteristic X-rays and AEs is a complementary process. The photons (i.e. X-

rays), as well as the AEs obtain a characteristic element specific energy, almost like an elemental 

fingerprint, which can be used for chemical analysis of the specimen.  
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Figure 2-1: Interaction volume of the impinging primary electron beam with the specimen and regions 

from which the different signals originate.29 

 

In a SEM, the signals measured by the detector are deployed for image formation. The 

most commonly used detectors are SE detectors, like the well-known “Everhart-Thornley 

detector”.31 For imaging, the SEM technique relies on different types of contrast mechanisms. 

Generally, there are two major types of contrast mechanisms.  

The first one is the so-called topographical contrast and yields a three-dimensional 

impression of the surface topography in the SEM image. Several effects like surface-tilt contrast, 

shadowing contrast, edge effect and surface-roughness contrast can be subsumed under the 

topographical contrast mechanisms. A tilted surface leads, due to smaller escape depths, to a 

higher electron emission and thereby to a brighter SEM image. The shadowing contrast appears 

when the signal path to the detector is blocked by surface features. For structures with a large 

available surface for emission such as edges and rough i.e., edge-rich surfaces the electron 

emission is increased. Micro-rough surfaces appear brighter than flat surfaces of the same 

material.29  

The second type of contrast mechanism is the material-based contrast. The material 

contrast depends on the chemical and physical properties like mean atomic number Z, density, 

atomic order, possibly crystal orientation and electric and magnetic properties of the surface. 

The most important material contrast is the chemical contrast. With an increasing atomic 

number Z the BSE emission coefficient increases. From this follows that a metal appears 

brighter in SEM compared to organic or carbon covered surfaces.29  
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2.2 Auger Electron Spectroscopy (AES) 

 

Auger electron spectroscopy (AES) is a powerful technique for the qualitative and 

quantitative chemical analysis of specimen surfaces. As low energetic AEs are emitted from the 

top-most surface layer, AES is a surface-sensitive method. A focused electron beam utilized as 

excitation source enables to perform local AES and scanning auger electron microscopy.  

AES is based on the Auger emission process, which is indicated in Figure 2-2: An incident 

electron with a sufficient high energy can excite inner shell electrons (in this example K shell) 

of surface atoms, resulting in an inner shell vacancy. This inner shell vacancy is referred to as 

core hole. The atom is ionized and therefore in an excited state. The relaxation from excited to 

ground state occurs by filling the vacancy with an electron from a higher-level energetic shell 

(here L1 level). The released energy can either be transferred to another electron (here L2,3 level), 

which is ejected from the atom as AE, or the gained energy is emitted as X-ray photon.32    

 

Figure 2-2: Schematic description of the Auger process. 1. and 2. A K-shell electron is ejected by the 

incident radiation, creating a vacancy. 3. An electron from an outer shell (L1) fills the hole, releasing 

energy. 4. The released energy is transferred to another electron (L2,3), which is then emitted as the 

Auger electron.32 
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Note that the energy of the emitted AEs only depends on the energetic states of the shells 

of the involved atom. Thus, the energy of the released AE is independent of the primary electron 

energy. The following equation estimates the approximated energy of the AE relative to the 

Fermi level. This model is simplified as it does not consider the interaction between the core 

holes neither the relaxation energies resulting from the core screening. 

𝐸𝐾𝐿1𝐿2,3 = 𝐸𝐾 −𝐸𝐿1 −𝐸𝐿2,3 

EK, EL1 and EL2,3 represent the binding energy of the involved shells. The nomenclature 

for Auger emission processes is defined as the following. The first letter describes the shell of 

the core hole (i.e.: K), the second one the shell of the electron (i.e.: L1), which fills the core hole 

and the third one represents the shell of the electron that is emitted  (i.e.: L2,3). In this example, 

the auger transition would be called KL1L2,3 or short KLL.  

 

 

2.3 Quadrupole Mass Spectrometry (QMS) 

 

The chemical composition of molecules in the gas phase can be analyzed via quadrupole 

mass spectrometry (QMS). Thereby, the molecules are ionized and the resulting charged 

fragments are separated according to their mass to charge ratio m/z by a corresponding filter. A 

suitable detector, which can either be a faraday cup or a secondary electron multiplier detects 

the incoming charged fragments.33 The ionization of the molecules is realized via electron 

impact (EI) ionization. The filter for ion separation in a QMS is based on four parallel metal 

rods (quadrupole). On these rods a high frequency alternating electrical field, which is 

superimposed with a direct current (DC) voltage, is applied. Ions with a certain mass-to-charge 

ratio m/z can only reach the detector at a specific voltage ratio. For all other voltage ratios the 

same ions have an instable trajectory and do not reach the detector.34   

In this thesis QMS was used for the analysis of residual gas composition, purity inspection 

of the precursors Fe(CO)5 and Co(CO)3NO and for detection of fragments formed during 

electron irradiation of different substrates (i.e. ESD).   
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2.4 Atomic Force Microscopy (AFM) 

 

Atomic force microscopy (AFM) is a scanning probe technique that enables monitoring 

the surface topography down to the atomic scale.35 A sharp tip mounted on a cantilever is raster-

scanned over the surface. At each point of the surface various tip-sample interactions occur. A 

distinction is made between short-range and long-range forces. The short-range forces are 

dipole-dipole interaction forces and friction forces, whereas the long-range forces are van der 

Waals forces, capillary forces (only in air) and electrostatic forces. Generally, the different 

forces cause a response of the cantilever-tip system which can be used for image formation. For 

example, these forces cause a vertical deflection of the cantilever, which can be measured by a 

deflection sensor. The deflection sensor (e.g. reflection of a laser beam from the cantilever) is 

utilized to generate an image of the surface topography.36-37  

With AFM the surface topography can be determined with very high resolution. In 

addition, AFM can be performed on all solid types of surfaces regardless of the conductivity of 

the sample. Different operation modes can be used for AFM measurements. The most important 

operation modes are the contact mode (static mode), the non-contact mode (dynamic mode) and 

the tapping mode (dynamic mode).36 In this work AFM was performed by using the tapping 

mode. In tapping mode (also referred to as intermittent mode), the cantilever is oscillating close 

to its resonance frequency. The tip “slightly” taps the surface of the sample during scanning. As 

the tip approaches the sample, the tip-sample interactions alter the amplitude, resonance 

frequency, and phase angle of the oscillating cantilever. A constant oscillation amplitude at the 

operating frequency is achieved by adjusting the position of the tip with respect to the sample.38  

 

 

2.5 UHV Instrument 

Most experiments presented in the thesis at hand were performed in a modified 

commercial UHV system (MULTISCAN Lab, Omicron Nanotechnology, Germany) with a base 

pressure of 2 × 10-10 mbar (see Figure 2-3). The system consists of two main chambers for 

analysis (analysis chamber) and sample preparation (preparation chamber) and two auxiliary 

chambers for sample transfer (fast entry lock) and precursor gas handling (gas dosing chamber). 
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The system is described in detail in the doctoral theses of Thomas Lukasczyk39 and Michael 

Schirmer.40 In the following the most important aspects of the system relevant for the thesis at 

hand are summarized  

The main part of the analysis chamber is a UHV compatible electron column (Leo Gemini) 

which is utilized together with the Inlens detector for scanning electron microscopy (nominal 

resolution better than 3 nm). The hemispherical energy analyzer (Nano SAM EA U7 analyzer, 

Omicron) allows AES and scanning Auger microscopy with an ultimate resolution < 10 nm. 

The gas dosing chamber is connected with the analysis chamber via leak valves. For FEBIP 

experiments the precursor is supplied via a gas dosing nozzle (inner diameter 3 mm) with an 

adjustable distance towards the stage. In all FEBIP experiments, the distance between the end 

of the nozzle and the stage was adjusted to approximately 12 mm. The local pressure of the 

precursor at the sample surface is thereby enhanced by a factor of 30 (9.0 x 10-6 mbar)40-41 as 

compared to the nominal background pressure of 3.0 x 10-7 mbar which was adjusted for all 

FEBIP experiments. The analysis chamber and the gas dosing chamber are both equipped with 

a QMS (Prisma QME 200, Pfeiffer) for precursor quality and residual gas control.  

The preparation chamber is equipped with a QMS (Prisma QME 200, Pfeiffer), a quartz 

crystal micro balance (OSC-100A, Syscon), self-constructed Knudsen cell evaporator for 

organic materials, a sputter gun (ISE 10, Omicron), an electron flood gun (Flood Source FS 

40A1, Prevac) and leak valves. The attached fast entry lock enables the introduction of samples 

without breaking the vacuum. A manipulator allows several different heating options (resistive, 

radiative, electron bombardment) depending on the used sample holder. 
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Figure 2-3: Image of the UHV system without gas dosing chamber, gas dosing nozzle and cable 

connections. The main parts are highlighted.  
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2.6 Samples and Precursors 

2.6.1 Self-Assembled-Monolayers (SAMs) & Carbon Nanomembranes 

(CNMs) 

 

A SAM is a system in which organic molecules from the liquid or gas phase spontaneously 

adsorb onto a solid surface and organize in a crystalline or semicrystalline structure (bottom-up 

approach). Usually, the organic molecules are composed of a “tailgroup” and a “headgroup”, 

whereby the latter exhibits a certain chemical functionality.42 The spontaneous formation of a 

SAM is driven by the strong binding affinity of the headgroup towards the substrate surface. 

