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Chapter 1

Introduction

In this chapter, we give a short overview of electron transport across a molecular

junction. The concept of photochromism is illustrated to briefly introduce the

molecules of interest in the following section. Tailoring the electronic structure of

graphene is shortly introduced. In the end, we motivate our research goals and

give an outline of the thesis.

1.1 Molecular electronics: An overview

Faster information processing based on silicon technology has been a major con-

cern when the size of electronic circuitry becomes more compact and smaller.

Consequently, this could lead to a situation that the further miniaturization cre-

ates significant problems in the upcoming decade. It was Gordon E. Moore in 1965

who made his famous prophecy that the number of transistors is going to increase

exponentially in time.[1] However, it remains unknown when exactly the end of

Moore’s law will be reached. It might lead to serious problems for future electronic

industry where the possibility of downscaling in silicon circuitry meets its limits.

Apart from that, numerous researchers have entered a journey to overcome this

staggering issue by introducing electronic devices based on single molecules com-

monly known as ”molecular electronics”. The history was initiated by a seminal

paper of Aviram and Ratner which proposed a single molecule rectifier.[2] Since

the size of single molecules is in the order of nanometers, it boosted the expecta-

tion to solve the problem of Moore’s prediction. In addition, the decrease in size

1
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is expected to bring more benefits in terms of production cost, power consump-

tion and operational speed.[3] Further development has been devoted to use an

ensemble of molecules instead of single molecules. The principle of self-assembled

monolayers (SAMs)[4–7] has resulted in a major contribution in these fields. One

of the advantages is that not only low production costs can be obtained, but

also molecules can bind themselves at certain surfaces or electrodes with a high

binding force. The first attempt toward electrical measurement of SAMs were

achieved as early as 1971 by Mann and Kuhn[8]. A monolayer of fatty acid salts,

(CH3(CH2)n−2COO)2Cd with different chain lengths (where n = 18-22) show that

the current is exponentially decreasing with increasing molecular length (the hy-

drocarbon chain acts as the insulating barrier). These findings clearly demon-

strated the nature of tunneling current behavior across SAMs. Further discussion

on SAMs will be given in the next chapter.

To characterize self-assembled monolayers (SAMs), well-developed experimen-

tal methods have been introduced recently.[9] Individual molecules are embedded

in a metal-molecule-metal junction such that we can measure the charge transport

properties across SAMs at the nanoscale. Moreover, several physical features can

be found in this junction such as Coulomb blockade[10], rectification effects[11],

molecular wires[12], intramolecular light-induced conformation[13] and intramolec-

ular interference effects[14]. These interesting findings represent benchmarks in the

recent development of molecular electronics for the future to come. In conclusion,

molecular electronics covers multidisciplinary knowledge of physics, chemistry and

biology to reveal the charge transport phenomena in single molecule devices.

1.2 Electron transport of single molecular junc-

tions

Individual molecules as building blocks for electronic nanodevices have been in-

vestigated extensively.[3, 9, 15, 16] To measure the electronic transport across

an organic monolayer, a simple test device is needed. The generic approaches

in a metal-molecule-metal junction span from a single molecule device to many

molecules-based devices. In this thesis, we will focus on the former one where single

molecule experiments are mainly dealt with the study of charge transport through

molecules from one electrode to another. Several examples of single molecule

testbeds have been described elsewhere.[9, 16] These methods vary from scanning

tunneling microscopy[17] (STM) to large area molecular junctions[18] which probe

single molecule or many molecules in a device, respectively.
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In our studies, we are interested to investigate the optoelectronic properties

of organic molecules which are governed by their frontier orbitals: the highest

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital

(LUMO). These relevant orbitals are mainly involved in determining the charge

transport properties of organic molecules in molecular junctions. Therefore, it

is of importance to understand the effects of the alignment of molecular orbitals

on a solid surface such as gold as a step forward to the realization of switchable

molecular devices.

We briefly review here a technique which is closely related to our interest, scan-

ning tunneling microscopy as presented in figure 1.1. STM has more advantages

compared to other testbeds. This technique provides not only the topography

of the sample, but also the simultaneous access to the local electronic properties

on an atomic level. The metallic tip of STM can be used to locate and measure

atoms or molecules with high precision at nanometer scales. In order to measure

a single or a few molecules, a small applied electrical current is necessary in order

to avoid the damage to the adlayer molecule during imaging. It is accommodated

with a regulation loop that is driven by the piezoelectric tube, which retracts or

approaches the surface according to the applied tunneling parameters. Further

description of the theory and the working principle of STM can be found in the

following chapter.

