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Abstract  

Bottom-up self-assembly using distinct intermolecular interactions of tailor-made tectones is a 

promising way for building atomically-precise nano-architectures. Nanostructures stabilized 

by covalent or metal-coordination bonds can exhibit a very high stability. Scanning tunneling 

microscopy (STM) is utilized for the characterization of their structures. Here, we present a 

combined study using scanning tunnelling microscopy and an in-house developed electrospray-

controlled ion beam deposition system under ultra-high vacuum to explore the deposition, the 

assembly as well as chemical reactions of graphene nanoribbons (GNRs) and PcZn(OH)8 on 

the close-packed Ag(111) surface. In my thesis, a systematic investigation of the self-assembly 

and polymerization of N-doped atomically-precise and homogenous graphene nanoribbons, 

synthesized in solution, on the close-packed, atomically flat silver surface was conducted. By 

employing thermal activation at different temperatures, we achieved an on-surface 

polymerization through organo-Ag bonds. Via a statistical analysis of the distances between 

neighboring bright protrusions, we can conclude that the observed polymeric chains are 

stabilized by Ag- organometallic bridges. Additionally, the self-assembly of PcZn(OH)8 

molecules on silver, as well as their coordination with Fe adatoms was investigated. STM 

provides the atomic resolution topography of the architecture revealing novel coordination 

motifs with metal atoms on Ag (111). As a step towards the realization of micro-devices based 

on GNRs, the fabrication and characterization of test-device based on 6-CGNR-I and 6-CGNR-

II on a diamond surface was investigated. Using prototype devices, we characterized the 

electronic properties of the GNRs. With the on-surface synthesis of graphene-based 

nanostructures we introduce a novel way to polymerize GNRs and open up new pathways for 

applications in nanoelectronics technologies of the future. 
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Zusammenfassung  

Die Selbstorganisation von maßgeschneiderten molekularen Bausteinen durch intermolekulare 

Wechselwirkungen ist ein vielversprechender Weg zum Aufbau von Nanoarchitekturen mit 

atomarer Präzision. Nanostrukturen mit kovalenten oder Metall-Koordinationsbindungen 

können eine sehr hohe Stabilität aufweisen. Um ihre Strukturen zu untersuchen wird die 

Rastertunnelmikroskopie eingesetzt. Hier stellen wir eine kombinierte Studie vor, bei der wir 

die Rastertunnelmikroskopie und ein selbst entwickeltes elektrospray 

Ionenstrahldepositionssystem im Ultrahochvakuum nutzen, um die Abscheidung, die 

Anordnung sowie die chemischen Reaktionen von Graphen-Nanobändern (GNRs) und 

PcZn(OH)8 auf atomar wohldefinierten Edelmetalloberflächen zu untersuchen. In der 

vorliegenden Dissertation wurde eine systematische Untersuchung der Selbstorganisation und 

Polymerisation von N-dotierten atomar präzisen und homogenen Graphen-Nanobändern, die 

in Lösung synthetisiert wurden, auf dicht gepackten, atomar flachen Silberoberflächen 

durchgeführt. Bei thermische Aktivierung beobachten wir eine Polymerisation der GNRs auf 

der Oberfläche durch Bildung von Organo-Ag-Bindungen. Über eine statistische Analyse der 

Abstände zwischen benachbarten Molekülen können wir darauf schließen, dass die 

beobachteten Polymerketten durch Ag-koordinierte Brücken stabilisiert werden. Darüber 

hinaus wurde die Selbstorganisation von PcZn(OH)8-Molekülen auf Silber sowie ihre 

Koordinierung mit Fe-Atomen untersucht. STM ermöglicht Einblicke in die Topologie mit 

atomarer Auflösung und zeigt neuartige Koordinationsmotive mit Metallatomen auf Ag(111). 

Als ein Schritt in Richtung der Erzeugung von Mikrobauteilen auf der Basis von GNRs wurde 

die Herstellung von Testbauteilen mittels 6-CGNR-I und 6-CGNR-II auf einer 

Diamantoberfläche untersucht und außerdem die elektronischen Eigenschaften der GNRs 

charakterisiert. Mit der Erforschung der Synthese von Graphen-basierten Nanostrukturen auf 

Oberflächen stellen wir neue Wege für deren Anwendung in der Nanoelektronik der Zukunft 

zur Verfügung. 

 

 

 

 

 

 



III 
 

Contents 

1. Introduction ........................................................................................................................ 1 

2. Experimental methods: theory and setup ............................................................................... 5 

2.1  Scanning tunnelling microscopy ..................................................................................... 5 

2.1.1 The tunnelling effect .................................................................................................. 5 

2.1.2 Scanning modes ......................................................................................................... 9 

2.1.3 Experimental setup .................................................................................................. 10 

2.2 Electrospray-controlled ion beam deposition ................................................................. 13 

2.2.1 Electro spray ionization (ESI) ................................................................................. 14 

2.2.2 Overview over the combined ES-CIDB and VT-STM setup .................................. 15 

3. Results and discussions ........................................................................................................ 18 

3.1 Depositing Molecular Graphene Nanoribbons on Ag(111) by Electrospray Controlled 

Ion Beam Deposition: Self-assembly and On-Surface Transformations ............................. 18 

3.1.1 Introduction ............................................................................................................. 18 

3.1.2 Sample Preparation .................................................................................................. 20 

3.1.3 Coverage-dependent self-assembly ......................................................................... 22 

3.1.4 Chemical reactivity of NR10 on Ag(111) ............................................................... 25 

3.1.5 Summary and conclusion......................................................................................... 32 

3.2 PcZn(OH)8 on Ag(111) .................................................................................................. 34 

3.2.1 Introduction ............................................................................................................. 34 

3.2.2 On-surface synthesis procedure ............................................................................... 36 



 

IV 
 

3.2.3   The self-assembly and metal adatom coordination of PcZn(OH)8 on Ag(111) .... 38 

3.2.4 Summary and conclusions ....................................................................................... 45 

3.3 The fabrication of microdevices based on GNRs .......................................................... 46 

3.3.1 Introduction ............................................................................................................. 46 

3.3.2 Sample Preparation .................................................................................................. 49 

3.3.3 Results and discussion ............................................................................................. 55 

3.3.4 Summary and conclusion......................................................................................... 58 

4. Conclusions .......................................................................................................................... 59 

5. Acknowledgements .............................................................................................................. 61 

References ................................................................................................................................ 62 

 

 

 

 

 

 

 

 



 

1 
 

 

1. Introduction 
 

In 1959, a concept “There’s Plenty of Room at the Bottom” was proposed by Richard Feynman 

in his famous talk,1 while Norio Taniguchi subsequently proposed a concept to process and 

manipulate materials on the atomic or single-molecular level 1974.2 Since then, research in 

nanotechnology attracted widespread attention in science, with emphasis in the controlled 

construction of nanostructures. Thus techniques capable of producing features in the range 

below 100 nanometers were developed and applied. Molecular beam epitaxy (MBE), a 

technique which can be used to fabricate thin-films in ultra-high vacuum (UHV) was invented 

in 19683 and played an important role in the development of nanoscience.4 Atomic layer 

deposition (ALD), a complementary method in the synthesis of nanomaterials, was introduced 

by Thumo Suntola.5 In 1981, scanning tunneling microscopy (STM) was invented by Binnig 

and Roher in the IBM Rüschlikon laboratory. It could be used to both observe and manipulate 

structures on surfaces at the atomic scale. Its theoretical basis is the quantum tunneling effect: 

electrons can transfer through a non-contact gap between two conductors (or semiconductors). 

Subsequently, in 1986, atomic force microscopy (AFM) was invented. In the past decades, 

nanotechnology developed in a rapid way. A multitude of nanomaterials with different 

novelties have been developed and explored. 

To fabricate nanoarchitectures, there are two different approaches: “top-down” and “bottom-

up”. Within the top-down approach, some novel methods attract a lot of interest such as  

microcontact printing,6–9 inkjet printing,10 “Dip-Pen” nanolithography.11–13 Classical optical 

lithography techniques are widely used in semiconductor industry. By using that method, the 

central processing units (CPUs), the core technology of billions of computers, cellphones and 

other digital devices techniques, are produced. To fabricate CPUs, large silicon wafers are cut 

into smaller pieces and processed by sophisticated lithography techniques. Moore’s Law 

indicates that the number of transistors on an integrated circuit will double every 24 months.14 

Following this prediction, silicon based nanolithography will quickly enter the atomistic 

domain and thus may reach fundamental limits. Therefore, scientists explore other methods to 

achieve further miniaturization. Opposite to the top-down method is the bottom-up approach, 

which is based on the manipulation of single molecules or atoms to build desired nanostructures 

through e.g. the self-assembly of molecules with specific functional groups. In “bottom-up” 

strategies, the atoms and molecules could be manipulated to fabricate electronics and machines 
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at the nanoscale. Surface chemistry brings a novel effective way of bottom-up fabrication of 

artificial construction of nanostructures. It focuses on chemical systems comprising assembled 

molecular building blocks, which can either be put together to form the desired structure by 

specialized instruments, step-by-step, or at a more advanced level, may assemble themselves 

automatically, interacting with each other through forces of varying strength and range, such 

as hydrogen bonds,15–18 metal-organic coordination,19 π-π stacking,20 dipole interactions, van 

der Waals interactions21 etc. A lot of research focused on supramolecular chemistry on surfaces 

has a potential use in many fields, such as catalysis, biosensors, data storage, nanomachines.22–

25  

Recently, research on covalently linked nanoarchitectures has attracted a lot of attention,26–31 

since they have a higher thermal, mechanical, and chemical stability. Until now, a large amount 

of covalent bond forming reactions occurring on surfaces have been explored, including Schiff 

base formation,32–36 Ullmann coupling,26,37–42 and others. For the fabrication of the desired 

nanoarchitectures using complex molecules on metals, the investigations of adsorption 

geometry, mobility and lateral intermolecular interactions are very important. These are 

influenced by intermolecular interactions, the substrate environment, chemical nature and 

symmetry.43–45 A current example of this approach can be found in the development of 

graphene nanoribbons doped with heteroatoms,46–50 which has attracted a lot of attention, 

because their electronic structure can be tailored by the dopants.51 The introduction of 

additional n-type carriers in carbon systems by N-doping could have potential applications for 

many fields, such as information processing devices, energy conversion and storage, as well as 

biosensing applications.52–57 Nevertheless, it is still very challenging to control the length, 

width and homogeneity of GNRs (graphene nanoribbons) precisely and additional byproducts 

tend to be present on the surface (e.g. halogen atoms for Ullman coupled GNRs). Thus, a 

technique which could be used for the deposition of well-defined, defect-free GNRs on surfaces 

would be highly desirable. In chapter 3.1, we investigate the deposition of atomically-precise 

and homogenous GNRs on Ag (111) by an in-house developed electrospray-controlled ion 

beam deposition (ES-CIBD) system. The ES-CIBD is employed due to its capability to deposit 

ionized organic molecules, which are difficult to be deposited by using organic molecular beam 

epitaxy (OMBE) because of their thermal instability. STM measurements under UHV  
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conditions evidence that the deposited GNRs land intact on the Ag (111) surface (morphology 

of the molecules is preserved) without any contamination or additional species. One of the 

experimental tools we used is STM, which allows to obtain real-space imaging of a surface 

with submolecular resolution, the detailed molecular arrangement and even the orientation of 

the molecules on the surface. These two techniques are described with more details in chapter 

2. 