For metals, metal oxides and semiconductors several different headgroups are available.42 The 

probably best studied headgroup are thiols. Thiols show a strong affinity towards gold,43-47 

silver,48-49 copper,50 palladium51-52 and platinum53 and can be used to form well-defined organic 

surfaces. The thiols form a strong surface bond e.g., a metal thiolate, with the substrate surface 

(chemisorption). Furthermore, the intermolecular, e.g. van der Waals, interactions between the 

organic molecules additionally stabilize the SAM.42 In this thesis SAMs formed from the 

aromatic molecule terphenylthiol (TPT) (see Figure 2-4), which have been prepared by the 

group of Prof. Dr. Gölzhäuser from the University of Bielefeld, are investigated.  

 

 

Figure 2-4: Chemical structure of the molecule terphenylthiol (TPT) and a schematic of a SAM of TPT 

on a Au substrate.  
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SAMs are 2D nanostructures with useful properties for several applications. Metallic 

surfaces like copper can be protected from oxidation by coating with a SAM.54 Next to this the 

wetting and adhesion properties of surfaces can be modified.50 Due to the well-ordered surface 

SAMs can be used as a starting point for the growth of SURMOFs (see Chapter 2.6.3).55 A 

chemisorbed SAM changes the work function of the corresponding metal.56 Therefore, SAMs 

are outstanding candidates for the fabrication of electronic devices, like organic field effect 

transistors.57-60 Another important property of SAMs is that they can be patterned in the 

nanometer scale by either microcontact printing,61-62 photon irradiation63-65 or electron 

irradiation.66-68 

Electron irradiation of SAMs induces the cleavage of C-H bonds and a lateral cross-

linking of neighboring molecules.18, 69 This cross-linking process leads to the formation of a 2D 

carbon nanomembrane (CNM).70 CNMs obtain a high thermal20 and mechanical19 stability. The 

properties like conductivity, stiffness, thickness and porosity of the CNM are tunable as they 

are determined by the utilized SAM.21, 71 Furthermore, CNMs can be lift-off from the substrate 

and transferred to arbitrary substrates and porous grids to obtain free-standing 2D CNMs. It was 

reported that CNMs with sub-nm pores can separate ions from water during osmosis.72 

Freestanding CNMs can also be used as mechanically stable nonconductive support for metallic 

structures fabricated via electron beam lithography (EBL).73 Such hybrid materials are 

promising candidates for the fabrication of nanoelectromechanical systems (NEMS)22 or 

photonic and plasmonic devices.74 In this thesis, by using FEBIP, a new method for the 

fabrication of hybrid structures consisting of metallic nanostructures on top of 2D CNMs is 

successfully explored. Furthermore, fundamental studies about EBID and EBISA on a SAM of 

TPT molecules are presented.  

 

 

2.6.2 Porphyrins 

 

The characteristic chemical structure of porphyrins is a macrocycle consisting of four 

pyrrole rings linked by four methine bridges.75 The basic porphyrin is porphin (see Figure 2-5). 

Attachment of substituents towards different positions on the macrocycle allows the fabrication 

of a huge variety of different porphyrins with tailored properties.76 In Figure 2-5 the 5,10,15,20-
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Tetraphenylporphyrin (2H-TPP) is depicted. To illustrate the versatile functionality of 

porphyrins two prominent examples from biological systems in nature are briefly discussed. The 

functionality of the heme complex in, e.g., human blood, is based on an iron(II)-porphyrin which 

effectively enables the oxygen transport in the blood stream of mammals.75 A second prominent 

example is chlorophyll A, which main functional building block is a magnesium(II)-porphyrin. 

Chlorophyll A is responsible for the electron transfer during photosynthesis.75 In addition, 

porphyrins have also been used in several technical applications like catalysis,28 sensors,26 or 

dye-sensitized solar cells.27 Thin layers of porphyrins on metals and metal oxides can be 

prepared in a bottom-up approach by physical vapor deposition and the adsorption behavior has 

intensively been studied.77-80  

 

 

Figure 2-5: The chemical structure of porphin and 2H-TPP 

 

Ultrathin layers of 2H-TPP have already been investigated in terms of FEBIP.16-17 They 

drastically reduce proximity effects and EBISA was conducted successfully with Fe(CO)5 and 

Co(CO)3NO.17 However, the nature of the active sites that causes the decomposition of the 

precursors is still not fully understood. Within this thesis the electron induced effects occurring 

on a molecular scale on 2H-TPP are investigated and discussed. Furthermore, a new type of 

stable CNMs is presented, which can be prepared from thin layers of 2H-TPP molecules via 

electron induced cross-linking.  
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2.6.3 Surface-Anchored Metal-Organic Frameworks (SURMOFs) 

 

A metal-organic framework (MOF)81-82 which is epitaxially grown on a surface is referred 

to as surface-anchored metal-organic framework (SURMOF).83 The highly porous three-

dimensional (3D) framework is built via the coupling of metal ions with organic linker 

molecules. The variation of the building blocks enables the fabrication of a huge variety of 

SURMOFs with different properties like pore size, orientation and density.81, 84-85 MOFs are 

versatile materials and can be used in several applications like gas storage,85 drug release86-87 

and separation.88-89 Furthermore, MOFs with embedded metal nanoparticles are an interesting 

class of material for catalysis and sensor technology.90-92 A SURMOF is usually fabricated in a 

controlled layer-by-layer fashion by alternatively dipping the substrate into separate solutions 

containing the metal ion respective to the organic linker. As already mentioned in Chapter 2.6.1 

SAMs are suitable starting substrates for the controlled fabrication of SURMOFs.55 

A recent work from Drost et al. reports about FEBIP on the SURMOF copper benzene-

1,3,5-tricarboxylate (HKUST-1).15 HKUST-1 is a well-studied MOF consisting of the organic 

linker molecule benzene-1,3,5-tricarboxylate (btc) which coordinates copper(II) ions (see 

Figure 2-6).93 In the latter study it was demonstrated that SURMOFs, due to reduced proximity 

effects, are suitable substrates for the fabrication of sub-10 nm structures via EBID. 

Furthermore, it was reported that EBISA is possible on HKUST-1 with Fe(CO)5, whereas 

EBISA did not work with Co(CO)3NO on the same substrate.15 
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Figure 2-6: The MOF HKUST-1 and the corresponding linker molecule benzene-1,3,5-tricarboxylic acid 

(btc). Copper(II)-oxalate and the organic linker molecule oxalic acid.  

 

Within the thesis at hand the EBISA process and especially the active species of the 

SURMOF HKUST-1 is further analyzed. Therefore, a HKUST-1 and a surface grown 

copper(II)-oxalate (see Figure 2-6) were prepared in the same layer-by-layer approach within a 

collaboration with the group of Prof. Swiderek from the University Bremen. By following this 

approach, only the organic linker molecule is varied. Both substrates were investigated 

regarding EBID and EBISA with the precursors Fe(CO)5 and Co(CO)3NO. Furthermore, the 

electron induced effects on both substrates were investigated via AES, ESD, and RAIRS.  
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2.6.4 Fe(CO)5 

 

Iron pentacarbonyl (Fe(CO)5 see Figure 2-7) was purchased from ACROS Organics with 

a specified purity of 99.5 %. Fe(CO)5 is an orange liquid which is sensitive towards air and UV 

irradiation. Therefore, the precursor was filled under inert gas conditions and stored in a 

glass/stainless steel container covered with aluminum foil. Before each FEBIP experiment, the 

stainless steel line for the precursor supply was purged several times with Fe(CO)5. The quality 

of the precursor gas was analyzed with a quadrupole mass spectrometer in a dedicated gas 

analysis chamber (base pressure 2 × 10-9 mbar). For successful AG, a peak intensity ratio of 

Fe/CO (m/z = 56 vs. m/z = 28) of at least 0.05 is required. 

 

 

Figure 2-7: The precursor Fe(CO)5.  

 

 

2.6.5 Co(CO)3NO 

 

Cobalt tricarbonyl nitrosyl (Co(CO)3NO see Figure 2-8) was purchased from abcr GmbH 

& Co. KG. Co(CO)3NO is a dark brown liquid and was handled the same way as Fe(CO)5 due 

to air and light sensitivity. For this precursor, the peak intensity ratio of Co/CO (m/z = 59 vs. 

m/z = 28) was analyzed in order to control the precursor purity. A ratio of at least 0.15 was 

required to observe pronounced AG.  
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Figure 2-8: The precursor Co(CO)3NO. 

 

 

 

2.7 Electron Beam Induced Lithographic Techniques 

In this Chapter, a brief introduction to the two investigated focused electron beam induced 

fabrication (FEBIP) methods is given. The two methods which are part of this thesis are EBID 

and EBISA. For the analyzed precursor molecules Fe(CO)5 and Co(CO)3NO the autocatalytic 

growth (AG) process plays a crucial role and is therefore also part of this Chapter.  