Figure 1.1: A representation of a two-terminal measurement using STM. The
tunneling current between the STM tip and metallic electrode is recorded to
measure the conducting properties of single molecule. Yellow, grey, and white
balls represent the sulfur, carbon, and hydrogen atom, respectively.

In order to make a robust single molecular junction by using STM, the metal-

lic tip can be used to act as the top electrode and the conducting substrate can

act as a bottom electrode. The former electrode, can probe the molecule position

laterally (x and y) or vertically (z) via the feedback mechanism. Thus, molec-

ular contact is possible by adjusting the tip position on top of the molecule (as
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illustrated by the black arrow in fig.1.1). This technique has opened great op-

portunities to measure electrical currents across a molecule. In this context, it is

worthwhile to mention that the ”tunneling effect” is an example of quantum me-

chanics which contributed significantly to the STM development. To understand

this further, we shall start by considering the role of the interface of the contact

between the molecules and the electrode. If we consider the above STM configura-

tion, in most cases a strong covalent bond occurs between the molecule of interest

and bottom electrode, whereas the upper part comprises of a weak physisorbed

contact between the topmost part of the molecule and the metallic tip. The total

difference in conductivity between a chemisorbed contact and a physisorbed con-

tact is considered to change by a few orders of magnitude depending on the type of

junction.[19–21] In this construction, we can describe the conductance across the

molecular junction (assuming that the transport is ballistic-coherent tunneling)

based on the Landauer formula[22–24]:

G =
2e2

h
× Tt × Tmol × Td (1.1)

Where e is the elementary charge, h is Planck’s constant and Tt, Td and

Tmol are the transmission coefficients of the top contact, bottom contact and the

molecule, respectively. It can be seen from the above equation, that the total

conductance is heavily influenced by the transmission coefficient of the contacts.

The strong coupling of the bottom electrode and the binding site of the molecule

will limit the lifetime of an electron (t) in a molecule and the molecular energy

level broadens.[25] If we recall the Heisenberg uncertainty principle (∆E∆t ≥ ~/2),

then the first term in this approximation become important and therefore we can

assign it to the level of molecular broadening, Γ. The magnitude of broadening

itself has been given by a Lorentzian function:

T (E) =
ΓtΓd

Γ2/4 + (E − ε)2
(1.2)

Where, Γ = Γt + Γd. Γt and Γd can be ascribed as the molecular broadening of

the top and down electrode, respectively. ε can be ascribed as an exact position of

either HOMO or LUMO level (depend on the coupling strength between molecule

and electrode). Each term is governed by the overlap between the electron wave-

functions of the molecule and (the top and bottom) electrodes, respectively. To

quantify this formulation in possible physical parameters, the extended Landauer

formula is introduced:
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A B
λ1

λ2

Figure 1.2: A representation of reversible switching of a the photochromic
compound directed by two distinguished wavelengths of light. Thermodynami-
cally reversible state A is transformed by irradiation into state B using light
(λ1) or vice versa. Each photo-conversion state can be distinguished with dif-
ferent physical properties (i.e. color, hydrophobicity or redox chemistry).

I =
2e

h

∫
T (E)[ft(E)− fd(E)]dE (1.3)

Where, ft(E) and fd(E) are the Fermi functions of the top and bottom elec-

trode, respectively.

1.3 Photochromism

”Photochromism” can be described as a light-induced reversible change of the color

of a material. In a more complete description, it can be described as a two-way

transformation of a chemical species induced in one or both directions by absorp-

tion of electromagnetic radiation between two forms, A and B, having different

absorption spectra.[26–30] To illustrate, figure 1.2 shows the two distinguishable

states that can exist and can be selectively addressed using two different wave-

lengths. One example of photochromism has already been found by Fritzsche[31]

in 1867, when he discovered that tetracene changes color into orange in daylight

and recoveres its original color in the dark. Phipson[32] also reported a similar

finding in 1881 that due to the presence of zinc pigment, a painted gate changes

its color from black to white during daylight. In 1950, Hirshberg[33] proposed the

term of ”photochromism” [taken from the Greek words: phos (light) and chroma

(color)]. An important application of photochromism is found in photochemical

molecular switches.[34, 35] It has been shown that organic switching molecules

exhibit promising opportunities in the realization of molecular electronic[36] and

memory devices[37, 38] with their addressability, reversibility and short response

time properties.