Metal-organic frameworks (MOFs) are crystalline porous materials, which can be obtained by 

combining organic linkers with metal containing nodes. In the recent decade, MOF based 

materials attracted growing interest in the field of both functional materials and inorganic 

chemistry, due to the tuneability of structures and functionalities on large surface areas and 

their ultrahigh porosity. 2D MOF nano-sheets can be used in many fields, including gas 

separation, energy conversion and storage, catalysis, sensing, etc. In chapter 3.2, a bottom-up 

approach was employed to investigate the formation of a single layer 2D-MOF. In this chapter, 

PcZn(OH)8 are deposited on an atomically flat Ag (111) surface by using ES-CIBD under 

UHV conditions. Fe atoms are added to this surface by atomic submlimation. STM images 

reveal that PcZn(OH)8 molecules can form variable self-assemblies on the substrate, 

depending on the surface stoichiometry of PcZn(OH)8: Fe and the annealing treatment. 

Because of their unique physical properties, research on GNRs is growing rapidly. GNRs can 

be applied in many fields, such as nano-electronic, spintronic, and optoelectronic devices. Band 

gaps introduced by quantum confinement and edge effects in narrow graphene ribbons make 

the GNRs outstanding materials to realize field-effect transistors. In order to fabricate GNRs, 

researchers have developed several approaches, including lithographic patterning, chemical 

synthesis, chemical sonication techniques etc. As we demonstrate in chapter 3.1, long chains 

of GNRs can be fabricated on metal substrates in UHV. Within this thesis, we employed two 

different structures of GNRs synthesized in solution (6-CGNR-I and 6-CGNR-II) and 

investigate them in chapter 3.3. These GNRs have an identical aromatic core but alkyl side 

chains at different peripheral positions. According to theoretical modeling, 6-CGNR-II with 

alkyl chains at the innermost positions has a lower optical and electronic bandgap than the 

planar 6-CGNR-I substituted at the outermost positions. According to the experimental results, 

based on UV−vis, near-infrared (NIR) absorption and photoluminescence excitation (PLE) 

spectroscopy, the theoretical prediction is correct. Furthermore, we fabricated model GNRs 

devices based on 6-CGNR-I and 6-CGNR-II by using optical lithography to investigate their 
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characteristic transport behavior and explore the potential difference of resulting electrical 

properties.  

Chapter 4 gives conclusions and an outlook regarding future perspectives. 
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2. Experimental methods: theory and setup  
  

The techniques and instrumentation used for the experiments in this thesis will be introduced 

here. The main methods are STM, ES-CIBD and photolithography.  

2.1 Scanning tunnelling microscopy  

STM was invented by Binnig and Rohrer in 1983.58 It can be employed to investigate surface 

properties with high precision. In the following, the fundamentals of scanning tunneling 

microscopy are described. 

2.1.1 The tunnelling effect  

The tunneling effect arises from quantum mechanics. In classical mechanics, a particle cannot 

overcome a potential barrier higher than its overall energy. However, in quantum mechanics, 

a particle can propagate through a potential barrier, even if its energy is smaller than the barrier 

potential. STM utilizes the tunneling of electrons. 
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Fig. 2.1: Schematic illustration of quantum tunneling effect.59 

In quantum mechanics an electron can be considered as a wave. In the one-dimensional case, 

its wave function ψ can be described by the time independent Schrödinger equation (TISE) 

               (2.1) 

where m is the electron mass, E the energy of the electron, ħ the reduced Plank constant, x the 

spatial coordinate and V the potential energy. Here we can consider a simple barrier with V = 

V1 > E for 0 ≤ x ≤ a, and V = V0 = 0 for x ≤ 0 and x ≥ a (Fig. 2.1). 

The solution for the TISE is:  

         (2.2) 

where A1, A2, B1, B2, C1, and C2 are constants, 𝑘=√
2𝑚𝐸

ℏ2  and 𝜅=√
2𝑚(𝑉1−𝐸)

ℏ2  . When x ≥ a, we can 

have waves passing through the potential barrier, with C2 being set to zero. After imposing the 

continuity of the wave function at 0 and a, the transmission coefficient can be described as:  

T=(1 +
(𝑘2+𝜅2)

2

4𝑘2𝜅2 sin ℎ2 (𝜅𝑎))−1       (2.3) 

this can be written as:  
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                         (2.4)    

when considering a large attenuating barrier. The transmission coefficient is dependent on the 

tunneling barrier width exponentially. In this case, the tunneling current can be expressed as:  

           (2.5) 

 where C is a constant.  

This equation for the tunneling current describes an individual electron penetrating through a 

potential barrier. In case of tunneling between two metals, the tunneling current exponentially 

depends on the distance between them.  

In a metal-vacuum-metal system (e.g. sample-vacuum-tip), the vacuum level of the metal 

corresponds to the potential barrier V1. We assumed that the work functions of sample and tip 

are the same. Applying a voltage Vb between them, leads to a net tunneling current. Since 

electron conductivity is a must for detecting a tunneling current, STM cannot be used to 

investigate insulating samples. Therefore, an electron of an occupied sample state ψn whose 

energy lies in between EF and EF −eVb has a possibility to tunnel into the tip (Fig. 2.2). 

 

 

Fig. 2.2: Schematic illustration of the metal-vacuum-metal system showing the tunneling process from 

the sample into the tip at finite voltage.60 
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Assuming that the energy of the tip state is lying close to the Fermi level, the probability of an 

electron tunneling from this tip state to the surface of the sample is: 

               (2.6) 

The sum over all sample states between EF and EF −eVb leads to the formulation for the 

tunneling current:  

                               (2.7)  

When assuming a constant local density of states (LODS) for the tip, as well as low voltages 

and T = 0, we can get equation 2.8 from equation 2.7: 

        𝐼𝑡 ∝ 𝑉𝑏𝜌(0, 𝐸𝐹)𝑒−2𝜅𝑎 = 𝑉𝑏𝜌(0, 𝐸𝐹)𝑒
−2𝑎√2𝑚∅

ℏ        (2.8) 

where ρ(0, EF ) is the local density of states (LDOS) close to the Fermi level. Assuming that 

the LDOS near Fermi level is almost constant, the tunneling current is proportional to the 

voltage and the LDOS, but it has an exponential dependence on the distance between the 

sample and the tip. 

Taking into account that tip and sample have different wave functions, there is a matrix element 

introduced by Bardeen,61 which describes the overlap of the two wave functions. Tersoff and 

Hamann62 considered a tip represented by a s-type wave function and evaluated the matrix 

element. If the bias voltages Vb is small, the tunneling current It is directly proportional to the 

LDOS of the sample. 

                (2.9) 

where R is the effective tip radius, ɸ t the barrier height and γ0 the center of curvature of the 

tip. Consequently, an STM image does not show the true topography of the surface, but a 

convolution of the LDOS and the topography. 
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Fig. 2.3: Simplified working diagram of STM.63 

Fig. 2.3 shows the working principle of a typical STM. First, the tip is brought close to the 

sample. A bias voltage is applied between the tip and sample, resulting in a tunneling current. 

The piezo can drive the tip to move above the sample surface. In different operation modes, 

the height of the sample or the tunneling current serve as the different signals for imaging. 

2.1.2 Scanning modes  

First the tip is approached to the surface by a piezo tube scanner. By applying a bias voltage, 

the current is recorded until the tip is close enough to the surface. In STM, two important 

scanning modes are classified: constant current mode and constant height mode (Fig. 2.4).  

 

Fig. 2.4: Illustration of the two STM operation modes: (a) The constant current mode. (b) The constant 

height mode.64 
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The constant current mode is the most common mode. By using a feedback loop, the height of 

the tip can be adjusted continuously. Once a tunneling current is chosen, it is held constant by 

adjusting the tip height. A topographic image is obtained via recording the movement of the 

tip.  

In the constant height mode, the average height between the tip and the surface is constant and 

changes of the tunneling current are recorded. With this mode, a feedback loop is not necessary 

and higher scanning speeds can be applied to the scanning. But there is risk that the tip may 

crash into the surface.  

2.1.3 Experimental setup  

A home-built UHV system is combined with a variable-temperature STM (Aarhus 150 SPECS 

Surface Nano Analysis GmbH),65,66 which is commercially available. The UHV system 

contains two chambers: the STM chamber and the preparation chamber. There is a vertical gate 

valve separating the two chambers. The preparation of the sample, the cleaning of the surface 

by cycles Ar+ sputtering and annealing, the physical vapor deposition (PVD) of metal atoms 

on the surface through a home built metal evaporator, is done in the preparation chamber. To 

investigate the surface with atomic precision, the sample is transferred from the preparation 

chamber to the STM chamber by using the manipulators.  