 

2.7.1 Electron Beam Induced Deposition (EBID) 

 

Electron beam induced deposition (EBID) is a powerful direct-write method for the 

controlled fabrication of nanostructures.3-4 The discovery of this novel method dates back to 

1934, as it was reported that a carbonaceous layer is formed when the residual gases inside the 

SEM chamber are dissociated by the influence of the electron beam.94 This effect was rendered 

as not useful for a long time as it was considered solely as a contamination. In the 1960s, this 

phenomenon was exploited for the first time to create metallic films via EBID of organometallic 

precursor molecules.95 Since then, numerous works on EBID have been carried out and a 

significant progress has been achieved. For the interested reader, several review articles are 

available.3-5, 96-97 
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Figure 2-9: Scheme of the idealized EBID process. The precursor molecules are supplied via a nozzle 

and adsorb onto the surface. The adsorbed precursor molecules are dissociated via the focused electron 

beam. The non-volatile metallic fragments form the nanostructure while the volatile organic fragments 

are pumped off.  

 

The EBID process is schematically depicted in Figure 2-9. Metal-organic precursor 

molecules are supplied via a thin nozzle which is in close proximity to the substrate surface. The 

usually gaseous molecules adsorb onto the substrate surface. A focused electron beam, e.g., of 

a SEM, is raster-scanned with lithographic control over the surface and induces the dissociation 

of the adsorbed precursor molecules via the impact of the PEs and the fabrication of BSEs and 

SEs with the latter. Ideally, the non-volatile metallic fragments remain at the point of impact 

and form the deposit, whereas the volatile fragments are pumped away. Compared to classical 

EBL, EBID possesses the advantage to fabricate nanostructures within one processing step. The 

fabrication of more complex and 3D nanostructures is also feasible via EBID.98-99 Furthermore, 

a huge variety of different precursor molecules is available which enables the production of 

different metallic nanostructures.4 Numerous interesting applications have already been realized 

with the use of EBID. Qian et al. showed that highly stable and sensitive AFM tips can be 

fabricated via EBID.100-101 Furthermore, Pt field emitter and nanowires can be realized by 

performing EBID with the precursor C5H5Pt(CH3)3.102-103 In the semiconductor industry, EBID 

has become one state-of-the-art method for repairing masks for UV and EUV lithography.104-105 

Combined with electron beam induced etching (EBIE) all types of nanoscale defects on masks 

can be targeted for repair. 

Major challenges in EBID are the realization of desired elemental composition/purity of 

the deposit, the undesired broadening of the deposit caused by proximity effects and the rather 

low deposition rate.3  
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EBID is mainly used in high vacuum (HV) setups and most precursors yield depositions 

with purities most significantly lower than 60 at%.106 The impurities in a high vacuum setup can 

be caused by adsorbed residual gas molecules (e.g. hydrocarbons), which are decomposed by 

the electron beam and thus incorporated in the deposit, or by non-volatile precursor fragments, 

which typically contain carbon, oxygen or nitrogen. Nevertheless, there are some exceptions, 

which show a higher purity. With the precursor Co2(CO)8, Co nanowires with a purity up to 

95 at% can be realized.107 Silver structures with a purity up to 76 at% can be fabricated with the 

precursor AgO2CC2F5.108 The problem of low purity deposition induced the development of 

several post-treatment cleaning procedures.106, 109-114 One example for these cleaning procedures 

is the combination of EBID with a simultaneous water dosage for the fabrication of Au 

nanostructures with a purity up to 91 at%.115 Recently we demonstrated in our group in Erlangen 

that by improving the vacuum conditions from high vacuum to UHV it is possible to fabricate 

iron nanostructures with ultra-high purity (≥ 95 at%) via EBID followed by AG (see Chapter 

2.7.3).12-15 In addition UHV allows to investigate FEBIP with significantly reduced residual 

gases and thus better defined conditions than in HV experiments. In the thesis at hand, all EBID 

experiments are performed under UHV conditions in order to achieve deposits with higher 

purity and to study the processes in a “surface science” fashion. 

The smallest reported feature size reported so far within EBID was even below 1 nm.116 

Nevertheless, feature sizes in the sub 10 nanometer regime are challenging among others 

because proximity effects cause undesired co-deposition and thus broadening of the feature 

size.3 The impinging electron beam leads to the formation of BSEs and SEs with a radial 

symmetry distribution up to several µm around the point of impact. This distribution radius 

strongly depends on the substrate material and can be predicted  for BSEs via Monte-Carlo 

simulation. The BSE proximity effect occurs when BSEs and the induced SEs cross the interface 

between surface and vacuum in the proximity of the impact point and potentially dissociate 

adsorbed precursor molecules. Another dominant proximity effect occurring during EBID is 

caused by forward scattering. In forward scattering the PE beam scatters on pre-deposited 

material and yields forward scattered electrons (FSE). These FSEs can also induce the 

dissociation of adsorbed precursor molecules in the proximity of the impact point.  

BSEs and SEs exhibit a wide range of kinetic energies from > 0 eV up to the primary 

beam energy. Therefore, the precursor molecules can be dissociated in several different 
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dissociation mechanisms which are listed in the following.117 The probability for the scission of 

a bond in the precursor molecule strongly depends on the energy of the impinging electron and 

is generally expressed as a cross-section.3 Dissociative Ionization (DI) with the highest cross 

section between 70 and 100 eV is caused by PEs, BSEs and FSEs.4 The highest cross-section 

for the dissociation into neutrals (ND) is around 50 eV.4 Dissociative electron attachment 

(DEA), which is the main pathway for the dissociation of precursor molecules by SEs, only 

occurs at a few eV within a narrow range.117 As all these dissociation pathways occur more 

likely at energies below 100 eV it is supposed that corresponding “ low-energetic electrons” are 

far more efficient for precursor dissociation than the PEs. Nevertheless, the contribution of the 

PEs should not be neglected as the high current density might antagonize the low cross-section. 

Most cross-section measurements for EBID precursors were performed in gas-phase studies.118-

120 However, in EBID these cross-sections might differ as the interplay with the surface needs 

to be considered as well.121-122 Within the last decade several studies addressing the electron 

induced dissociation mechanisms of adsorbed EBID precursor were performed.123-127 

 

 

2.7.2 Electron Beam Induced Surface Activation (EBISA) 

 

The second FEBIP method investigated in this thesis was introduced in 2010 by Walz et 

al. and is referred to as electron beam induced surface activation (EBISA).8 The EBISA process 

is schematically depicted in Figure 2-10. In a first step a suitable surface is irradiated with the 

focused electron beam under vacuum conditions e.g., no precursor is present. This electron 

irradiation induces a local chemical modification/activation of the surface such that it becomes 

catalytically active toward the decomposition of subsequently dosed precursor molecules. 

Consequently, in the second step, the surface is exposed to the precursor gas, which reacts with 

the pre-irradiated active areas. This reaction causes the dissociation of the precursor molecules 

and the non-volatile fragments form a first deposition layer. Upon further precursor dosage this 

first deposition layer can be converted into the desired deposit by AG (see Chapter 2.7.3). A 

detailed description of EBISA can be found in a review paper by Marbach.7 
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Figure 2-10: Scheme of the EBISA process. The surface is activated by the focused electron beam in 

absence of any precursor molecule. In a second step the precursor molecules are dosed via a nozzle and 

the pre-irradiated active areas cause the dissociation of the precursor molecules. A deposit is formed on 

top of the activated areas.  

 

Directly compared to EBID, the EBISA process bears the advantage that the electron 

irradiation is separated from the precursor dosage and the growth of the deposit is controlled 

only via the precursor. Therefore, especially forward scattering proximity effects do not occur 

in EBISA at all. Consequently, EBISA is also a versatile technique to monitor BSE proximity 

effects and the electron scattering properties of different substrates without FSE.9, 16, 128 

Furthermore, in principle also the fabrication time can be reduced as deposits on pre-irradiated 

areas grow in parallel as long as the precursor is dosed.7  

Of course, EBISA only works with a suitable combination of a substrate that can be 

activated and a precursor which reacts with the activated sites. The first successful EBISA 

experiment was conducted on a SiO2(300nm)/Si surface with the precursor Fe(CO)5 under UHV 

conditions.8 With this precursor EBISA under UHV is also feasible on other surfaces like rutile 

TiO2(110),17 thin layer of porphyrin molecules16-17 and surface-anchored metal-organic 

frameworks (SURMOFs).15 A second precursor which shows successful EBISA results on a 

thin layer of porphyrin molecules under UHV is Co(CO)3NO.17 However, this precursor shows 

no reactivity towards the activated sites of SiO2,10 rutile TiO2(110)17 and SURMOFs.15 UHV 

environment definitely seems to be beneficial for the EBISA process as the amount of residual 

gases which may react with the activated areas and thereby passivate them is reduced compared 

to high vacuum. Nevertheless, Muthukumar et al. showed that the precursor Co2(CO)8 leads to 

the formation of well-defined Co deposits on activated areas of SiO2 by following the EBISA 

procedure in HV.129 

For the oxide surfaces suitable for EBISA explored so far, the nature of the active sites 

caused by electron irradiation is well understood. Electron irradiation leads to a darkening of 
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the irradiated areas in SEM and further analysis of these areas by AES and scanning 

transmission microscopy (STM) reveals that ESD of oxygen yield oxygen vacancies in the 

substrate, which are identified as active sites for the initial decomposition of Fe(CO)5.8, 11, 14 The 

ESD of oxygen can be attributed to a Knotek-Feibelman process.130-131 In the case of organic or 

metal-organic substrates it is known that electron irradiation of organic species can cause the 

cleavage of C-C or C-H bonds and hence induce the formation of reactive radicals and 

ions.18, 69, 132 These radicals and ions might initiate the dissociation of the precursor molecules. 