Various types of organic switching molecules have been explored.[35, 39–43]

There are four most promising classes of photochromic switches: azobenzenes[39,
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N N

N N
hω1

hω2 or heat

Figure 1.3: The reversible structural change of azobenzene upon light irradia-
tion from cis (right) to trans (left). Significant changes in terms of molecular
length and apparent height were observed in STM studies.[47, 48].

40], overcrowded alkenes[41], spiropyrans[42] and diarylethenes.[34, 35, 41, 43] In

the following paragraph, we will shortly describe azobenzenes as the first studied

photochromic switching molecules.

Cis and trans isomers of azobenzene have a different spatial geometry of the

aromatic constituents (illustrated in figure 1.3). As a result, each isomer shows

a large change in the molecular length and dipole properties. In addition, an

induced switching of phase variation in bulk state has been observed that extends

from liquid crystalline to supramolecular structure.[44] In addition, the molecular

motion of azobenzene where the rotation or inversion around the the azo bond with

concerted twisting of the phenyl rings at the angle of 90◦ (relative to the C-N=N-C

plane) in the final cis state is demonstrated.[45, 46] However, this photoswitching

molecule suffers a problem where the cis is thermally unstable and often switches

to its trans isomer at room temperature.

Our primary interest in this study is the class of diarylethene switches. The

structure of the molecule consists of conjugated parts (usually heteroarenes) that

are connected by a cis alkene unit.[20, 21] The advantage of diarylethenes com-

pared to other photochromic switches is that they have shown excellent thermal

stability and a high fatigue resistance. Two major isomers, which are closed form

and an open form of the molecule, are presented in figure 1.4 below.

The π-conjugation encompasses the whole molecular backbone in the closed

form whereas it is only confined to each half of the molecule in its open form. It

has been realized that the long conjugated molecular chain exhibits good conduc-

tivity with π bonding for the carrier transport.[51] Furthermore, a good electrical

conductivity of the closed form is expected to arise that can be controlled by a

distinctive photon energy. The photochemical conversion from the closed to open

form occurs at wavelengths 500 nm <λ< 700 nm, whereas the reverse process can

be achieved by irradiation at 300 nm <λ< 400 nm. Optically controlled switching
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behavior is one of the benchmarks of molecular electronics to achieve single (or

few) switching-based molecular devices.

A photochromic reaction is mainly described by the rearrangement of chemical

bonds within the molecule. The repetition of switching events of two distinguish-

able state gives an indication of the robustness of the photochromic molecule. In

other words, the more successful cycles are achieved, the better chance to ob-

tain a robust diarylethenes. Eventually, one would like to use diarylethene as a

high performance optical switching device with high fatigue resistance properties.

However, we should also take into account that undesired side reactions might

occur upon light irradiation. This side reaction might limit the number of cycles

of photochromic behavior. Moreover, it has been discovered by Branda et.al [49]

and Irie et.al [35] that perhydro and perfluoro switches can suffer decomposition

after long irradiation times.

In this thesis, we emphasize the role of the ”symmetric versus asymmetric”

nature of the molecular structure of diarylethenes in terms of their photoswitching

X x X x

OPEN CLOSED

UV

VIS

Figure 1.4: General overview of diarylethene switching molecules. X can be
heteroatoms such as sulfur, whereas the dashed line at the upper part can open
possibilities to functionalize this molecule with donor or acceptor groups.

S S S

S

Vs

1S-DE As-DE

Figure 1.5: Comparative structure of symmetric (left) and asymmetric (right)
diarylethene used in this study.
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Figure 1.6: Chemical structure of diarylethene in this study. (a)S-
(3-(5-methyl-4-(2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-en-1-
yl)thiophen-2-yl)phenyl) ethanethioate (abbreviated as 1S-DE). (b) S-3-
(5-(3,3,4,4,5,5-Hexafluoro-2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-
enyl)-4-methylthiophen-2-yl)phenyl ethanethioate (abbreviated as F-AsDE).
(c) S-(3-(4-methyl-5-(2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-en-
1-yl)thiophen-2-yl)phenyl) ethanethioate (abbreviated as H-AsDE). (d)
S,S’-((4,4’-(cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-4,2-diyl))bis(4,1-
phenylene)) diethanethioate (abbreviated as 2S-DE).

behavior that will be described later. A structural comparison between these two

subjects can be found in figure 1.5. A rotation of one of the thiophene rings in the

asymmetric diarylethene (As-DE) structure is expected to modify the conjugation

pathway between the ”open” and ”closed” state. As a result, the delocalized π-

electrons in As-DE are different compared to the symmetric diarylethene (1S-DE).