  
Fig. 2.5: Setup of the UHV chamber. (1) The variable-temperature Aarhus STM, (2) STM chamber, (3) 

preparation chamber, (4) OMBE, (5) argon sputter guns in two chambers, (6, 10, 12) manipulators, (7) 

loadlock, (8) gate valve, (9) metal evaporator, (11) sample parking stage.67 
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Fig. 2.6: Cross-section side view of the Aarhus STM. Schematic of Aarhus 150 VT-STM. (1) Sample. 

(2) Molybdenum sample holder. (3) Clamps. (4) Tip. (5) Tip holder. (6) Scanner tube. (7) SiC rod. (8) 

Mount inchworm motor. (9) Piezo of inchworm motor. (10) Insulating quartz balls. (11) Zener diode 

for possibility of tip heating.65 

 

Fig. 2.6 shows the sample (1) on a molybdenum plate sample holder (2), which is fixed by two 

springs (3). The quartz balls (10) create a separation of the top part from the STM scanner 

thermally and electrically, and the top plate with the scanner is mounted on an aluminum block 

whose temperature could be adjusted by liquid nitrogen cooled finger and/or a heating Zener 

diode (11). The tip (4) is held by the tip holder (5) which is fixed on the top of the scanner tube 

(6), together with the SiC rod (7) and inchworm piezo motor (9). When suitable voltages are 

applied to the inchworm motor with piezo elements, the tip can move across several mm to 

coarsely approach the sample surface. Once the tunneling distance is achieved and scanning is 

initiated, the piezo system will receive the signal of the feedback loop to keep a constant current. 

The whole STM system is suspended by springs during investigation in order to reduce 

mechanical noise in combination with other mechanical damping systems.  
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To fabricate the tip, a tungsten wire is immersed into 2M NaOH aqueous solution, then 

processed through electrochemical etching by applying 2.5 V - 3.5 V direct current between 

the aluminum cathode and the anode of tungsten wire (Fig. 2.7). The related electrochemical 

reaction is:  

W(s) + 8 OH- → WO4 2- + 4 H2O + 6 e- 

 

Fig. 2.7: Sketch of the etching process of tungsten tip. 

After etching, the tip is cleaned with deionized water. The tip is stable even when it is exposed 

to air because of the formation of a thin oxide layer on surface. After the tip is mounted, its 

oxide layer will be removed through sputtering with argon ions. 
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2.2 Electrospray-controlled ion beam deposition 

The operation principle of our current system is to generate molecular ions from electrospray, 

efficiently guide them into UHV and purify them by using a mass selective spectrometer before 

deposition onto the substrate. Compared to other techniques like OMBE or drop­casting, 

ES­CIBD has huge advantages regarding its application to diverse chemical species, on the fly 

identification and purification of components, controllable landing energy and quantification 

of the deposited species. Because of its advantages, ES­CIBD is one of the most promising 

methods for atomically clean deposition of molecules in UHV. But at the same time, ES­CIBD 

is by far more complex than other techniques. 

With OMBE’s crucible, a Knudsen cell filled with molecules is used. After being heated, the 

molecules will be deposited onto the substrate. Drop­casting means deposition of dissolved 

molecules by employing a pipette. On the other hand, ES-CIBD is made up with a large 

differentially pumped vacuum systems, complex ion guides, extensive electronics and a 

tremendous parameter space. A lot of solvents and additives are involved in the optimization 

of the recipes for the solutions for the molecules. Besides different spray modes, emitters, 

solution flow rates, spray voltages and capillary heating temperature, the settings of all 

employed ion guides including the mass spectrometer as well as the landing energy play 

important roles in the experiments. Most of the ion guide settings can be preemptively 

estimated from the mass to charge ratio of the desired ion. In order to increase the usability of 

the machine, a sophisticated control over electronics and the development of corresponding 

software is very helpful. One can also refer to previous parameters used in prior depositions of 

similar molecules. The optimization of suitable solvent­molecule systems can be very time 

consuming foregoing the actual electro spray process.  

Under some circumstances, for the deposition of simple molecules, OMBE and drop­casting 

can be more straightforward. However, ES­CIBD can extend the range of accessible molecules, 

especially regarding size and thermal stability. Additionally, it is an important deposition 

technique, which can be used when the purity of sample is uncertain.
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2.2.1 Electro spray ionization (ESI)  

In recent decades, in the field of mass spectrometry, the generation of gas phase ions from 

nonvolatile compounds attracts a lot of interest.68 Over the years, people have investigated 

some different techniques: electron impact ionization, fast atom bombardment, laser desorption 

techniques like matrix assisted laser desorption ionization (MALDI), and electrospray 

ionization (ESI).68,69 Additionally, some other related ambient pressure ionization techniques 

are employed.70 Here, electrospray ionization was used because of its capability to deposit 

organic molecules which are difficult to be deposited by using OMBE regarding their size and 

thermal stability.71 The mass range is almost unlimited and the chemical specificity is not high 

when employing ESI as ionization technique.72–74 Additionally, it is the most widely used 

technique in mass spectrometry, as well as in preparative mass spectrometry by now.75,76 A 

simple ESI source is made up by just few components (see Fig. 2.8). Typically a syringe with 

a pump can be considered as a start, to provide a solution, in which the analyte molecules are 

dissolved. A small capillary which is made from silica or metal is used as a typical emitter. A 

high voltage (HV) source is used to provide the solution with a well-defined potential. To 

generate a strong electric field, the solution filled tip of the emitter is set in front of a counter 

electrode. Charge carriers store up on the liquid’s surface where electrostatic forces compete 

with capillary and gravitational forces. Sir Geoffrey Taylor found that in this geometry the 

shape of the solvent’s surface alters from an ellipse to a cone. The corresponding Taylor cone 

ejects small charged droplets as spray.77 In order to simplify the description, we will describe 

only the positive electrospray modes and the resulting positive ions. Negative electrospray 

modes follow similar mechanisms, but are less common. 
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Fig. 2.8: Sketch of a simple ESI source, consisting of a syringe with a pump, which supplies a dissolved 

analyte (purple) to an emitter. From78 with modifications. 

 

 

2.2.2 Overview over the combined ES-CIDB and VT-STM setup 

In Fig. 2.9, the variable temperature STM combined with the ES­CIDB is illustrated. The 

overview depicts the previously described STM chamber in green with the corresponding 

preparation chamber in blue. Both chambers are separated by a gate­valve to avoid 

contamination caused by preparations via an OMBE and a metal evaporator, or sputtering and 

annealing cycles within the preparation chamber. The transfer manipulators (cyan) can be used 

for sample transport. The whole STM system was described in more detail previously.  
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Fig. 2.9: Overview of the entity of ES­CIBD attached to a VT­STM. For illustrative reasons, the 

vacuum chambers are depicted without attachments.78 

 

The ES­CIBD is attached to the preparation chamber by a gate­valve to avoid contamination. 

Besides, the separation can guarantee independent maintenance and bake­out procedures 

without influencing the vacuum of both devices. The ions are generated from the ESI source 

(green) and transported via the low vacuum section (purple) consisting of three differentially 

pumped vacuum chambers. The three vacuum regimes are distributed within an aluminium box 

which are divided by modular walls. To modify and maintain this part of the ES­CIBD, one 

can routinely vent it to atmospheric pressure. In order to get a proper base pressure, the UHV 

section requires to be pumped with a subsequent bake­out and can be separated from the lower 

vacuum via an in­beam gate­valve. The first UHV chamber (yellow) operates as a fourth 

differentially pumped chamber and is followed by the deposition chamber (red). The last ion 

optic of the ES­CIBD ends just a few centimeters behind the connecting flange between 

chamber 4 and deposition chamber. Therefore, the actual whole system of ES­CIBD is not 

much larger than the green, purple and yellow chamber together. The deposition chamber is 

not exclusively used for ES­CIBD but also has a sputter gun, leak valves and a residual gas 

spectrometer. The deposition stage can rotate the sample and adjust it in x, y, z by a few cm. 

Manipulators 

Gate valves 

STM chamber 

Preparation chamber 

Deposition chamber 

Differential chambers 1‐3 

Differential chamber 4 

ESI source 
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The temperature of the sample in the deposition stage can reach > 800 K by electron 

bombardment heating or be cooled by liquid Nitrogen or liquid Helium. 
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3. Results and discussions 
3.1 Depositing Molecular Graphene Nanoribbons on Ag(111) by Electrospray 

Controlled Ion Beam Deposition: Self-assembly and On-Surface 

Transformations 

 

3.1.1 Introduction  

One-dimensional GNRs are interesting carbon-based materials owing to their potential use as 

components for devices in the next post-silicon technology. The large tunability in electronic 

and structural properties, mostly determined by the atomic structure of their edge, makes it 

possible to use them as active elements in nanoelectronic devices such as high performance 

field effect transistors,79–81 diodes,82 or as metallic interconnects.83 

For such industrial implementation, it is highly necessary to control their chemical structure 

and morphology down to the atomic level. However, such a degree of precision cannot be 

achieved by current top-down approaches. 

Recently atomically well-defined GNRs of various widths and edge structures can be 

synthesized using a bottom-up approach based on surface-assisted polymerization of suitable 

precursors. To this end the most widely used on-surface reaction is the Ullmann-type coupling 

reaction, which is the surface-assisted C-C homocoupling of aryl-halide structures. Therefore, 

specially designed molecular precursors, once deposited on a metallic substrate produce GNRs 

after thermally activated polymerization and subsequent cyclodehydrogenation. This allows 

growing for example GNRs with armchair, zigzag or chiral edges,84–87 GNRs of different 

widths and electronic bandgap sizes,88–93 GNRs with dopant heteroatoms94–98 and GNRs with 

functional groups.99,100  

In Fig. 3.1a we can see an example of the different steps in the Ullmann coupling reaction.101 

At 300 K, monomers of 4,4”-dibromo-para-terphenyl (Br-(Ph)3-Br) debrominate on a Cu(111) 

surface, and a polymeric organometallic intermediate is formed. The intermediate includes 

biradical terphenyl (Ph)3 units that are connected through C-Cu-C bonds.  