However, the nature of the activated sites is still speculative especially due to the fact that on 

2H-TPP EBISA is possible with Fe(CO)5 and Co(CO)3NO,17 whereas on SURMOFs EBISA 

only works with Fe(CO)5.15 Therefore, the activation mechanism of organic and metal-organic 

substrates in EBISA seems to differ due to the complexity of the corresponding substrates. A 

relative simple organic substrate which is already well-studied regarding electron induced 

effects are SAMs.18, 69, 132 In order to gain more insight into the underlying processes during 

electron irradiation a part of this thesis is devoted to electron induced effects and the reactivity 

towards EBISA of SAMs, porphyrins, and SURMOFs. 

 

 

2.7.3 Autocatalytic Growth (AG) 

 

Autocatalytic growth (AG) occurs when one of the reaction products catalyzes the reaction 

itself.133 In EBID and EBISA this AG process occurs when the deposited material induces the 

dissociation of the precursor. The process for AG is depicted schematically in Figure 2-11. An 

initial deposit fabricated via EBID or EBISA can catalyze upon further precursor dosage the 

dissociation of the precursor. Thus, the deposit grows autocatalytically as long as the precursor 

is dosed. The precursors Fe(CO)5 and Co(CO)3NO used in the thesis at hand both exhibit 

pronounced AG at room temperature (RT) under UHV conditions.  
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Figure 2-11: Scheme of the autocatalytic growth (AG) process. The initial deposit formed by EBID or 

EBISA is catalytically active towards the decomposition of the precursor molecule. Upon further 

precursor dosage the deposit grows.  

 

AG behavior of Fe(CO)5 at RT was reported on several substrates like Ag(111),16 

Pt(111)134 and Rh(110).135 The first insight about the AG of Fe(CO)5 within an EBID experiment 

was given by Kunz et al. in 1987. They reported that at 125 °C thin layers of Fe fabricated via 

EBID induce the dissociation of the precursor and thus an AG process.136-137 Under UHV 

conditions the AG on pre-deposited Fe nuclei, fabricated via EBID or EBISA, occurs already at 

RT.8, 12 This AG process results in the formation of well-defined Fe deposits with high purity 

(≥ 95 at%).12-15 The deposit consists mainly of α-Fe and a few amount of Fe3O4.138 This 

remarkably high purity is only achievable by combining EBID or EBISA with the AG process. 

The nature and thus the purity of the final deposit is mainly determined by the AG process and 

not by the thin initial deposit fabricated via EBID or EBISA.  

Vollnhals et al. studied the AG behavior of the precursor Co(CO)3NO by combining SEM, 

Scanning Transmission X-ray microscopy (STXM), and Near Edge X-ray Absorption Fine 

Structure Spectroscopy (NEXAFS) studies.10 These studies revealed that the precursor 

Co(CO)3NO also grows autocatalytically. The resulting deposit shows a composition of 

CoOxNyCz. In summary, the deposit consists mainly of cobalt oxide with small amounts of 

nitrogen and carbon. Remarkably, Co(CO)3NO decomposes autocatalytically on Fe seed 

layers.10 Furthermore, the precursor Fe(CO)5 also decomposes autocatalytically on the deposits 

fabricated with Co(CO)3NO.139 This opens up new methods for the fabrication of layered  

magnetic nanostructures without additional electron exposure.  

Within this work, a combined EBID + AG respectively EBISA + AG approach was 

performed for the precursors Fe(CO)5 and Co(CO)3NO. 
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3 Results  

Hybrid structures consisting of metallic nanostructures and organic respectively metal-

organic substrates are versatile materials with huge application potential. One main goal of the 

thesis at hand is to explore novel methods to fabricate such structures and to systematically 

investigate the underlying processes. In this regard, three different types of organic/metal-

organic substrates (SAMs, porphyrins, and SURMOFs) are functionalized with metallic 

nanostructures via FEBIP. Next to the fabrication of such hybrids, the thesis at hand focuses on 

the electron induced effects occurring on a molecular scale for the different substrates. 

Especially the underlying chemistry in the EBISA process on organic/metal-organic substrates, 

which is still not fully understood, is investigated in detail. Chapter 3.1 addresses a collaborative 

approach together with the group of Prof. Gölzhäuser from the University of Bielefeld and deals 

with SAMs and CNMs made from TPT. The Chapter consists of two parts. In the first part 

(Chapter 3.1.1), a new method for the fabrication of metallic iron nanostructures fabricated via 

EBID on top of 1 nm thick CNMs is introduced. The second part (Chapter 3.1.2) investigates 

this fabrication method in more detail especially regarding fundamental aspects of EBID and 

EBISA on SAMs and the effect of the substrate on the transfer process. Chapter 3.2 takes up the 

idea of transferable CNMs and expands the concept to a new class of molecules namely 

porphyrins (2H-TPP) which are in addition only physisorbed on the original substrate. The 

transfer mechanism introduced in Chapter 3.1.1 serves as evidence for the production of stable 

2H-TPP membranes. Furthermore, in cooperation with the group of Prof. Swiderek, the electron 

induced effects of 2H-TPP were studied by ESD and RAIRS. The last part (Chapter 3.3) stems 

from the same cooperative effort and focuses on the underlying chemistry during EBISA on the 

SURMOF HKUST-1. Electron-induced effects on HKUST-1 and surface-grown copper(II)-

oxalate, which only differ in the organic linker molecules, are compared by measuring AES, 

ESD, and RAIRS.  
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3.1 Exploring and modifying SAMs and CNMs via FEBIP [P1, P2] 

 

Functional hybrid structures consisting of metallic nanostructures and non-metallic 2D 

materials are key components for novel applications in the field of electronics, optics and 

magnetics.73-74, 140 In the following Chapter a new FEBIP-based approach for the fabrication of 

such functional hybrids is presented. The bottom-up grown SAM TPT is functionalized with 

top-down methods from FEBIP and subsequently transformed into a CNM. Thereby, different 

materials e.g., Au and Ag served as substrate for the growth of the SAM and were investigated 

within this fabrication process.  

 

3.1.1 Fabrication of metallic nanostructures on 1 nm thick CNMs [P1] 

 

A measure to fabricate novel hybrid nanomaterials was to combine the well-established 

method to fabricate CNMs via electron induced crosslinking of SAMs with our UHV approach 

to FEBIP. The goal was to fabricate laterally structured materials on top of an ultrathin 

membrane. In particular, it was investigated if the CNM remains intact with the FEBIP structure 

on top. To do so the method schematically depicted in Figure 3-1 was applied. A SAM 

consisting of TPT molecules on a Au(111)/mica sample was used as substrate. On this substrate 

EBID was performed with the precursor Fe(CO)5 (cf. Figure 3-1a). Within the EBID process 

the irradiated areas of the SAM were presumably locally cross-linked, which is indicated by the 

red square. The sample with the ultraclean iron deposit (90 at%) on top was in a second step 

transformed into a CNM via large area electron irradiation via an electron flood gun (cf. Figure 

3-1c). To protect the sample mechanically during the transfer, it was spin-coated with a 300 nm 

thick layer of poly(methyl methacrylate) (PMMA). Subsequent etching of the Au layer in a 

solution of KI/I2/H2O within 10 minutes enabled the lift-off from the mica substrate (cf. Figure 

3-1d). During this step, the iron structure was protected as it was sandwiched in between the 

PMMA and the CNM. This sandwich structure was then transferred onto either SiO2 (cf. Figure 

3-1f) or transmission electron microscopy (TEM) grids (cf. Figure 3-1e) in the latter case to 

obtain free-standing CNMs with metallic nanostructure on top. In a last step, the PMMA layer 

was removed by dissolution in acetone. The real dimensions of the resulting hybrid structures 

are depicted in Figure 3-1g. The CNM with a thickness of ~1.2 nm needs to hold a metallic 
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nanostructure with roughly 15 nm height during the whole transfer. A critical point to 

investigate was if the CNM is mechanically stable enough for such a transfer. Furthermore, the 

iron structures were analyzed in detail before and after the transfer to evaluate changes which 

might occur during the transfer process.   