Furthermore, theoretical calculations using density functional theory (DFT) were

performed on the above photoswitches. As a result, they showed different values in

terms of quantum yield.[52] In particular, asymmetric diarylethene is calculated to

have a higher quantum yield in the ring opening than the symmetric counterpart.

The complete chemical structure studied in this thesis can be found in figure 1.6

above.

1.4 Graphene

In this short introduction, we would like to illustrate how graphene has tremen-

dous impact on various fields of research. Let us start by describing the atomic

configuration of carbon. Carbon atoms possess six electrons that can be arranged

based on the atomic orbitals as 1s2 2s2 2p2. Where the outermost orbital consists
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Figure 1.7: The resonance structure of the π-conjugated structure of benzene
(the small building block of graphene).

of four electrons: one electron resides in the s orbital (spherical sphere) and the

remaining three electrons go to three degenerate dumbbell-shaped p orbitals. One

alternative of mixing the outmost orbitals is to acquire a hybridization of two p

orbitals and one s orbital to become three hybrid sp2 orbitals that form a trigonal

planar structure with bond angle of 120◦. As a consequence, planar sp2 exhibits

delocalized π electrons where each sp2 orbital form sigma bonds with the other

three atoms. We have to keep in mind that the pz orbitals are perpendicular to the

planar plane of the molecule (figure 1.7). Delocalized π electrons have drawn atten-

tion with promising good electrical conductivity properties. For example, earlier

carbon-based materials such as fullerene[53] and carbon nanotubes[54] have been

studied extensively because of their physical properties.

A one atom-thick layer of carbon atoms arranged in a hexagonal lattice (shown

in figure 1.8), known as graphene, has evolved into an outburst in the science

community.[55, 56] Since its first introduction[57] as a material in condensed mat-

ter physics, graphene has found its place as a 2D building material that possesses

many attractive and intriguing physical properties. For instance, the high charge

carrier mobility[57], quantum Hall effects at room temperature[58, 59] and long

range spin relaxation length[60] are important properties that only exist in gra-

phene compared to its predecessor carbon allotropes. The physics of graphene

originates from its electronic properties that accommodate charge carriers to prop-

agate through honeycomb lattices. As a result, electrons behave as massless Dirac

fermions. In order to create single layer graphene, there are several methods that

have been introduced, ranging from mechanical cleavage[33] or more familiar as

the exfoliation technique, sonification[61, 62], epitaxially growth on a thin metallic

surface[63] to graphitization of SiC wafers[64].

Since graphene offers a very large surface area, it attracted the interest of

surface scientist to alter and control graphene electronic properties. Chemical

treatment or physical modifications are two concepts that have brought useful

opportunity to modulate charge carrier concentration within graphene. As a con-

sequence, less conductive graphene derivatives can be fabricated, such as graphene

oxide. Compared to graphite, chemically treated graphene gives more pronounced
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Figure 1.8: A representative graphene layer constructed from single benzene
rings that are covalently bound to each other. The blue and red edges represent
the zigzag and arm chair structure, respectively.

properties, due to the absence of bulk contribution.[65] Schedin and coworkers

are able to show that the detection of individual gas molecule on graphene is

possible. Due to its high sensitivity, graphene serves as a micrometre-size sensor

that changes its local carrier concentration as measured in step-like changes in

resistance.

Another issue towards graphene for high performance nanoelectronic devices

is that one needs to overcome its lack of bandgap around the Fermi level. Valence

and conduction bands of intrisically graphene coincide at the Dirac point, which

results in graphene behaving as a semimetal or being known as a zero bandgap

semiconductor. Several approaches have been pursued to tailor the electronic prop-

erties of graphene such as atomic dopant agents embedded on graphene [66, 67]

or chemical modification of graphene in which the absorbed molecules covalently

bond to the graphene surface.[68, 69] However, these approaches have a drawback.

For instance, the doping is usually difficult to control and often creates defects and

thereby destroys the band structure of graphene. Therefore, a non-covalent modi-

fication of graphene is proposed as an alternative to tailor the electronic properties

of graphene.[70] The expectation is that one can achieve the desired bandgap by re-

ducing the damage to the carbon lattice. The self-assembly of aromatic molecules

can be considered as a good approach because of its planarity and similarity with



Chapter 1. Introduction 11

graphene. Due to the large surface area of graphene layer, the electronic effect

governed by this surface modification could be significant, a simple, but effective

approach to open a bandgap in graphene.