Recently, it was also shown that certain GNRs allow the lateral fusing88and synthesis via 

surface-assisted coupling of molecular precursors into linear polyphenylenes and their 

subsequent cyclodehydrogenation.84
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Fig. 3.1: On-surface synthesis of GNRs. (a) STM image of the sample annealed to 300 K. Br atoms 

lying between the linear periodical structures.101 (b) STM image of armchair type GNRs with varying 

widths obtained after laterally fusing poly-(para-phenylene) chains.88 (c) High-resolution STM image 

with partly overlaid molecular model (blue) of the ribbon.84 

 

However, in general it is highly difficult to control the length, width and homogeneity of GNRs 

precisely and additional species tend to be present on the surface (most likely halogen atoms). 

Therefore, a technique that allows the deposition of well-defined, defect-free GNRs on-

surfaces would be highly desirable. 

In the following chapter we investigate the deposition of atomically-precise and homogenous 

GNRs on Ag(111) by ES-CIBD. STM measurements under UHV conditions evidence that the 

deposited GNRs land intact on the Ag(111) surface (morphology of the molecules is preserved) 

while any contamination or additional species are absent. In addition, a statistical analysis of 

the GNR length for increasing sample annealing temperatures (from RT to 583 K) reveals that 

GNRs remain intact up to 443 K, where the end groups are detached from the GNR. The lateral 

silyl groups split off at 483 K. In addition, beyond 523 K we observe that a chemical reaction 

that takes place at the oxygen termination, yielding the formation of longer GNR chains, 

indicative of the polymerization of the deposited GNRs molecules.  

 

 



3.1 Depositing Molecular Graphene Nanoribbons on Ag(111) by Electrospray Controlled 

Ion Beam Deposition: Self-assembly and On-Surface Transformations 

20 
 

 

3.1.2 Sample Preparation 

 

For the ES-CIBD experiment, a stock solution (3.23×10
-4 g/ml) of the synthesized graphene 

nanoribbons was prepared by dissolving the GNR powder in THF (tetrahydrofuran). 25 µl 0.5% 

TCA in water (in weight) trichloroacetic acid was added into 250 µl THF. Then, 125 µl stock 

solution was added to give a final concentration of 1.0×10-4 g/ml. Subsequently, positively 

charged gas-phase ions of the GNRs were generated by our home-built ES-CIBD apparatus, 

charge +2 for molecules; voltage 3.5 kV on the emitter, flow rate 60~90 µlh-1, current up to 

~55 pA, deposition time about 1.5 hours. Before the deposition in UHV, the composition of 

the ion beam was monitored by a digital quadrupole mass spectrometer and filtered by applying 

an additional DC offset. The deposition took place in a UHV chamber with a base pressure of 

9×10
-10 mbar. The landing energy of the molecular ion beam was 2 eV per charge to avoid 

fragmentation. Before the deposition, the Ag(111) single crystal was cleaned by repeated 

cycles of Ar+ sputtering and subsequent thermal annealing. The sputter gun ionizes argon and 

accelerates the argon ions with a high voltage of 1 kV and an emission current of 15 mA. The 

adsorbates and impurities are removed by bombarding the surface with Ar+, but the top layers 

of the surface atoms are also partly removed, leaving a rough surface. The subsequent 

annealing in vacuum to 700 K can heal the Ag(111) surface to get a clean and atomically flat 

surface eventually.  

After the cleaning, the substrate was transferred to the ES-CIBD chamber. After dosing 

molecules, the sample was transferred to the STM chamber to do the analysis. STM 

measurements were conducted in a range between 190 K to 110 K. All voltages refer to the 

sample bias with respect to the tip. All STM measurements were performed with a chemically 

etched W tip. The STM data analysis was performed using WSxM. 

An important advantage of this approach is the possibility of extracting specific ions from a 

mixture using the mass-filtered deposition capability of ES-CIBD. The m/z filtering 

quadrupole is initially tuned so that only the desired molecules make their way to the substrate. 

STM imaging of the molecules deposited in this way reveals structures corresponding to the 

selected molecules (Fig. 3.3). 
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Here, we employed a monodisperse N-doped conjugated polyaromatic species  (shown in Fig. 

3.2), which is obtained by multistep organic synthesis in solution.102 The differences of the 

self-assembly with varying coverage at RT were investigated as well as the behavior of the 

molecules as a function of the annealing temperature on the metal surface Ag(111) in UHV.  

 

Fig. 3.2: Chemical structure of NR10 (C148H190N8O8Si4). Its molecular weight is 2320 g/mol. 
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Fig. 3.3: Mass spectrum of NR10 in THF solution. The selected m/z ratio for ESI deposition is marked 

by the dashed rectangle.  

3.1.3 Coverage-dependent self-assembly           

To investigate intermolecular interaction we studied the self-assembly at different coverages 

of NR10 molecules deposited onto an Ag(111) substrate held at RT.  
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Fig. 3.4: Molecular models and their corresponding schematic models, used in order to show the self-

assembly of molecules in the STM images clearly. 
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Fig. 3.5: Coverage-dependent self-assembly of NR10 deposited onto Ag(111) held at RT. (a) STM 

image of irregularly assembled molecules after deposition of 4×10
-13 mol. (TSTM ~ 170 K, Us = 2.3 V, It 

= 0.04 nA). (b) Magnified image of the green area in (a) showing a small section with locally regular 

assembly. (c) Structural model of the assembly shown in (b). (d, j) STM images of three different self-

assembled phases obtained after deposition of 1.3×10
-12 mol. (d: TSTM ~ 153 K, Us = 2.1 V, It = 0.14 nA  

j: TSTM ~ 170 K, Us = 2.1 V, It = 0.14 nA). (e, g) Magnified images of the blue/orange area in (d) showing 

phases I and II. (k) Magnified image of (j) showing phase III. The unit cells are indicated in the images 

(e, g, k) Respective structural models of the assembly of the phases I,II,III are shown in (f, h, l,). (i) The 

blue star indicates the high symmetry directions of the Ag(111) substrate.  

Deposition of 4×10-13 mol yields a surface with a low molecular coverage (~10%). The 

molecules agglomerate into irregularly assembled islands, as shown in the STM image in 

Fig. 3.5a. Small sections with regular assemblies can be found. Such a section is marked with 

green in Fig. 3.5a and shown in Fig. 3.5b. The respective structural models of this assembly 

are shown in Fig. 3.5c. In order to study the influence of density of molecules, the coverage 

was increased by 3.25 times (i.e. 1.3×10-12 mol deposition). This preparation leads to 

substantially different behavior. In contrast to the irregular assembly for lower coverages, now 

we observe a regular assembly of the molecular units (Fig. 3.5d and Fig. 3.5j). Three different 

phases were observed (Figs. 3.5e,g,k) . Zoom-ins and structural models are shown in Figs. 3.5f, 

h, l. The single units comprising these structures all exhibit four bright protrusions, which are 

assigned to the protruding TIBS groups of NR10. The respective unit cells have dimensions of 

6.0/2.9/11.0 nm times 4.0/2.9/23.6 nm with an angle of 97°/90°/75° in Figs. 3.5e,g,k. We can 

identify part of NR10 molecules orientated along the high symmetry directions of the substrate 
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in Fig. 3.5g, which is the magnified image of the orange area of Fig. 3.5d, superimposed with 

corresponding molecular models in Fig. 3.5h.  

In the ESI process, the molecules are deposited as doubly charged cations. However, their 

charge state after adsorption on the metallic substrate is unknown. However, as the 

intermolecular spacing is rather small, it is likely that Coulomb repulsion does not play a major 

role and the molecules do not carry a significant amount of charge. 

3.1.4 Chemical reactivity of NR10 on Ag(111) 

To investigate the chemical reactivity of NR10 on Ag(111) upon annealing, we performed 

temperature controlled heating experiments. We analyzed the distribution of different products 

of thermally induced reactions as a function of temperature. This annealing treatment alters the 

assembly of the NR10 species (and its reaction products) and induces different type of chemical 

reactions, i.e. cleavage of side groups, as well as intermolecular coupling.  
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Fig. 3.6: NR10/Ag(111) assembly and chemical reactivity by thermal annealing. (a, c, e, g, i) STM 

images of NR10 and its reaction products after annealing to 423 K, 443 K, 483 K, 503 K, 523 K, 

respectively (a: TSTM ~ 160 K, Us = 2.1 V, It = 0.12 nA c: TSTM ~ 142 K, Us = 2.1 V, It = 0.1 nA e: TSTM ~ 
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145 K, Us = 2.1 V, It = 0.13 nA  g: TSTM ~ 110 K, Us = 2.1 V, It = 0.11 nA i: TSTM ~ 120 K, Us = 2.1 V, It 

= 0.08 nA). The outlines in the images mark the chemical units that form the respective assemblies. (b, 

d, f, h, j) Models representing the respective structures in (a, c, e, g, i).  

NR10 molecules were deposited on a Ag(111) surface at room temperature (RT, 300 K). The 

sample was then subjected to annealing steps (typically 10 minutes) and cooled back down for 

STM measurements after each annealing step. Figs. 3.6 (a, c, e, g, i) show representative images 

of the surface after annealing to 423 K, 443 K, 483 K, 503 K, 523 K respectively.  

Fig. 3.6a shows the STM image of NR10 deposited onto Ag(111) after annealing to 423 K with 

molecular models in Fig. 3.6b, from which we can clearly identify NR10 molecules clustered 

together with the same structure as deposited at RT.  

In Fig. 3.6c, STM investigations were carried after annealing to 443 K, showed a disordered 

assembly of NR10 with molecular models in Fig. 3.6e, in which the different products are 

highlighted by blue and green. The end group of the molecule starts to be deprotected. For the 

molecule outlined in green one can notice the lack of contrast on the left end vs the circular 

small protrusion on the right, which indicates a deprotection of the left end group. 

Fig. 3.6e shows an overview in which we can discern some distinct molecules, for instance, a 

NR10 molecule with one TIBS group left (green square), a NR10 molecule with two TIBS 

groups left (outlined in square). That indicates that the TIBS groups have partially split off 

from the original NR10 molecules step by step with the corresponding molecular models in 

Fig. 3.6f.   

Subsequent further annealing to 503 K, reveals that molecules without any TIBS groups furnish 

the surface (shown in Fig. 3.6g with the proposed molecular models in Fig. 3.6h). We can see 

that the molecules are well ordered and densely packed on the metal surface. A single molecule 

is circled in yellow.  