 

 

Figure 3-1: Scheme of the fabrication process: a) EBID of Fe(CO)5 onto a TPT SAM on Au/mica; the 

blue feature is the resulting Fe EBID deposit; the red square indicates that during EBID simultaneously 

the irradiated area of the SAM is crosslinked; b) Fe nanostructure on TPT SAM; the area below the 

nanostructure is already transformed into a CNM; c) cross-linking of aromatic SAM with low energy 

electrons (≈50 eV) via flood gun; d) sample is spin-coated with PMMA and removed from the substrate 

by etching the Au layer with KI/I2/H2O; e,f) membrane is transferred onto TEM grid or onto SiO2, PMMA 

is removed by acetone; g) real dimensions of a typical aerial Fe deposit on top of a CNM. Adapted from 

[P1]. 

 

In Figure 3-2 the results of the transfer process are depicted. The SEM images of two 

different iron nanostructures with the shape of a CNM fabricated via EBID are shown in Figure 

3-2a and b. One of these structures was transferred onto a SiO2 sample (cf. Figure 3-2d) and the 

other one onto a TEM grid (cf. Figure 3-2c). Both structures remained intact after the transfer 

process. The small ruptures in the CNM (see red circles in Figure 3-2c) were most probably 

caused by the particles located on the sample already before the transfer (see red circles in Figure 
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3-2a). The width of the structures is in the range of 60 to 75 nm. The height was measured by 

AFM and was between 2 and 4 nm. These results prove that the fabrication process works and 

complex hybrid structures e.g., iron nanostructures on top of a freestanding 1.2 nm thin organic 

membrane can indeed be fabricated with this approach.   

 

 

Figure 3-2: Schematic drawing of the transfer process and the corresponding SEM images of a) EBID 

nanostructure on TPT on Au(111)/mica fabricated with the precursor Fe(CO)5 (beam parameters: 15 kV, 

400 pA, electron dose: 1.86 C cm−2, AG time: 1 h); b) EBID nanostructure on TPT on Au(111)/mica 

fabricated with the precursor Fe(CO)5 (beam parameters: 15 kV, 400 pA, electron dose: 2.07 C cm−2, 

AG time: 1 h 27 min); c) the nanostructure depicted in (a) after transfer onto TEM grid; the red circles 

indicate positions of particles/defects before the transfer, which obviously lead to ruptures in the 

freestanding CNM; d) the nanostructure depicted in (b) after transfer process onto SiO2. Adapted in part 

from [P1]. 

 

In order to analyze the chemical composition of the transferred iron structures a larger 

iron marker structure was fabricated via EBID on a SAM of TPT on Au(111)/mica (cf. Figure 

3-3a). The SAM was cross-linked and transferred together with the iron marker structure onto a 

solid SiO2 substrate. Even for the larger structure, which is approximately 10 to 20 times thicker 

than the actual membrane no obvious changes in size and shape were visible after the transfer 
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(cf. Figure 3-3b). In the corresponding blow-up image, the characteristic iron nanocrystals 

which are formed during AG8, 14, 39 were still visible after the transfer (cf. Figure 3-3c). AES 

spectra reveal that the structure was oxidized during the transfer process (cf. Figure 3-3d). 

However, this chemical change was to be expected as the transfer partially occurred under 

ambient conditions. In addition, a rather high amount of carbon was detected on the structure 

directly after transfer. This carbon contamination was probably caused by residual PMMA and 

it was verified by subsequent AES that this impurity can easily be removed with 5 minutes of 

argon sputtering. After removing the residual PMMA the iron oxide structure contained an Fe 

content of 84 at% which is comparable to literature values of oxidized iron structures.13-14 The 

latter results evidence that the shape of the nanostructures is not influenced by the transfer 

process. The chemical composition was beside from oxidation not strongly affected.  

Regarding the huge amount of available precursors for FEBIP4 and its high potential for 

the direct fabrication of nanostructures with arbitrary shape and size,3-5, 98 this new fabrication 

process opens up the possibility to produce complex hybrid structures with high potential for 

applications in nanoelectromechanical systems (NEMS) or photonic devices.  
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Figure 3-3: a) SEM image of a large Fe marker structure fabricated with EBID on SAM TPT on 

Au(111)/mica (beam parameters: 15 kV, 400 pA, electron dose: 0.93 C cm−2, AG time: 8 h 46 min); b) 

SEM image of the large Fe marker structure depicted in (a) after the transfer to bulk SiO2; c) SEM zoom-

in of detail in (b); d) local AE spectra recorded at the position indicated with the colored star. Adapted 

in part from [P1].  
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3.1.2 Detailed investigation of FEBIP and the transfer mechanism on 

TPT on Ag[P2] 

 

The proof of concept of the new fabrication method for complex hybrid materials was 

presented in the previous Chapter with a SAM of TPT on a Au(111)/mica substrate. For a better 

fundamental understanding, a detailed investigation of the underlying processes yielding such 

hybrid nanostructures was performed. Thereby, the fabrication and transfer method was 

explored on a SAM of TPT grown on a Ag(111)/mica substrate, i.e. the substrate was changed 

from Au to Ag. It is important to study the effect of the underlying substrate and the associated 

effect on the resulting transferred hybrid structures, as for example carboxylic anchor group-

based SAMs can be fabricated on Ag.141-142 The change of substrate comes along with a change 

in the wet-chemical transfer process which will be discussed later. First, the results for the EBID 

and EBISA experiments with the precursors Fe(CO)5 and Co(CO)3NO are briefly discussed.  

EBID was successfully conducted with both precursors on a SAM of TPT on 

Ag(111)/mica. For the iron deposits (92 at% Fe) as well as the cobalt oxide deposits (45 at% 

Co, 45 at% O, < 10 at% C and N) purities comparable with previous literature values were 

achieved.10, 14-15, 17, 135 However, EBISA was only driven successfully with the precursor 

Fe(CO)5. A well-defined iron deposit with a purity of roughly 90 at% Fe and the characteristic 

iron nanocrystals was fabricated. The Co(CO)3NO precursor did not react with the active surface 

sites and therefore no cobalt oxide deposit was formed. The SAM exhibits a chemical selectivity 

between the two precursors in the EBISA process, similar to other substrates e.g., HKUST-1,15 

SiO2
10. Surprisingly thin layers of 2H-TPP molecules do not show such a selectivity and EBISA 

was conducted successfully with both precursors.17 Further investigations on a bare 

Ag(111)/mica substrate proofed that the SAM itself is the active substrate during the EBISA 

process. In addition, it could be demonstrated that as soon as the whole SAM is cross-linked  

into a CNM by low energetic electron irradiation, EBISA with Fe(CO)5 did not work anymore. 

It is known that during electron irradiation the C-H bonds of the TPT molecules are cleaved by 

dissociative electron attachment and new C-C bonds are formed between neighboring TPT 

molecules.69 The free radicals formed after the cleavage of the C-H bond might be the active 

species causing the reaction with Fe(CO)5. In the framework of the thesis at hand, it was indeed 

possible for the first time to further investigate the lifetime of the active species. Interestingly it 
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turned out that the lifetimes of the active species, i.e., presumably the mentioned free 

radicals/activated C atoms, ranged to hours.  

Thus, the lifetime of the activated sites in EBISA was analyzed in detail by studying the 

waiting time between electron irradiation (3 nA, 15 kV) and precursor gas dosage. Three 

different electron doses (1.01 C cm-2, 3.12 C cm-2, 6.08 C cm-2) were investigated with regard 

to four different waiting times (5 min, 92 min, 140 min, 155 min). The results for this experiment  

are depicted in Figure 3-4. At short waiting times the whole irradiated areas (2 x 2 µm2 squares) 

for all three doses were covered with clean (cf. AE spectra) iron deposits. However, for longer 

waiting times the iron deposits appeared reduced in size step by step and the deposit areas 

appeared more and more depleted. The lower the electron dose, the faster this process occurred. 

Therefore, one could conclude that the EBISA process on the SAM-TPT shows a strong time 

dependence, i.e., the activated sites exhibit a certain lifetime. This is rather surprising as such a 

time dependence was not reported before to my best knowledge. As an example on SiO2 the 

active areas still react with Fe(CO)5 after two days of waiting time.8  
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Figure 3-4: Results of time dependent EBISA experiments followed by autocatalytic growth on TPT SAM 

on Ag(111)/mica. All structures were written with Ebeam = 15 kV, Ibeam = 3 nA and exhibit the same 

tAG = 3 h 29 min; The SEM images of a 2 x 2 μm2 deposit fabricated via EBISA + AG with Fe(CO)5 can 

be differentiated regarding electron dose (left column: 1.01 C cm-2; medium column: 3.12 C cm-2; right 

column: 6.08 C cm-2) and waiting time between electron irradiation and precursor dosage. Local AE 

spectra recorded at the positions indicated with respectively colored stars. Adopted from [P2]. 