Reversible hydrogenation was employed in order to produce new material

called graphane (2D hydrocarbon with one hydrogen atom attached to every site

of the hexagonal lattice of graphene)[71, 72]. Another spectacular result was ob-

served by Robinson et. al [73], where reduced graphene oxide known as ”graphene

paper” exhibits completely different features compared to normal graphene ox-

ide. In this functionalized graphene, porous, opaque and metallic properties are

obtained. Whereas graphene oxide displays the following physical characteristics:

tough, flexible, transparent and insulating properties.[73]

1.5 STM on graphite

Highly oriented pyrolytic graphite (HOPG) has been widely used as standard cali-

bration for the STM in recent years.[74] Since this material is considered to present

a reasonably flat surface, imaging carbon atoms of HOPG with well-resolved struc-

ture is easily achieved using STM. Graphite itself is naturally found in mineral

with various forms: lump, amorphous and crystalline flakes. The latter form has

an angular spread of less than 1◦ between the single layer graphene sheets and it

has been commercially synthesized for HOPG production.[75] From the structural

point of view, HOPG is composed of carbon layers with hexagonal symmetry as

graphene sheets (as previously shown in fig. 1.8). Due to relatively weak Van der

Waals interactions between graphene layers, HOPG becomes easily cleavable, thus

allowing to separate graphene layers by use of Scotch tape.[76] Freshly cleaved sur-

faces of graphite are composed of very large (typically a few hundreds of nanome-

ters) and atomically flat terraces. The topography of each individual carbon atom

in HOPG has been easily visualized using STM under ambient conditions. An

arrangement of hexagonal structures separated with 0.14 nm in distance between

carbon atoms marked the graphene lattice. An interplanar distance with a value

of 0.33 nm between planes is usually found as depicted in figure 1.9.

In a 2D HOPG structure, two graphene sheets stacked with typical two in-

equivalent carbon atoms (defined as A and B in fig 1.9a) can always be resolved

using STM. A-site carbon atom coincides with those in the underneath layers,

whereas B-site does not correspond to the other carbon atom in the underneath

layer. Multi-stacking of these alternating graphene sheets lead to the well-known

Bernal (ABAB) configuration.[77] The major difference between the HOPG and

graphene surface is that the STM image of HOPG shows a triangular structure
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A
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0.246 nm

0.142 nm

(a) (b)
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Figure 1.9: HOPG at glance. (a) The well-known 2D structure of graphite.
The first layer is drawn with dashed line, whereas the second layer in solid line.
(b) A high resolution of constant current STM image of HOPG. A well-resolved
triangular structure was clearly obtained (scale 6 nm x 6 nm). (c) Cross section
analysis was taken from the white line in the STM image of fig. (b) resembling
a carbon lattice periodicity of 0.243 nm.

constructed from three carbon atoms in A-site as depicted in fig 1.9b. The overlap

of pz orbitals in the A site causes dispersion in the HOPG energy bands; hence, the

density of the state at Fermi energy is quite small in this particular site. In other

words, the electronic contribution of carbon atoms in A-site is far less dominant

than that of to the B-site to the visualization of the STM image.[78] Consequently,

in most scanning conditions, the B-site carbon is most likely to be brighter and

more visible in STM as depicted in fig. 1.9c. This phenomenon emphasizes that

the interplay of geometry and electronic structure in the STM imaging of a surface

material cannot be ruled out in the interpretation of the topography image.

1.6 Motivation

The focus of present work, which is describes in this thesis, is the extensive in-

vestigation of diarylethenes switches on a gold surface using Scanning Tunneling
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Microscopy and Spectroscopy (STM and STS). The main experiments are primar-

ily devoted to the usage of STM and STS for mapping the surface topography and

measuring the local electronic properties of the organic molecule, respectively. Our

main motivation lies in the fact that no extensive investigation has been reported

to describe the charge transport properties of diarylethenes molecules. There are

two main questions which will be addressed: (i) What is the electronic structure of

such systems? and (ii) Where are the molecular orbitals of the switches once they

are covalently bound on gold surface versus in solution? It has been commonly

known that STS offers advantages compared to other spectroscopic (such as optical

absorbance, luminescence and excitation) techniques.[79–82] Optical spectroscopy

cannot separately distinguish the transition between the electron and hole energy

levels. On the other hand, STS is able to measure the electronic properties of or-

ganic molecule in terms of the local of density of the state (LDOS) and moreover

in the absence of selection rules.[83]

In the second part of the thesis, we have studied systematic ways to open an

electronic band gap of graphene using two approaches: chemical modification and

non-covalent interaction with large organic molecules. We are interested to alter

the ”zero semiconductor gap” graphene into a tunable band gap material which

can be important for electronic applications. Our further interest is to elaborate

a fruitful strategy of band gap engineering of graphene on a metallic substrate.