A representative STM image after further annealing to 523 K is displayed in Fig. 3.6i, from 

which we can distinguish dimers from the product molecule presented in Fig. 3.6j. Two dimers 

are outlined, which confirmed that further heating modestly promoted dimerization. 
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Fig. 3.7: On-surface polymerization of NR10 on Ag(111) by thermal annealing. (a, b, c, d) 

Overview of polymer chains after annealing to 543 K, 563 K, 573 K, 583 K, respectively (a: TSTM ~ 140 

K, Us = 0.8 V, It = 0.06 nA b: TSTM ~ 160 K, Us = 2.2 V, It = 0.09 nA c: TSTM ~ 110 K, Us = 1.7 V, It = 

0.09 nA d: TSTM ~ 160 K, Us = 1.8 V, It = 0.09 nA). (e, f, g, h) Magnified images of polymer chains after 

annealing to 543 K, 563 K, 573 K, 583 K, respectively. (e: TSTM ~ 140 K, Us = 1.4 V, It = 0.14 nA f: TSTM 

~ 160 K, Us = 2.2 V, It = 0.1 nA g: TSTM ~ 133 K, Us = 1.5 V, It = 0.03 nA h: TSTM ~ 160 K, Us = 1.7 V, It 

= 0.11 nA).  

Fig. 3.7 illustrates the on-surface polymerization of NR10 on Ag(111) upon thermal activation. 

GNR chains could be polymerized via Ullmann-type coupling before. In some recently 

developed protocols facilitation of the formation of the polymers and removal of the unwanted 

polymerization byproducts (like Br) proceeds at reduced activation temperatures by H-dosing 

treatment.103 Different from Ullmann coupling reaction, the polymerization in our case is 

highly simplified because no halogen is present. The submonolayer coverage sample was 

annealed to 543 K, 563 K, 573 K, 583 K, respectively and subsequently cooled for the STM 

measurements. At heating temperature below 543 K, no well-defined polymer chains were 

observed. Instead, ordered or disordered islands as well as dimers were found as shown in Fig. 

3.6i. After annealing at temperatures of 543 K, 563 K, 573 K and 583 K, individual 1D polymer 

chains could be observed in Fig. 3.7a b, c. Fig. 3.7e, f, g present high resolution STM images 

of a 1D chain at the corresponding temperature. In Fig. 3.7e, oligomers polymerized by 2, 3 or 

4 monomers could be seen. After further annealing to 563 K, we can observe the formation of 

the longer chains as shown in Fig. 3.7b. In Fig. 3.7c, we heated the sample to 573 K, at which 
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temperature the length of the chains is slightly increased. Interestingly large mobile sections of 

the chains could be observed, which indicate the formation of bonds between the monomers 

with different rigidity. The inflection points of the chain trajectory indicate a flexible yet robust 

pinning of the chain, which is mediated by a node structure. This is further discussed along 

with the node assignment in a later section. A dense network of polymer chains can be seen in 

Fig. 3.7d.  

 

 

Fig. 3.8: Statistical analysis: The distribution of the lengths of the nanoribbons as a function of the 

annealing temperature. The dashed lines represent the average lengths at the corresponding annealing 

temperature. 

A statistical analysis over the length of the products in dependence of the annealing temperature 

is displayed in Fig. 3.8. It reveals a maximum length of the products remaining around 3.4 nm 

below 423 K. By careful inspection we can deduce that the end groups cleaved off after the 

heat treatment to 443 K. This is illustrated by the green outline in Fig. 3.6c, where two altered 

end groups are resolved clearly in comparison with the intact ones. With increased annealing 

temperature to 483 K, more the molecules are shortened (indicative of end group deprotection, 

Fig. 3.6e). At 503 K, all the end groups from the molecules are cleaved off. Dimers occur at 

523 K in Fig. 3.6i, as is also apparent in the statistical analysis. Longer oligomers can be seen 

in Fig. 3.7a after higher temperature annealing to 543 K. At higher temperatures, the polymer 

chains are longer than in the range of 563 K to 583 K. The dashed line in Fig. 3.8 indicates the 
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average lengths within this range, from which we can conclude that the length does not change 

significantly at this temperature interval.   

 

 

Fig. 3.9: Tentative models proposed for the dimer motif. The vertical blue dotted lines indicate the 

positions of the physically protruding tBu groups, which are strong markers in the STM data. The 

distances determined from different proposed model structures for the bonding mechanism of the 

polymer chains are marked. 

L. Zhang104 investigated trimethylsilyl (TMS) terminated alkynes on metal surfaces, in which 

TMS groups cleaved off on Cu(111) at 400 K. Similarly to this, the abstraction of the TMS 

groups from the original precursor happened during the thermal activation reported by S. 

Kawai.105 In our case, the onset of TIBS group abstraction occurred on Ag(111) at 483 K, 

which is indicated in Fig. 3.6e.  

R. Zhang106 reported the formation of an organo-silver framework comprising Ag adatom 

trimers on Ag(111) after 493 K annealing. After annealing this sample to 563 K, oligomers are 

formed via [2+2] cycloaddition, as in the model proposed in Fig. 3.9c. This also could be seen 

in C. Sánchez-Sánchez’s work.107 After a dehalogenation reaction, activated molecules 

undergo a [2+2] cycloaddition reaction to form the final nanoribbon at 475 K. On-surface 

polymerization on Au(111) was also investigated by Bay V. Tran,103 in which two endocyclic 
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C=C bonds were the linkers between the molecules to form the chains after annealing to 450 

K. 

D. Ada108 observed that Cu adatoms were captured by the strongly electron-accepting ketone 

groups composing alternating PTO  molecules and Cu adatoms. The diketone moiety was used 

as a functional “head” group for Ag coordination.109 Similarly, the proposed model in Fig. 3.9f 

shows Ag adatoms bound by the strongly electron-accepting ketone groups and incorporated 

in metal–organic structure. Beside, we also propose two models with C-O-C and C-O-O-C for 

the polymer chains, which are shown in Fig. 3.9a and Fig. 3.9e. 

In Figs. 3.9b and d, the C–Ag–C metal–ligand bonds are proposed in the polymer chain models, 

which is similar to the C–Cu–C linkages reported by Bay V. Tran.103 The nodes with the 

hydrogen bonds and diagonal bonds were also proposed in Figs. 3.9g and h respectively. 

 

 

Fig. 3.10: Different coordination motifs and proposed models.  C, N, O, H, and Ag atoms are depicted 

in black, blue, red, white, and yellow, respectively. 
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However, the proposed models (Figs. 3.9b and d) which represent 2 Ag atoms and 1 Ag atom 

of metal-coordinated bonds, respectively, exhibit distances of 11.6 Å and 8.6 Å. Thus, we 

propose that the observed polymeric chains are stabilized by metal-bound bridges. According 

to statistical analysis in Fig. 3.11, the average distances between two nearest bright protrusions 

amount to 1.19 nm and 0.84 nm, respectively. The experimental lengths are in excellent 

agreement with the distances determined from the proposed model structure for the bonding 

mechanism of the polymer chains, where the distances are 1.16 nm and 0.86  nm. In Fig. 3.10, 

4 different metal-organic nodes are outlined in different colors and overlaid with corresponding 

models. The node outlined in blue is the C–Ag–C metal–ligand bond, which is proposed in Fig. 

3.9b. The Ag atom coordination node can be imaged in different ways, which are outlined in 

green and orange. The node outlined in orange between two nearest bright protrusions is dark. 

In an earlier work,109 a similar node is investigated with a distance of 1.1 nm between two 

neighboring protrusions. The distance is consistent with the statistical analysis in Fig. 3.11b, in 

which a distance of 1.1 nm can be observed. A diagonal node is observed in the STM image, 

which is outlined in yellow. The distance between two nearest bright protrusions is 0.95 nm, 

which is agreement with the value shown in Fig. 3.11b too. 

 

Fig. 3.11: Statistical histogram: (a) Distribution of the distances between two nearest bright 

protrusions within one monomer. (b) Distribution of the distances between two nearest bright 

protrusions between two monomers in the polymer chain. The average distances between two nearest 

bright protrusions amount to 1.19 nm and 0.84 nm, respectively. 

3.1.5 Summary and conclusion 

In conclusion, we investigated the self-assembly and on-surface polymerization of NR10 

molecules on Ag(111) surfaces under UHV conditions. Three coverage-dependent self-
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assembled phases stabilized by van der Waals interactions were observed. By employing 

thermal activation at different temperatures, we achieved an on-surface polymerization through 

organo-Ag bonds. Via a statistical analysis of the distances between neighboring bright 

protrusions, we can conclude that the observed polymeric chains are stabilized by Ag-

coordinated bridges. Importantly, without undesired and hindering polymerization byproducts, 

the polymerization in our case is cleaner and simpler compared to the synthesis of GNR via 

Ullmann-type coupling. Moreover, the employed  ES-CIBD method is regarded as a promising 

method for its capability to ionize very large or very fragile chemical species, especially 

organic molecules.



3.2 PcZn(OH)8 on Ag(111) 

34 
 

 

3.2 PcZn(OH)8 on Ag(111) 

3.2.1 Introduction  

Metal–organic frameworks (MOFs) are crystalline porous materials composed by metal 

containing nodes and organic linkers. Recently, the research in MOFs is one of the fast growing 

fields in chemistry and materials, thanks to the tunability of structures and functions, large 

surface area, and ultrahigh porosity of MOF-based materials.110–112 Now, 2D MOF nanosheets 

have gained extensive attention. Similar to other 2D nanomaterials, 2D MOF nanosheets can 

be used in many technological applications, including gas separation, energy conversion and 

storage, catalysis and sensing.113–125 Therefore, 2D MOF nanosheets provide new opportunities 

in both fundamental studies and applications. 