 

One possibility for this time deactivation could be the previous explained mechanism for 

the formation of C-C bonds out of cleaved C-H bonds. In this picture, the time interval until all 

radicals from cleaved C-H bonds form new C-C bonds equals the lifetime of the active sites in 

the EBISA process. However, it could also be possible that the reactive radicals were either 

deactivated by reactions with residual gases in the UHV chamber or an electron quenching effect 

via the surface or neighboring molecules.69 These results demonstrate that there are still 

ambiguities within the EBISA process on organic substrates and there is a strong scientific 

demand to further study this process. Chapter 3.3 will strongly focus on the underlying 

chemistry during the EBISA process by investigating electron induce processes in the SURMOF 

HKUST-1 in detail. 

The transfer mechanism shown in Figure 3-1 worked out with a SAM of TPT grown on a 

Au(111)/mica substrate. In this study, the complex fabrication and transfer mechanism is 

expanded to a SAM of TPT grown on a Ag(111)/mica substrate. The transfer scheme was as 
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described in Chapter 3.1.1, except the wet-chemical lift-off process differed. The sample was 

placed in a solution of Fe(NO3)3 for 24 h in order to dissolve the Ag and perform the lift-off. In 

the following, the effects of this change on the process are summarized. In Figure 3-5 the results 

for the transfer of a CNM, with an iron marker structure fabricated via EBID, onto SiO2 are 

depicted. Before the transfer, the well-defined marker structure consists of the characteristic iron 

nanocrystals formed during AG (cf. Figure 3-5a and b). Local AE spectrum revealed that the 

deposit had a purity of 87 at% iron (cf. Figure 3-5e). After the transfer, a bright circular shape 

was located around the structure (cf. Figure 3-5c). Furthermore, no iron nanocrystals were 

visible in the corresponding blow-up image anymore (cf. Figure 3-5d). The structure was 

oxidized during the transfer process and also the bright circular feature in the surrounding 

consists of iron oxide (cf. Figure 3-5e). AFM images before and after the transfer process 

evidenced that the iron structures are decreasing in height during the transfer. Apparently the 

Fe(NO3)3 solution caused significant changes on the iron structure. It is assumed that the 

Fe(NO3)3 solution diffused through the PMMA/CNM and causes a dissolution/reduction of the 

iron structures. Such a dissolution process might also explain the bright circular feature around 

the iron structure.  
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Figure 3-5: Transfer of a CNM with Fe structure on top onto a SiO2 sample. a) SEM image of a Fe 

structure fabricated with EBID on TPT SAM on Ag(111)/mica (beam parameters 15 kV, 400 pA, electron 

dose: 0.93  C cm-2, AG time: 4 h 5 min) b) Blow-up image of the structure depicted in a); c) SEM image 

of the Fe structure depicted in a) after the transfer to bulk SiO2; d) Blow-up image of the structure 

depicted in c); e) local AES spectra recorded at the positions indicated with respectively colored stars. 

Adopted from [P2] 

 

The same transfer process was also performed with a structure fabricated from 

Co(CO)3NO with EBID + AG. In this system the Fe(NO3)3 solution also caused problems during 

the transfer process. The well-defined cobalt oxide structure located on the SAM/CNM before 

the transfer is completely gone after the transfer process. This was proven by SEM, AES, and 

AFM. Apparently the Fe(NO3)3 solution caused the complete dissolution of the cobalt oxide 

structure.  

Consequently, the system SAM on Ag(111)/mica combined with a Fe(NO3)3 solution for 

the lift-off is not a suitable system for the fabrication of hybrid structures containing iron or 

cobalt oxide nanostructure. However, it might be a suitable system for hybrids containing more 

inert nanostructures like gold or platinum. These results underline the need to study the effects 

of the underlying substrate and the corresponding chemistry to dissolve the latter in such type 

of transfer processes.   
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3.2 Ultrathin CNMs from 2H-TPP [P3] 

 

In this Chapter the field of 2D organic membranes is expanded from CNMs fabricated 

from wet-chemically prepared SAMs to CNMs fabricated from physisorbed molecular layers of 

2H-TPP molecules prepared by physical vapor deposition in UHV. This is an important finding, 

since it also considerably expands the possibilities to prepare the organic substrates, i.e., away 

from a lengthy wet-chemical procedure as in the case of SAMs to an in situ preparation of the 

molecular layer in the vacuum chamber. Furthermore, the outstanding properties of porphyrins 

in nature and technology make them interesting candidates for the formation of CNMs. Previous 

studies also demonstrated the possibility to perform EBID and EBISA with Fe(CO)5 and 

Co(CO)3NO and strongly reduced proximity effects on thin layers of 2H-TPP.16-17 The transfer 

mechanism introduced in Chapter 3.1.1 was used to show the feasibility to create stable CNMs 

out of 2H-TPP with metallic nanostructures on top.  

First, the processes occurring on a molecular scale during electron irradiation of thin layers 

of 2H-TPP are discussed. The RAIRS and ESD experiments were performed at the University 

of Bremen in a cooperative effort with the group of Prof. Petra Swiderek. ESD measurements 

on thin layers of 2H-TPP showed that during electron irradiation (electron energy of 100 eV) 

besides from hydrogen no further fragments desorbed from the surface. The hydrogen formation 

is caused by the electron induced cleavage of C-H bonds which also occurs during electron 

irradiation of SAMs.18, 69, 143-144 The 2H-TPP sample was analyzed by RAIRS before and after 

electron irradiation. Before electron irradiation the typical vibrational modes at 801 cm-1 (out-

of-plane deformation porphyrin ring), 966 cm-1 (porphyrin ring vibration), 702 cm-1 (out-of-

plane deformation of the phenyl substituent), 732 cm-1 (out-of-plane bending vibration N-H 

bond), 3317 cm-1 (N−H stretching vibration), 1469 cm-1 (CC stretching vibrations porphyrin 

ring) and 1596 cm-1 (CC stretching vibrations phenyl substituent) could be assigned. The sample 

was irradiated with low energetic electrons (100 eV) until no hydrogen development was 

observed anymore in QMS (173 C cm-2). After electron irradiation almost all characteristic 

vibrational bands of 2H-TPP have vanished, except some small contributions from the 

vibrational modes at 1469, 702, and 801 cm−1. Furthermore, a broadening of the bands in the 

region of 1596 cm-1 was observed. Therefore, it was concluded that the C-H as well as the N-H 

bonds of the 2H-TPP molecules are cleaved upon electron irradiation and that the resulting 
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reactive radicals might react with neighboring 2H-TPP molecules to form a cross-linked 2H-

TPP membrane. 

The transfer process shown in Figure 3-1 was used to prove the formation of a stable CNM 

fabricated by electron induced cross-linking of thin layers of 2H-TPP molecules. Therefore, a 

1.5 nm thick layer of 2H-TPP molecules was evaporated onto a clean Au(111)/mica substrate. 

EBID and EBISA was performed onto that sample and afterwards the same transfer protocol as 

described in Chapter 3.1.1 for SAMs was executed. The results for the transfer onto a TEM grid 

are depicted in Figure 3-6. Figure 3-6a depicts a SEM image of a 2 x 2 µm2 square fabricated 

via EBISA + AG with the precursor Fe(CO)5. The corresponding blow-up image (cf. Figure 

3-6b) reveals the characteristic iron nanocrystals and local AES (cf. Figure 3-6c) confirmed the 

high purity of the deposit. It mainly consists of iron with small impurities of carbon and oxygen. 

In Figure 3-6d the same structure is depicted after the sample was transferred onto a TEM grid. 

The deposit is located where no support from the TEM grid is available and therefore it is only 

held by the 1.5 nm thick cross-linked 2H-TPP CNM (cf. green circle in Figure 3-6d). This 

experiment proofs the formation of stable CNMs via electron induced cross-linking of 2H-TPP 

molecules. There are some ruptures within the membrane visible (cf. red areas in Figure 3-6d), 

however these were probably caused by electron irradiation during image acquisition. Local 

AES (cf. Figure 3-6c) and the corresponding blow-up image (cf. Figure 3-6e) show that the 

structure is beside from oxidation not changing in size, shape and chemistry. 
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Figure 3-6: Transfer of a 2H-TPP CNM with Fe structure on top onto a TEM grid. a) SEM image of a 

Fe structure fabricated with EBISA on 2HTPP on Au(111)/mica (beam parameters: 15 kV, 3 nA; electron 

dose: 6.24 C cm-2; AG time: 4 h 46 min). b) Blow-up image of the structure depicted in (a). c) Local AES 

spectra recorded at the positions indicated with colored stars. d) SEM image of the Fe structure depicted 

in (a) after the transfer onto a TEM grid. The green circular shape marks the area where the membrane 

is completely free-standing while the areas marked by the red dotted line indicate the rupture of the 

membrane. e) Blow-up image of the structure depicted in (d). Adopted from [P3].  

 

Next to this, a 2H-TPP sample with a structure fabricated via EBID + AG with the 

precursor Fe(CO)5 was cross-linked and transferred onto a solid SiO2 substrate. Again, beside 

from oxidation the structure did not change during the transfer. This study demonstrates for the 

first time that it is possible to fabricate stable CNMs by low energetic electron crosslinking of 

physisorbed 2H-TPP molecules. 