In this case we primaly focused on graphene-grown on nickel surfaces. Owing

to the small lattice mismatch between graphene and nickel lattices, this material

can be very beneficial for elaborating an extensive studies of surface modification

on graphene. Functionalized graphene offers a chance and promise towards con-

trolling graphene electronic properties. Therefore, we turn our attention to the

self-organization of molecular adsorbates on graphene surfaces.

1.7 Outline

The research projects described in this thesis are organized into seven separate

chapters as follows:

The thesis starts with Chapter 2 that contains a description of the experi-

mental details and theoretical concepts of STM. The basic principle of STM is

described along with a short description of its setup. Then, the concept of self-

assembly of monolayers is introduced. In the final part, a brief description of the

molecules of interests is given and the related solid surfaces are reviewed.
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Chapter 3 deals with the extensive work on the molecular switching behavior

on solid surfaces. In particular, we resume the work on the optically-induced

light switching of symmetric diarylethenes that was carried out by Katsonis and

coworkers.[84] Our primary focus in this study is to investigate the charge transport

properties of molecular switches at low temperature. Based on the STS method, we

experimentally measure each of the frontier molecular energy levels and moreover

determine their electronic band gap at a single molecule level.

The reversible switching behavior of the new type of molecular switches, the so

called asymmetric diarylethenes is described in Chapter 4. The switching molecule

is locally functionalized such that the electronic properties are expected to be dif-

ferent than its precursor. We use a standard method where the switching molecules

are inserted in an insulating alkylthiol matrix.[85–87] The general finding is that

the local conductivity of the switches modulates based on the irradiation of two

different wavelengths. In addition, the charge transport properties are also studied

at low temperature for the first time.

Chapter 5 involves the comparison of charge transport properties of three dif-

ferent diarylethene molecules. In addition, we introduce two types of asymmetric

diarylethenes to evaluate any trendline in the HOMO-LUMO gap. In order to

acquire a comparable result, STS experiments were carried out at two different

base temperatures: 4.8 K and 77.8 K.

Chapter 6 focuses on the investigation of the spectroscopic contrast mecha-

nism in the disulfur-diarylethenes switches, which are confined in octanethiol (C8)

monolayers. The phase transformation of C8 structures can be realized under

two distinguished bias voltages. In addition, the bias dependent imaging of the

corresponding molecules is discussed in detail.

In Chapter 7, the first demonstration of a reversible band gap of graphene is

explored at room temperature. The electronic band gap conversion can be achieved

from gapless to 0.4 eV or vice versa. Each transition addresses via physical mod-

ification using reactive ion etching and mild heating, respectively. Topographic

and statistical STS at ambient condition were used to illustrate the robustness of

altering the graphene electronic properties.

In the final chapter 8, the modification of the electronic properties of graphene

via adsorption of tetraphenylporphine iron (III) chloride and zinc porphine com-

plex are studied. Weak π-π interaction is the binding force which binds porphyrins

onto chemical vapor deposition (CVD)-grown graphene on nickel polycrystalline

metal surfaces. We address this observation based on the surface phenomeno-

logical approach using ambient STM. As previously described in Chapter 7, we

have found that the physical modification is able to alter the electronic properties
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of graphene. In this work, we investigate the role of adsorption of large organic

molecules on graphene in terms of structure and electronic information. Thus, the

band gap of graphene in these hybrid systems is measured by means of statistical

STS measurements which were performed at room temperature.
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Chapter 2

Experimental parts

The experimental methods described in this chapter are devoted to scanning tun-

neling microscopy (STM). In the first part, a brief introduction of the operation

principle of STM is presented. All experiments in this thesis were performed us-

ing two different STM setups; an ultrahigh vacuum (UHV) chamber with a base

pressure below 1 × 10−10 mbar and room temperature-STM with a working en-

vironment in ambient conditions. The UHV-STM is dedicated to perform local

electronic properties measurements of an adlayer of organic molecules on the sur-

face. The important technique used in this thesis is STM which has proved to be

an indispensable tool to probe conducting surfaces (mainly of metals and semicon-

ductors) and adsorbate organic layers with high atomic resolution at the nanoscale.