Unlike the top-down method of the exfoliation of layered MOFs, a bottom-up approach was 

employed with on-surface self-assembly to synthesize a single layer 2D-MOF.126  The reaction 

between organic ligands and metals occurs on the interface. Therefore, the MOFs only grow in 

the confined two-dimensional interface region, leading to the formation of single nanosheets.127 

As a typical example of this process in the solid/vacuum interface, Zhang128 and co-workers 

reported the synthesis of Cu3(C6O6) nanosheets on a Cu(111) substrate. In their work, the BHO 

(benzenehexol) molecules are deposited on an atomically flat Cu(111) single crystal surface 

under UHV conditions. After annealing this sample above 400 K, a single layer 2D-MOF 

structure of Cu3(C6O6) formed on the surface, as confirmed by high-resolution scanning 

tunneling microscopy (STM) (Fig. 3.12a). The self-assembly of aromatic carboxylic acids and 

cesium adatoms on Cu(100) substrate was studied by Stepanow129 by means of STM and X-

ray photoelectron spectroscopy. The well-ordered molecular nanostructures are built by the 

anionic carboxylate moieties and Cs cations, which produce the distinctive chirality of the 

network structures. A high flexibility of bond lengths and geometries result from the primary 

electrostatic interaction. Also the adsorbate substrate coupling plays an important role for the 

formation of the structures. With the use of rod-like carboxylic linker molecules, the dimension 

of the porous networks can be tuned by adjusting the aromatic backbone length (in Fig. 3.12b). 
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Fig. 3.12: On-surface synthesis of 2D metal–organic framework (2D-MOF). (a) On-surface 

synthesis of single layer of 2D-MOF Cu3(C6O6 ).128(b) An achiral network resulted from the 

organization of two chiral binding motifs alternatingly, which is indicated by a model.129 

 

In our study, PcZn(OH)8 molecules are deposited on an atomically flat Ag(111) single crystal 

surface by the homebuilt ES-CIBD under UHV conditions. Subsequently we use STM to 

visualize in real-space with submolecular resolution of the surface structures.  
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3.2.2 On-surface synthesis procedure 

       

For the ES-CIBD, we used a solution of 3.4×10-3 M/L PcZn(OH)8 molecules (Fig. 3.13, 

synthesized by the team of R. Dong & X. Feng, TU Dresden) in methanol. Gas-phase ions with 

+1 charge of the molecules were generated in the electrospray (voltage 3.5 kV on the emitter, 

flow rate 5-13 µl h-1, current up to ~100 pA). Before the deposition in UHV, the composition 

of the ion beam was monitored by a digital quadrupole mass spectrometer and filtered by 

applying an additional DC offset. The deposition took place in a UHV chamber with a base 

pressure of 9×10
-10 mbar and had a duration of 4.8 hours. The final amount of deposition of 

molecules is 6.3×10
-12 mol. The landing energy of the molecular ion beam was 2.5 eV per 

charge to avoid fragmentation. Before the deposition, the Ag(111) single crystal was cleaned 

by repeated cycles of Ar+ sputtering and subsequent thermal annealing. The sputter gun can 

ionize argon and accelerate the argon ions with high voltage of 1 kV and emission current of 

15 mA. The adsorbates and impurities are removed by bombarding the surface with Ar+, but 

the top layers of the surface atoms are also partly removed, leaving a rough surface. The 

subsequent annealing in vacuum to 700 K can heal the surface and results in clean and 

atomically flat surfaces eventually. After the cleaning, the substrate was transferred to the 

deposition chamber. After dosing molecules, the sample was transferred to the STM chamber 

to do the analysis. STM measurements were conducted in a range between 110 K and 300 K. 

All voltages refer to the sample bias with respect to the tip. All STM measurements were 

performed with a chemically etched W tip. The STM data analysis was performed using WSxM. 

An important advantage of this approach is the possibility of extracting specific molecules from 

a mixture using the mass-filtered deposition capability of ES-CIBD. The m/z filtering 

quadrupole is initially tuned so that only the desired ions make their way to the substrate. STM 

imaging of the molecules deposited in this way reveals only structures corresponding to the 

selected molecules (Fig. 3.14a). 

We studied the behavior of the molecules as a function of annealing temperature on metal 

surfaces Ag(111) after Fe deposition in UHV conditions.  
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Fig. 3.13: Chemical structure of PcZn(OH)8 (C32H16N8O8Zn, molecular weight: 704 g/mol). 

 

Fig. 3.14: (a) Mass spectrum of PcZn(OH)8 in methanol. The selected m/z ratio for deposition is 

marked by the dashed rectangle. (b) Magnified mass spectrum of the area marked by a dotted rectangle 

in (a), assigned to PcZn(OH)8H+. 
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3.2.3   The self-assembly and metal adatom coordination of PcZn(OH)8 on Ag(111) 

 

 

Fig. 3.15: Self-assembly of PcZn(OH)8 molecules deposited onto Ag(111) before and after dosing 

Fe.  (a) STM image of assembled molecules after deposition (TSTM ~ 113 K, Us = 2.2 V, It = 0.12 nA). 

The black bars indicate the high symmetry directions of the Ag(111) substrate. (b) Zoom in image of 

(a) showing a highly ordered molecular structure. (TSTM ~ 173 K, Us = 1.3 V, It = 0.12 nA), which is 

overlaid with corresponding ball-and-stick model. C, O, N, and H, Zn atoms are shown in black, red, 

blue, and white, light blue, respectively. The unit cell is indicated in green. The single molecule is 

outlined in orange. (c) STM image of assembled molecules after dosing of Fe. (TSTM ~ 300 K, Us = 1.5 

V, It = 0.06 nA). (d) Magnified image showing the self-assembled structure. (TSTM ~ 300 K, Us = 0.5 V, 

It = 0.06 nA). 
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Upon deposition on a Ag(111) substrate, which was held at RT, PcZn(OH)8 molecules formed 

close-packed molecular monolayer exhibiting a well-ordered molecular structure, which is 

shown in Fig. 3.15a. The molecule looks like four bright dots with one dark dot in the middle, 

which is outlined in orange. The H+, added by the deposition process, likely stabilizes as Hads 

on the surface before recombining to H2 and desorbing. Because we were unable to image the 

surface at RT, liquid nitrogen was employed to cool down the system for measurements. The 

angle between the orientation of assembly and Ag[1̅10] direction is 28°. The molecules arrange 

in “zipper”-like structures. A zoom in image with a tentative model is shown in Fig. 3.15b, in 

which  lateral intermolecular interactions consisting of hydrogen bonding OH⋅⋅⋅O-C, indicated 

by yellow ovals, are at work to stabilize the self-assembly. In this circumstance, the unit cell 

has sides of 3.3 nm and 1.5 nm with an angle of 65° between them.  

In order to investigate the coordination between the metal atoms and organic molecules, we 

dosed Fe after the deposition of the molecules. The measurements were conducted at RT, which 

indicates enhanced stability of the self-assembled structures resulting from the addition of Fe. 

Fig. 3.15c shows the assembly of the islands, with Fe clusters (visualized as white areas, due 

to the apparent height cut-off) found both at the edges and on top of the islands. The packing 

of the molecules after the dosing of Fe can be seen in Fig. 3.15d. The configuration shown in 

Fig. 3.15d is similar to Fig. 3.15b with rotated by 60° counterclockwise, which means the 

dosing of Fe has little influence on the interaction of molecules when the sample was held at 

RT. 
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Fig. 3.16: Fe coordination of PcZn(OH)8 on Ag(111) after annealing at 373 K. (a) Large scale STM 

image of molecular island after annealing at 373 K. (TSTM ~ 300 K, Us = 1.8 V, It = 0.11 nA). (b) Zoom 

in image of (a) showing a less uniform molecular structure after the Fe deposition. Some “arms” of the 

molecules seem brighter or longer, which are indicated with purple circles (TSTM ~ 300 K, Us = 1.3 V, It 

= 0.11 nA). (c) STM image of assembled molecules of one island after annealing at 373K. (TSTM ~ 

300 K, Us = 2.1 V, It = 0.11 nA). (d) Magnified image of (c) showing different molecular structure at 

the edge of the island. (TSTM ~ 300 K, Us = 2.1 V, It = 0.11 nA). 

To investigate the coordination of the Fe atoms with the PcZn(OH)8 molecules on Ag(111), we 

heated the sample at 373 K. Upon annealing the sample at 373 K, the sample was investigated 

by STM. The overview image Fig. 3.16a evidences the formation of a self-assembled close-

packed two-dimensional phase. Fe clusters could be found on the surface of the assembled 
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structure. Zoom in shows that the “zipper” structure is still be present in the islands. Moreover 

after the Fe deposition, some “arms” of the molecules seem brighter or longer, as indicated 

with purple circles, shown in Fig. 3.16b. This might hint to either an altered electronic structure 

due to Fe coordination or to the presence of an Fe atom in the vicinity. In Fig. 3.16c, two 

distinct phases associated with the presence of Fe on the surface are shown. The molecular 

packing in the center of the image comprises the majority of the structure, which is similar to 

the “zipper” structure observed in previous investigations. The molecular interactions can be 

rationalized based on a hydrogen bonding scheme as before. In Fig. 3.16d, the “zipper” phase 

was covered by yellow color. The phase at the edge of the island shows a different 

configuration compared to the phase in the center, as shown in Fig. 3.16d. The appearance of 

the “cross” structure is tentatively assigned to the molecules with coordination of Fe atoms. 

Clusters attributed to Fe could still be observed at the edge of the island.  
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Fig. 3.17: Fe coordination of PcZn(OH)8 on Ag(111) after further annealing. (a) STM image of 

assembled molecules after annealing at 423 K for 30 min. (TSTM ~ 300 K, Us = 1.1 V, It = 0.09 nA). (b) 

Zoom in image of (a). (TSTM ~ 300 K, Us = 1.1 V, It = 0.07 nA). (c) Large scale STM image of assembled 
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molecules after annealing at 423 K for 2 hours. (TSTM ~ 300 K, Us = 1.7 V, It = 0.12 nA). (d) Magnified 

image of (c), a molecular domain boundary is indicated with a dashed red line. (TSTM ~ 300 K, Us = 0.9 

V, It = 0.12 nA). (e) STM image of assembled molecules after annealing at 448 K for 10 min. (TSTM ~ 

300 K, Us = 0.8 V, It = 0.12 nA). (f) Magnified image of (e). Different Fe coordination nodes of the 

molecules are indicated with red and blue circles. (TSTM ~ 300 K, Us = 0.8 V, It = 0.12 nA). 