 



Results 

 

 39 

 

 

Figure 3-7: EBISA-like process with low-energy electrons. a) Irradiation of thin layers of 2H-TPP 

molecules with low-energy electrons (100 eV; 120 mC cm-2) by a flood gun. b) Dosage of the Fe(CO)5 

precursor for 4 h. c) Cross-linked 2H-TPP CNM with Fe nanocrystals on top. d) SEM image of the cross-

linked 2H-TPP CNM with Fe nanocrystals on top. e) Local AES spectra recorded at the position 

indicated with the colored star. Adopted from [P3]. 

 

Another interesting result that was investigated during these experiments is schematically 

depicted in Figure 3-7. Figure 3-7 shows a “large-area” EBISA approach. Instead of the focused 

electron beam an electron flood gun (electron energy 100 eV) was used to activate the 2H-TPP 

molecules on a macroscopic scale. After the dosage of Fe(CO)5 for 4 h the whole surface was 

covered with ultra-clean iron nanocrystals as the SEM image (cf. Figure 3-7d) and the local 

AES spectra (cf. Figure 3-7e) evidence. By following this approach versatile layered 2D hybrid 

structures could be fabricated. Furthermore, this process shows that in EBISA already electrons 

with rather low energy are sufficient for the formation of the active species. In general, this 

result indicates that low energetic electrons are more effective in surface activation.  

In this study it was shown that porphyrins, which are of high scientific interest and play a 

crucial role in nature, can be used for the fabrication of stable 2D materials. This opens up a 



Results  

 

40

 

novel pathway for the tailored functionalization of the latter. The analyzed transfer process 

proofs the flexibility and high mechanical stability of the 2H-TPP CNMs. Furthermore, the 

electron induced mechanisms occurring on a molecular scale were analyzed.   
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3.3 Unraveling electron-induced effects on HKUST-1 during 

EBISA [P4] 

 

A recent study by Drost et al. showed that SURMOFs e.g., HKUST-1 are a suitable 

substrates in FEBIP for the fabrication of spatially well-defined sub-10 nm structures.15 

Interestingly, the EBISA process exhibits the same chemical selectivity between the two 

precursors Fe(CO)5 and Co(CO)3NO on HKUST-1 as on the SAM of TPT molecules 

(Chapter 3.1.2): EBISA was driven successful with Fe(CO)5, however Co(CO)3NO showed no 

reactivity towards the activated sites.15 The underlying chemistry during the EBISA process was 

not yet analyzed and is still speculative. Therefore, in this Chapter a detailed investigation of 

the EBISA process on the SURMOF HKUST-1 is presented. Thereby, HKUST-1 and a sample 

of surface-grown copper(II)-oxalate were investigated in terms of EBID & EBISA with both 

precursors. The main difference between the two substrates is the organic linker molecule (cf. 

Figure 2-6). The surface-grown copper(II)-oxalate lacks the aromatic ring in the organic linker. 

Furthermore, AES, RAIRS, and ESD were conducted to identify the chemical species that 

trigger the decomposition of the precursor molecules. The HKUST-1 sample and the surface-

grown copper(II)-oxalate substrate were fabricated by the group of Prof. Swiderek from the 

University of Bremen.  

The HKUST-1 sample in this approach was prepared via the conventional dipping method 

with a thickness of 65 nm. Drost et al. used a sample prepared by a spray method with an overall 

thickness of 150 nm.15 Therefore, it was first analyzed whether the different preparation 

methods lead to the same qualitative result in EBID and EBISA. It could be demonstrated that 

the qualitative outcome was the same as already reported: EBID was successfully conducted 

with both precursors. However, EBISA works for Fe(CO)5 but not for Co(CO)3NO.  

The electron induced effects on HKUST-1 and copper(II)-oxalate were studied by AES. 

The results are depicted in Figure 3-8. The grey spectra in Figure 3-8a and b represent the 

pristine HKUST-1 respectively copper(II)oxalate sample, whereas the black spectra were 

recorded after electron irradiation with a dose of roughly 9 C cm-2. In Figure 3-8c and d the 

normalized peak areas are plotted for several electron doses. For both substrates the oxygen 

peak was drastically decreasing with increasing electron dose. With increasing electron dose, 

the CKLL and the CuKLL peaks were remaining more or less constant for HKUST-1. This is in 
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good agreement with literature as it was reported that electron irradiation of HKUST-1 leads to 

the formation of copper nanoparticles embedded into a carbonaceous matrix.145 In the case of 

copper(II)-oxalate the CuLMM peak was increasing with increasing electron dose. Again this is 

confirmed by literature as for copper(II)-oxalate clean copper nanoparticles without 

carbonaceous matrix can be fabricated via electron irradiation.146 The remaining carbon can be 

attributed to the underlying SAM.  

 

Figure 3-8: a, b) AE spectra recorded on HKUST-1 and copper(II)-oxalate samples, while scanning the 

surface with different SEM magnifications, and therefore different electron exposures with 

Ebeam = 15 keV and Ibeam = 3 nA. The gray curve is comparable to the pristine material, while the dose 

applied for the black curve is in the range of the EBISA process. c, d) Plot of the peak areas (after a 

linear background subtraction), each normalized to the most intense signal for a given element, against 

the electron area dose for HKUST-1 and copper(II) oxalate samples. Adopted from [P4]. 

 

The results for the EBID and EBISA experiments on the surface-grown copper(II)-oxalate 

are depicted in Figure 3-9. Figure 3-9a and Figure 3-9b each depict a SEM image of a 4 x 4 µm2 

square fabricated via EBID + AG with the precursor Fe(CO)5 respectively Co(CO)3NO. In both 

cases a well-defined deposit is visible. AES revealed that the iron deposit mainly consisted of 

pure iron with minor amounts of carbon and oxygen, whether the deposit fabricated from 
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Co(CO)3NO was composed of cobalt oxide with minor amounts of carbon and nitrogen (cf. 

Figure 3-9d). The results for the EBISA process with Fe(CO)5 on copper(II)-oxalate are depicted 

in Figure 3-9c. Here, no clear deposit is visible, instead only a faint contrast is visible in the 

SEM image. Local AES proofed that no iron was deposited as only the characteristic auger 

peaks of the cooper(II)-oxalate were detected. Next to this, EBISA was also not successful with 

Co(CO)3NO on the copper(II)-oxalate substrate. These results indicate that the aromatic ring in 

the organic linker molecule of the HKUST-1 plays a crucial role in the activation process during 

EBISA with Fe(CO)5. Furthermore, the copper nanoparticles can be ruled out as active sites 

during the EBISA process. 

 

Figure 3-9: Results of FEBIP experiments followed by AG on copper(II)-oxalate. All structures were 

written with Ebeam = 5 keV, Ibeam= 400 pA. a) SEM images of a 4 × 4 μm2 EBID + AG deposit fabricated 

from Fe(CO)5 (1.14 C cm-2 and tAG = 3 h 45 min), b) SEM image of a 4 × 4 μm2 EBID + AG deposit 

fabricated from Co(CO)3NO (2.28 C cm-2 and tAG = 4 h 4 min), c) SEM image of an EBISA + AG 

experiment with Fe(CO)5 (3.43 C cm-2 and tAG = 4 h 30 min) where no clear deposit can be observed 

from the SEM image contrast (the same result was obtained for the EBISA + AG experiment with 

Co(CO)3NO), and e) local AE spectra recorded at the sites indicated with the respectively colored stars. 

Adopted from [P4]. 
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To gain further inside into the chemical processes occurring during EBISA the effects of 

electron irradiation were studied via RAIRS and ESD. For copper(II)-oxalate RAIRS and ESD 

showed that the organic linker was completely decomposed under the formation of CO2 upon 

electron irradiation. RAIRS of the HKUST-1 sample indicated that the organic linker molecule 

was only partly decomposed. The most significant changes were observed for the carboxylate 

stretching bands. This finding correlated well with the ESD results in which solely CO2 was 

detected and no other fragments from the organic linker. Several different electron induced 

chemical reactions known from literature were discussed for HKUST-1. The different possible 

reaction products were analyzed with regard to their ability to cause the decomposition of 

Fe(CO)5. However, from the fact that the copper nanoparticles are not the active site in the 

EBISA process, the actual activation mechanism could not be fully identified. Therefore, further 

studies regarding EBISA and electron induced reactions on different organic substrates need to 

be performed to gain deeper understanding in the underlying chemistry.  
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4 Summary 

 

In the thesis at hand functional hybrid structures consisting of metallic nanostructures 

produced via FEBIP on top of organic or metal-organic substrates were fabricated and analyzed. 

Furthermore, a detailed investigation of the electron induced chemistry, especially during the 

EBISA process, was presented for three different substrates. The substrates analyzed within this 

thesis are SAMs respectively CNMs consisting of TPT molecules, thin layers of 2H-TPP 

molecules and the SURMOF HKUST-1. The FEBIP experiments were performed at room 

temperature in an UHV chamber. The morphology of the FEBIP nanostructures was 

characterized by means of scanning electron microscopy (SEM) and atomic force microscopy 

(AFM). Local Auger electron spectroscopy (AES) was used for the chemical analysis of the 

deposits. The results are presented in a cumulative form; the full papers are attached in the 

Appendix.  