Since its invention in 1982[1], STM has been used under various conditions(from

ultrahigh vacuum[2] up to high pressures[3] and even liquids[4], and over a wide

range of temperatures (1 K up to 700 K)[4–8].

2.1 The tunneling effect

The ”tunneling effect” has proven to be one of the major contributions in quantum

mechanics applications. Therefore, it is worthwhile to discuss the basic principle

of the tunnelling effect in order to understand the working principle of STM. The

driving force in this effect is the probability of the tunneling electron through a

classically forbidden potential barrier which exponentially decays as a function of

barrier width. For example, in vacuum the tunnelling current is decreased by one

order of magnitude as the barrier width increased by 1 Å. Thus, when the quantum

mechanical wave function shows a certain overlap, the electron can tunnel from

the occupied state of one electrode to the unoccupied state another electrode. The

21
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fundamental relationship can be expressed by a strong dependence between the

distance of tip and surface, z:

I ∼ V e(−2κz) (2.1)

In this approximation, the decay length is κ and z is the tip-sample distance.

For an illustration, the typical separation in STM experiments is around 4-7 Å[9].

This quantum mechanics application of STM is highly regarded to probe a surface

with high sensitivity in both lateral and vertical resolution. Furthermore, this

effect has been extensively exploited for imaging conducting surfaces with atomic

scale precision as illustrated in fig. 2.1.

(a) (b)

Figure 2.1: (a) An atomically size metallic tip is approaching with close prox-
imity to the (conducting or semiconducting) sample surface. The electrons tun-
nel across the tunnelling junction from the sample surface to the tip or vice
versa (depend on polarity) by applying bias voltage (Vb). A commercial Pt/Ir
tip is raster-scanned across the surface and modulated using a regulation loop
controlled by the piezo-electric tube. As a result, the atomic corrugation of the
surface gives rise to variations in the tunneling current with distance z between
the sample and the tip. (b) Exponential decay of the tunnelling of an electron
as a function of a distance.[11]

In principle the entire STM operates based on a computerized scheme governed

by the three important scanning parameters: bias voltage (Vb), tunnelling current

(It) and scanning rate via an interface. There are two operating mode in STM. In

the constant-current mode, the tunnelling current is evaluated and compared to

a setpoint current using a feedback circuitry. Thus, it sends a correction voltage

to the scanner tubes and consequently adjusts the z position of the tip in order

to maintain the It value constant. Then, the correction signal is recorded together

with the x-y position of the metallic tip while rastering the sample surface, and

hence the STM image is collected. In the constant-height mode, the Z-position

of the tip is kept constant and the tunnelling current is recorded while the tip

is scanning the sample surface. The sample requirement to use this mode is very
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obvious: The surface has to be flat in order to avoid tip crushing on a rough sample.

The physical appearance of the PicoLE ambient STM setup used in this study is

presented in figure 2.2. A 4 µm x 4 µm piezoscanner loop was used to regulate

the feedback mounted on a fixed housing. To ensure the mechanical rigidity of the

whole STM setup, the piezoscanner is placed on a four spring construction design.

In order to prevent any acoustic noise from the environment, the entire setup is

embedded into a sealed protective box (as shown in fig. 2.2a). In our ambient

STM setup, the tip is held at ground and the bias voltage is applied to the sample.

A negative bias can be associated with the electrons flowing from a filled state of

the sample to empty states in the tip. In the reverse situation a positive bias is

applied. Thus, negative bias implies that the HOMO levels of the sample is being

probed by the tip, whereas the positive bias corresponds to map out the LUMO

levels of sample.

(a) (b)

Figure 2.2: An overview of STM operated in ambient condition. (a) Complete
overview of the PicoLE STM setup. (b) Piezoelectric tube in a close proximity to
the surface sample as depicted in fig. 2.1a. Inset (Scanning Electron Microscopy
(SEM) image which shows a sharp metallic tip (scale bar 100 µm).