Upon annealing the sample at 423 K for 30 min, the coordination structure can be observed by 

STM measurements (see Fig. 3.17a). The Fe coordination of the PcZn(OH)8 occurs at the center 

of the island. The zoom in image Fig. 3.17b shows that the zipper structure is still present. We 

therefore heat the sample at 423 K for another two hours. Afterwards, a more ordered network 

could be observed (Fig. 3.17c). Stacking faults in molecular domains appeared, as indicated 

with a dashed red line in Fig. 3.17d. To get a more coordinated structure, the sample was 

annealed to 448 K for 10 min. The Fe coordination of the molecules with higher order is shown 

in Fig. 3.17e. In a previous work, a metal-organic architecture on Cu(100) was investigated.130 

The node of carboxylic acids in their work is similar to the one shown in Fig. 3.17f, in which 

we can identify pairs of small round protrusions between molecular ligands, tentatively 

assigned to dimers of Fe atoms.  
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Fig. 3.18: Fe coordination of PcZn(OH)8 on Ag(111) after annealing at 473 K. (a) STM image of 

assembled molecules after annealing at 473 K. (TSTM ~ 300 K, Us = 1.1 V, It = 0.07 nA). The black bars 

indicate the high symmetry directions of the Ag(111) substrate. The unit cell is indicated in purple. (b) 

Magnification of (a) showing a detailed STM image overlayed with a model. The ball-and-stick model 

is based on the molecular structure. Red, dark blue, light blue and grey spheres represent oxygen, 

nitrogen, zinc and carbon, respectively. Light red spheres mark possible position of metal adatoms (Fe). 

(TSTM ~ 300 K, Us = -1.3 V, It = -0.09 nA). 

To investigate the coordination motif further, we went to 473 K for the annealing. Large-scale 

STM image (Fig. 3.18a) shows a self-assembled molecular layer on the Ag surface after 

annealing. The unit cell has sides of 1.5 nm and 2.0 nm with an angle of 55° between them. 

The angles between the two sides and Ag[ 1̅ 10] direction is 29° and 26°, respectively. 

Compared to the previous network at lower temperatures, the Fe coordination is more complete 

and Fe adatom dimers were tried to model the network nodes in Fig. 3.18b. The orientation of 

the molecules allows each molecule to coordinate to two adatoms (molecule: Fe= 1:2), in 

agreement with the STM image displayed in Fig. 3.18b. Urgel studied an interfacial 2D 

lanthanide-carboxylate network.131 The bonding of ditopic linear linkers to Gd centers on  

Cu(111) comprises mononuclear nodes of eightfold lateral coordination. Aromatic carboxylic 

acids and cesium adatoms on a Cu(100) surface was investigated by Stepanow. The ratio of 

aromatic carboxylic acids to cesium adatoms is 2.132 
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3.2.4 Summary and conclusions 

A systematic study of the self-assembly PcZn(OH)8 molecules as well as their coordination 

with metal adatoms on closed packed coinage metal surface was presented. STM provides the 

atomic resolution topology of the architecture. PcZn(OH)8 molecules were investigated on 

Ag(111) to reveal its novel coordination motifs with metal atoms. We studied the influence of 

the annealing temperature on the nanoarchitectures. 
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3.3 The fabrication of microdevices based on GNRs 

3.3.1 Introduction  

Thanks to their unique physical properties, GNRs have been extensively investigated. They 

can be used in nano-electronics, spintronisc, and optoelectronic devices with high 

performance.133–141 Lately, quantum confinement and edge effects have been used to introduce 

a band gap in narrow graphene ribbons.133–136,138,142–144 Thus, GNRs can be used to make field-

effect transistors. In order to fabricate GNRs, some approaches have been developed, such as 

lithographic patterning,134,135 chemical  methods145 and chemical sonication routes.142 

A graphene nano-ribbon field-effect transistor devices was fabricated via electron beam 

lithography and etching techniques by Chen135 (Fig. 3.19a) and their electrical properties as a 

function of ribbon width were investigated too. Ribbons with a width range of 20, 30, 40, 50, 

100 and 200 nm have been measured. The experimental results indicate that the resistivity of a 

ribbon increases as its width decreases under the impact of edge states. Besides, being different 

from CNTs with periodic boundary conditions being present, GNRs have edges with localized 

states133that can also have effects on the transport properties. Nano-scale chemically 

synthesized GNR field-effect transistors have been fabricated by a bottom-up method by 

Bennett et al. (Fig. 3.19b).79 Then a layer transfer process was developed to fabricate three 

terminal transistor devices. By using e-beam lithography, a lot of source and drain contacts 

with nano-scale gaps of 100 nm widths were fabricated to measure the properties of the 

nanoribbons. A GNR-FET device with nanoribbons directly connected to bulk graphene 

electrodes was fabricated by Bai (Fig. 3.19c).146  In their work, the graphene nanoribbons 

(GNRs) with sub-10 nm width were produced by using chemically synthesized nanowires as 

the physical protection mask in an oxygen plasma etching process. According to atomic force 

microscopy measurements, the resulting nanoribbons replicate exactly those of the mask 

nanowires down to 6 nm. They demonstrate that the results can be influenced by the GNR 

widths of the mask nanowire diameters with variable slopes and different etching times. Based 

on that, a GNR-FET device was fabricated and measured. In another study, CNTs were 

unzipped to produce GNRs by Ar plasma etching (Fig. 3.19d).147 Multiwalled carbon 

nanotubes (MWCNTs) were embedded in a poly(methyl methacrylate) (PMMA) layer as an 

etching mask. Because the PMMA coating on the substrate is conformal, MWCNTs embedded 

in the PMMA film with a narrow strip not covered by PMMA was exposed to a Ar plasma. 

The unprotected side walls of MWCNTs were etched faster and removed by the plasma. After 
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etching, the PMMA film was attached to a Si substrate with a 500-nm-thick layer of SiO2. 

Subsequently, it was removed by using acetone vapor and the polymer residue on the target 

substrate was removed by calcination. Afterwards three-terminal devices were fabricated with 

the GNRs with Pd as source and drain contacts.  

 

Fig. 3.19: GNRs based electronics. (a) SEM picture of GNR devices fabricated on a SiO2 substrate. 

The widths of the GNRs from top to bottom are 20, 30, 40, 50, 100 and 200 nm respectively.135 (b) 

Schematic illustrating device geometry. In order to obtain small channel lengths, Pd source and drain 

contacts have been fabricated by e-beam lithography.79 (c) (i-vi) Schematic fabrication process of GNRs 

by means of oxygen plasma etching with a nanowire etch mask. Below, schematic illustration of the 

GNR-FET fabrication process.146 (d) (i-viii) Schematic illustration of the procedure to make GNRs from 

CNTs. i, A pristine MWCNT was employed as the raw material. ii, The MWCNT was deposited on a 

Si substrate and afterwards coated with a PMMA film. iii, The PMMA–MWCNT film was peeled from 

the Si substrate, turned over and exposed to an Ar plasma. iv–vii, Several possible products were 

observed after etching for different times. viii, The PMMA was removed to obtain the GNR. Below it, 

schematic illustration of a GNR device. S represents source and D represents drain.147 
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In this study, we employed graphene nanoribbons with two different structures. The GNRs 

have an identical aromatic core but with alkyl side chains at different peripheral positions.148 

Based on theoretical modeling, the 6-CGNR-II, which features alkyl chains at the innermost 

positions, has a lower optical and electronic bandgaps by 0.2−0.3 eV, compared to the planar 

6-CGNR-I substituted at the outermost positions because of 6-CGNR-II’s structural distortion. 

Experimental ultraviolet-visible and near-infrared (UV-Vis-NIR) absorption and 

photoluminescence excitation (PLE) spectroscopy results of both planar 6-CGNR-I and 

nonplanar 6-CGNR-II are in agreement with the theoretical prediction. In order to investigate 

the potential difference of the electrical properties when 6-CGNR-I and 6-CGNR-II are used 

in devices, we fabricated GNR devices based on these material and report their transport 

characteristic by using optical lithography. In this work, diamond, C(100), was employed as 

the substrate since it is transparent, atomically flat and has a low resistivity. 
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3.3.2 Sample Preparation 

To fabricate GNR devices, several processing procedures are necessary which consist of  

diamond cleaning, optical lithography, metallization and lift-off. The interdigitated and 

squared electrode fabrication process by means of top-down optical lithography is shown in 

Fig. 3.20. 

 

 

Fig. 3.20: Processing steps for electrodes fabrication using an image reversal resist 

1. Cleaning: Diamond sheets with a flat surface were used as substrates. The surfaces were 

firstly cleaned with acetone, isopropanol and water in an ultrasonic bath, which is a standard 

cleaning process. The substrates were oxidized in oxygen plasma for 20 min. The resulting 

surface is shown in Fig. 3.21. 
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Fig. 3.21: Optical microscope picture of diamond substrate after cleaning and plasma treatment 

2. Drop-casting: The 6-CGNR-I and 6-CGNR-II molecules (shown in Fig. 3.22, synthesized 

by the team of K. Müllen & A. Narita, Max Planck Institute for Polymer Research, Mainz, 

Germany) were dissolved in TCB (1,2,4-trichlorobenzene). The solutions of the molecules 

were deposited onto two diamond substrates surfaces by drop-casting (resulting surface shown 

in Fig. 3.23). These were dried overnight, followed by dipping in acetone for 10 seconds and 

dipping in isopropanol for 3 seconds (resulting surface shown in Fig. 3.24). 
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Fig. 3.22: Chemical structures of 6-CGNR-I and 6-CGNR-II.148 

 

 

 

Fig. 3.23: Optical microscope picture of diamond substrate after drop-casting with a solution of 

6-CGNR-I.  
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Fig. 3.24: Optical microscope pictures of diamond after dipping in acetone for 10 seconds and 

dipping in isopropanol for 3 seconds respectively. 