A main theme of the thesis at hand is the fabrication of metal-containing nanostructures 

via FEBIP, i.e., gas assisted electron beam lithography techniques on top of organic or metal-

organic films supported on different bulk substrates. In a second step the latter films were 

eventually cross-linked by electron irradiation and separated from the bulk support as ultrathin 

carbon nanomembranes (CNMs). In addition to the successful exploration of innovative 

techniques for the fabrication of nanostructured hybrid materials also fundamental electron 

induced processes within the molecular materials were investigated in detail with state-of-the-

art surface science methods. In combination with the in depth characterization of the hybrid 

nanostructures a deeper understanding of the fabricated materials and the underlying processes 

could be achieved. The most important findings in this regard can be listed in a summarized  

form as follows: 

• Metallic nanostructures can be fabricated with high purity on self-assembled 

monolayers (SAMs) via FEBIP in UHV. 

• The SAMs can be transformed into CNMs via electron induced crosslinking, 

separated from their bulk substrate and transferred to other substrates. 

• The FEBIP nanostructures remain intact after the transformation of SAMs into 

CNMs and are transferred to other substrates without significant modification. 
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• Physisorbed porphyrin layers prepared in vacuum can be also transformed into 

CNMs which considerably expands the possibility to prepare and functionalize 

CNMs. 

• The EBISA process works successfully with Fe(CO)5 on aromatic SAMs. 

• The active species in the EBISA process on aromatic SAMs are deactivated within 

few hours.  

• Copper nanoparticles can be ruled out as active species for the dissociation of 

Fe(CO)5 during EBISA on HKUST-1. 

• The cleavage of C-H bonds in the aromatic unit of organic species seems to play 

a crucial role in EBISA. 

 

Overall, the methods explored in the thesis at hand are suitable to fabricate novel types of 

nanostructured hybrid materials. These are in particular metallic nanostructures on CNMs with 

high application potential. In addition, the finding that physisorbed porphyrins are well suitable 

as starting material for CNMs opens up new routes for the fabrication of membranes with 

specific functionalities. These hybrid materials need to be further characterized in future studies 

especially regarding their magnetic, thermal, optical and electric properties. The EBISA process 

and the chemical nature of electron irradiation of organic and metal-organic substrates were 

analyzed in detail. However, the exact mechanism could not be fully concluded and needs 

further investigation.  
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5 Zusammenfassung 

 

In dieser Arbeit wurden funktionelle Hybridstrukturen bestehend aus metallischen 

Nanostrukturen (erzeugt mittels FEBIP) auf organischen oder metallorganischen Substraten 

hergestellt und analysiert. Darüber hinaus wurde eine detaillierte Untersuchung der 

elektroneninduzierten Chemie insbesondere während des EBISA-Prozesses für drei 

verschiedene Substrate vorgestellt. Die in dieser Arbeit analysierten Substrate sind SAMs bzw. 

CNMs bestehend aus TPT-Molekülen, dünne Schichten aus 2H-TPP-Molekülen und der 

SURMOF HKUST-1. Die FEBIP-Experimente wurden bei Raumtemperatur in einer UHV-

Kammer durchgeführt. Die Morphologie der FEBIP Nanostrukturen wurde mittels 

Rasterelektronenmikroskopie (SEM) und Rasterkraftmikroskopie (AFM) untersucht. Lokale 

Augerelektronenspektroskopie (AES) wurde eingesetzt, um die chemische Zusammensetzung 

der Abscheidungen zu analysieren. Die Ergebnisse werden in einer kumulativen Form 

präsentiert. Die vollständigen Publikationen sind im Anhang beigefügt.  

Ein Hauptthema der vorliegenden Arbeit ist die Herstellung von metallischen 

Nanostrukturen mittels FEBIP, d.h. gasunterstützter Elektronenstrahllithographie-Techniken 

auf organischen oder metallorganischen Filmen, die auf verschiedenen Bulk-Substraten 

aufgebracht sind. In einem zweiten Schritt wurden die letztgenannten Filme schließlich durch 

Elektronenbestrahlung vernetzt und als ultradünne Kohlenstoff-Nanomembranen (CNMs) vom 

Bulk-Träger getrennt. Neben der erfolgreichen Erforschung innovativer Techniken zur 

Herstellung nanostrukturierter Hybridmaterialien wurden auch grundlegende 

elektroneninduzierte Prozesse innerhalb der molekularen Ebene mit modernsten 

oberflächenwissenschaftlichen Methoden im Detail untersucht. In Kombination mit der 

eingehenden Charakterisierung der hybriden Nanostrukturen konnte so ein tieferes Verständnis 

der hergestellten Materialien und der zugrunde liegenden Prozesse erreicht werden. Die 

wichtigsten Erkenntnisse in diesem Zusammenhang lassen sich wie folgt zusammenfassend 

darstellen: 

• Metallische Nanostrukturen können mit hoher Reinheit auf selbstorganisierenden 

Monolagen (SAMs) mittels FEBIP im UHV hergestellt werden. 
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• Die SAMs können durch elektroneninduzierte Vernetzung in CNMs 

umgewandelt, von ihrem Bulk-Substrat getrennt und auf andere Substrate 

übertragen werden. 

• Die FEBIP-Nanostrukturen bleiben nach der Umwandlung der SAMs in CNMs 

intakt und werden ohne signifikante Veränderung auf andere Substrate 

übertragen. 

• Physisorbierte Porphyrin-Schichten, die im Vakuum präpariert wurden, können 

ebenfalls in CNMs umgewandelt werden, was die Möglichkeiten zur Herstellung 

und Funktionalisierung von CNMs erheblich erweitert. 

• Der EBISA-Prozess funktioniert erfolgreich mit Fe(CO)5 auf aromatischen 

SAMs. 

• Die aktiven Spezies im EBISA-Prozess auf aromatischen SAMs werden innerhalb 

weniger Stunden deaktiviert.  

• Kupfernanopartikel können als aktive Spezies für die Dissoziation von Fe(CO)5 

während EBISA auf HKUST-1 ausgeschlossen werden. 

• Die Spaltung von C-H-Bindungen in der aromatischen Einheit von organischen 

Spezies scheint eine entscheidende Rolle bei EBISA zu spielen. 

 

Insgesamt sind die in der vorliegenden Arbeit untersuchten Methoden geeignet, neuartige 

nanostrukturierte Hybridmaterialien herzustellen. Diese sind insbesondere metallische 

Nanostrukturen auf CNMs mit hohem Anwendungspotenzial. Darüber hinaus eröffnet die 

Erkenntnis, dass sich physisorbierte Porphyrine gut als Ausgangsmaterial für CNMs eignen, 

neue Wege zur Herstellung von Membranen mit spezifischen Funktionalitäten. Diese 

Hybridmaterialien müssen in zukünftigen Studien weiter charakterisiert werden, insbesond ere 

hinsichtlich ihrer magnetischen, thermischen, optischen und elektrischen Eigenschaften. Der 

EBISA-Prozess und die chemischen Prozesse der Elektronenbestrahlung von organischen und 

metall-organischen Substraten wurden im Detail analysiert. Der genaue Mechanismus konnte 

jedoch nicht vollständig geklärt werden und bedarf weiterer Analyse.  
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7 Abbreviations 

 

2D Two-Dimensional 

2H-TPP 5,10,15,20-Tetraphenylporphyrin 

3D Three-Dimensional 

AE Auger Electron 

AES Auger Electron Spectroscopy 

AFM Atomic Force Microscopy 

AG Autocatalytic Growth 

BSE Backscattered Electron 

btc Benzene-1,3,5-tricarboxylate 

CNM Carbon Nanomembrane 

DEA Dissociative Electron Attachment 

DI Dissociative Ionization 

EBID Electron Beam Induced Deposition 

EBIE Electron Beam Induced Etching 

EBISA Electron Beam Induced Surface Activation 

EBL Electron Beam Lithography 

EI Electron Impact 

Ekin Kinetic Energy 

ESD Electron Stimulated Desorption 

EUV Extreme UltraViolet 

FEBIP Focused Electron Beam Induced Processing 

FSE Forward Scattered Electron 



Abbreviations  

 

60

 

HKUST-1 Copper benzene-1,3,5-tricarboxylate 

HV High Vacuum 

MOF Metal-Organic Framework 

ND Neutral Dissociation 

NEMS Nanoelectromechanical Systems 

NEXAFS Near Edge X-ray Absorption Fine Structure Spectroscopy 

PE Primary Electron 

PMMA Poly(methyl methacrylate) 

QMS Quadrupole Mass Spectrometry 

RAIRS Reflection Absorption Infrared Spectroscopy 

RT Room Temperature 

SAM Self-Assembled Monolayer 

SE Secondary Electron 

SEM Scanning Electron Microscopy 

STM Scanning Transmission Microscopy 

STXM Scanning Transmission X-ray microscopy 

SURMOF Surface-Anchored Metal-Organic Framework 

TEM Transmission Electron Microscopy 

TPT Terphenylthiol 

UHV Ultra-High Vacuum 

UV UltraViolet 

Z Atomic Number 
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