3. Optical lithography: The diamond substrates were afterwards spin-coated with a negative 

photoresist (AZ5214E) and baked at 110 ℃ for 1 min. The samples were exposed to UV light 

through a chromium lithographic mask in a 200 W mask aligner for 2 seconds (The mask 

aligner we used is a commercial product from SÜSS MicroTec). After the first exposure, the 

samples were baked in air at 120 ℃ for 2 min. Subsequently, the samples were exposed to UV 

light through a chromium lithographic mask in the mask aligner for 30 seconds. The unexposed 

parts of the resist were removed in a developing bath (AZ 400K Developer). We immersed the 

substrate into a standard developer solution, i.e. AZ 400K, 1 : 4 diluted, for 35 seconds. A part 

of the substrate’s resist is removed, another part (that was exposed to a high temperature) 

remained (shown in Fig. 3.25). The photolithographic mask contains the pattern for electrodes 

of four different types. All of the patterns were square shaped but with different distances 

between them. The used distances were 2µm, 4µm, 6µm, and 8µm.  
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Fig. 3.25: Optical microscope picture after development. 

4.Metallization and lift-off: A 10 nm titanium and 50 nm thick gold layer were deposited by 

means of electron beam evaporation (the evaporator we used is a commercial product from 

LEYBOLD AG). To remove the gold parts except for the electrodes, we have to lift-off the 

metal where it has photoresist underneath. To remove the photoresist, the sample was dipped 

into acetone and washed by an acetone flow with a strong flux with a plastic pipette for several 

minutes. The optical microscope was used to observe the electrodes after lift-off. After 

successful lift-off, the samples were cleaned again with acetone, rinsed with isopropyl alcohol 

as well as water and dried with nitrogen (result shown in Fig. 3.26).  

 

Fig. 3.26: Optical microscope pictures of electrode pattern at different scales. 

5. Electrical characterization of the devices: The electrical measurement was carried out in 

air by using a probe station. (shown in Fig. 3.27) 
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Fig. 3.27: Electrical measurement of the GNR device on a probe station. 
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3.3.3 Results and discussion 

Growth of GNRs was previously reported via a chemical process.148 6-CGNR-I and 6-CGNR-

II are exactly 7 carbon atoms across (n = 7, w =17.7 Å) and have an estimated length of 

approximately 100 nm. Devices with patterned source drain gaps without any GNR did not 

show any conductance. Several devices with smaller gaps, such as 2 µm, exhibit 

semiconducting transport behavior with currents ranging from tens of nA to tens of µA at 1 V 

source drain bias. Because the ribbon orientation and position is random, the actual channel 

length and number of ribbons in each individual device is uncertain. For a gap distance is 2 µm, 

we estimate that in each device there are 0 to 20 GNRs long enough to potentially contact both 

the source and drain. Device yield is expected to increase significantly by further reducing the 

source-drain gap and/or increasing ribbon length during synthesis. Fig. 3.28 presents the 

electrical characterization of typical GNR devices measured in ambient conditions. Because of 

adsorbed oxygen, water, and residual resist resulting from optical lithography, such transistors 

exhibit large conductance variations. Due to the presence of a Schottky barrier at the metal-

GNR interface, we used Ti/Au as the metal contact instead of Au. Nevertheless, the transport 

properties are still highly influenced by the Schottky junction contacts. 6-CGNR-I and 6-

CGNR-II with different bandgaps148 are supposed to show different transport characteristics. 

However according to the measurements presented in Fig. 3.28, the transport behavior of 6-

CGNR-I and 6-CGNR-II are almost the same under the same conditions.Fig. 3.28 presents a 

transport characterization of typical devices made by 6-CGNR-I and 6-CGNR-II at 1 V, with 

2 µm source-drain gap. The contact resistance between the GNRs and the Ti is depending on 

the GNR length and alignment. Despite this, we still see a large current, clearly demonstrating 

semiconducting transport in the GNRs. The observed device behavior is typical for a 

shortchannel Schottky barrier device.  
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Fig. 3.28: (a) and (b) are showing the electrical characterization of typical devices based on 6-

CGNR-I (a) and 6-CGNR-II (b) at 1 V source drain with a 2 µm distance of source and drain. 

Fig. 3.29 presents the electrical characterization of typical devices made by 6-CGNR-II 

measured in ambient conditions with a variable source drain gaps, which are 2,4,6,8 µm 

respectively. As seen by the currents at different source-drain gap lengths shown in Fig. 3.29, 

the transport properties of the devices are obviously independent of the gaps lengths (within 

the range of 2 µm to 8 µm). With the gap distance increasing, the current changes without 

following a trend. The main reason causing this could be the strategy of drop-casting employed 

in the fabrication process of the devices. Drop-casting a solution of GNR molecules on the 

diamond surface results in a very inhomogeneous distribution of molecules regarding the 

number of nanoribbons, their position as well as the orientation between the source and drain 

at different gap lengths. Thus, the transport properties shown in the measurements are nearly 

independent of the gap distances between the source and drain electrode.    
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Fig. 3.29: (a) ,(b), (c) and (d) are showing electrical characterization of typical devices based on 

6-CGNR-II at 1 V source drain bias with a 2,4,6,8 µm source-drain gap respectively. 
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3.3.4 Summary and conclusion 

The measurements shown previously indicate that the electronic properties of GNR devices are 

more significantly influenced by their environment such as adsorbed oxygen, water, and 

residual contamination resulting from optical lithography as well as the Schottky junction 

contacts as by the chemical structure of GNR with different edge modifications. The electronic 

behavior might be influenced by the local environment as well as edge modifications. In our 

study, the source-drain gaps seemed not to influence the electronic behavior of the GNR 

devices. Also, the exposure to air as well as the temperature could affect the results of the 

experiment.  

By using drop casting, we could fabricate devices contacting chemically synthesized GNRs. 

With a probe station, the electronic transport of 6-CGNR-I and 6-CGNR-II devices have been 

investigated, which show a typical semiconducting transport behavior. 
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4. Conclusions  
 

A systematic investigation of the self-assembly and polymerization of N-doped atomically-

precise and homogenous graphene nanoribbons (NR10) synthesized in solution on close-

packed atomically flat Ag(111) surfaces was presented in chapter 3.1 of this thesis. The 

deposition is accomplished by homebuilt ES-CIBD. The self-assembly and chemical reactions 

were resolved by means of STM. To investigate intermolecular interactions, the self-assembly 

at different coverages of NR10 molecules deposited onto an Ag(111) substrate held at RT was 

studied. On Ag(111), different self-assemblies were observed at different coverages. In order 

to study the chemical reactivity of NR10 on Ag(111) upon annealing, heating experiments at 

different temperatures were performed. After each annealing step, the sample was cooled back 

down for STM measurements. The Ag(111) surface was annealed to 423 K, 443 K, 483 K, 503 

K, 523 K respectively. NR10 molecules heated to 423 K showed the same arrangement as after 

RT deposition. With the annealing temperatures going up, the self-assembly started to change. 

At the same time, cleavage of terminal groups and TIBS covegroups occurred. Subsequent 

annealing to 503 K leaves the molecules without any TIBS groups on the surface. To produce 

longer polymer chain instead of oligomers obtained at 523 K, we continued the annealing 

process. At annealing temperatures of 543 K, 563 K, 573 K and 583 K, individual 1D polymer 

chains could be observed. The distribution of different products of thermally induced reactions 

as a function of temperature was analyzed. To unravel the bond type of the polymer chain, we 

did a statistical analysis of the distances between two nearest bright protrusions within one 

monomer and of the distances between two nearest bright protrusions between two molecules 

in the polymer chain. The average distances between two nearest bright protrusions amount to 

1.19 nm and 0.84 nm, respectively. 8 tentative models including metal-organic nodes were 

proposed for the connection nodes in the polymer chains. By comparing the distances between 

two nearest bright protrusions between the monomers within the polymer chains to the 

corresponding values of the proposed models, the nodes with 1or 2 Ag within the polymer 

chain are found to be the best fitting ones, no matter whether they are assumed to be covalent 
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bonds or coordination bonds. By careful inspection of the metal-organic nodes of the chain, the 

proposed models could be verified further. The next step of this project is to explore the 

chemical behavior on the metal surface of similar GNRs with larger length (NR20, NR30). As 

mentioned in chapter 3.3, the fabrication of GNRs devices can be considered as a preliminary 

step towards the fabrication of micro-devices based on NR10. It might be worthwhile to 

investigate the GNRs chain’s polymerization on a substrate like diamond, which was used to 

fabricate micro-device based on 6-CGNR-I and 6-CGNR-II. After the polymerization on 

diamond in UHV, we could use the same approach as described in chapter 3.3 to fabricate GNR 

chain devices and characterize the electronic property as well as other physical properties. The 

work in chapter 3.3 relates well to the study of NR10 in chapter 3.1 and stimulates a 

continuation of the investigation. 

Moreover, systematic study of the self-assembly PcZn(OH)8 molecules as well as their 

coordination with Fe adatoms on a closed packed coinage metal surface was presented in 

chapter 3.2. STM provides the atomic resolution topology of the architecture. Upon deposition 

using ES-CIBD on a Ag(111) substrate which was held at RT, PcZn(OH)8 molecules formed 

a close-packed molecular monolayer exhibiting a well-ordered molecular structure. In order to 

investigate the coordination between the metal atoms and the organic molecules, we dosed Fe 

after the deposition of molecules on the metallic surface. According to the results obtained 

from the STM images, the dosing of Fe has little influence on the interaction of molecules 

when the sample was held at RT. After annealing, the self-assembly changed and the 

coordination with Fe atoms was observed. When the sample was heated to 373 K, the “cross” 

structure starts to occur, which is tentatively assigned to molecules coordinating with Fe atoms. 

Upon annealing the sample to 423 K, a better ordered network could be observed. To promote 

more metal coordination within the structure, the sample was annealed to 448 K for 10 min. 

The Fe coordination of the molecules could be identified now by pairs of small round 

protrusions appearing in between molecular ligands in the STM images. These pairs can be 

tentatively assigned to dimers of Fe atoms. After heating to 473 K, the Fe coordination is more 

complete and Fe adatom dimers were considered as dominant network nodes. The next step of 

the work is to increase the coverage in order to create a second layer of molecules. Thus, a 

stack of 2D coordination networks might be built and studied.
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