Low temperature STM provides an access to measure the local electronic

properties of atoms or molecules with high spatial resolution. In this work, we

use a low temperature STM from Omicron NanoTechnology[12]. The main part

of the STM is located in a vacuum chamber and it is attached to a standard

helium bath cryostat. The STM scanner has four sections of piezo tube which

allows UHV-STM to be operated at 5 K. Moreover, the piezo sensitivities are 3.6

nm/V in lateral direction (x,y) and 1.2 nm/V in the vertical direction (z)[13]. The

typical base pressure of 10−11 mbar is commonly used to perform the STM and

STS experiments in this thesis. The piezotube can be controlled by a commercial

software program called Scala which is integrated with a Matrix STM control unit

from the Omicron. The preparation chamber is operated with the base pressure

of 10−10 mbar and it is equipped with a load lock chamber that provides a fast
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way of introducing sample and tip from outside environment without damaging

the UHV condition inside the chambers (as indicated in fig. 2.3).

Figure 2.3: A dedicated Ultra-High Vacuum (UHV) Scanning Tunneling Mi-
croscopy. Low temperature experiments were carried out at a temperature of 77
K or 4 K using double cryostat construction.

In order to perform the low temperature experiments in the UHV-STM, the

following systematic procedures were carried out. Initially, the sample or tip is

introduced into the sample reception stage that is mounted on the same stage as

the scanner tube. During cooling down, the whole STM stage is directly contacted

with the cryostat. Once the STM stage is not contacted, then it loosely suspended

on a suspension springs to provide mechanical stability during experiments. The

most important feature in this setup is that the low temperature UHV-STM is

successfully performed where the temperature of tip and sample is kept constant

throughout the experiments. Cu wire in the cooled cryostat is connected to the

sample and tip stages and therefore this component provides a stable condition at

fixed temperature. Thus, a controllable temperature variation of 4.8 K, 78 K or

room temperature can be directly obtained on a daily basis.

2.2 STM tip preparation

In order to achieve a good atomic resolution in STM experiments, an atomically-

sharp tip is needed on a regular basis. There are two common methods to achieve a

reliable conducting tip: mechanical cutting and electrochemical etching. Mechan-

ical cutting needs patience and experience. 0.25 mm diameter of wire is being held

tightly using tweezers and at the other end a wire cutter is used to cut the wire in

a direction perpendicular to the wire length. Frequently, no further ”sharpening”
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step is needed with an assumption that one atom is protruding from the rest of

atoms. When the chemical purity of the tip becomes important, the cutting pro-

cess can be performed while pulling the wire in both directions. The regular choice

of material that is used for STM tips is a mixture of platina and iridium (80:20 in

composition). Platina is considered to be a metal with high resistance to oxidation

and covered by iridum to increase its hardness. The second method involves the

usage of an electrochemical process to ”etch” the tip[14]. The wire used in this

experiment is tungsten (W). Initially, the wire is place in a meniscus of KOH or

NaOH solution[15, 16] which etches away the W atoms when a voltage is applied

to it. A ”waist” is formed at the meniscus as the W atoms are removed gradually.

A thin wire is getting narrower as a function of time and eventually the bottom

part of the wire drops down[17] and an atomically sharp tungsten tip is created.

The advantages of mechanical compared to the electrochemical procedures lies in

its simplicity. Large numbers of sharp tips can be made in a short time. Disad-

vantages comes with its infancy: only practice and experience produces a sharp

tip.

Typically, a mechanically cut Pt/Ir tip (80:20 composition) and an etched

tungsten (W) tip were used for different purposes. The former tip is used in daily

basis to probe the surface sample in ambient STM, whereas the latter is used for

performing Scanning Tunneling Spectroscopy at low temperature in the Omicron

LT-STM. Tungsten tip preparation can be described as follows: a polycrystalline

W wire (diameter 0.3 mm) is held with additional mechanical suspension and

followed by an electrochemical etching in 5M solution of NaOH pellets solved in

de-ionized water for 15-20 mins[18].

2.3 Theory of tunneling

It is well understood that an exact theoretical treatment of the tunneling process

in STM is impossible for several reasons. It requires a detailed description of the

sample and tip states and also their relation with the tunneling gap. This is not

possible for a low symmetry object like the tip where the shape and exact chem-

ical composition are generally not sufficiently known.[9] Moreover, the tip apex

structure can even modify in the course of rastering a sample during STM experi-

ments. In the following models and theories treating this topic at various levels of

approximation are described[9, 10] which provides a foundation for understanding

the results presented in this thesis.

A one-dimensional potential barrier is an elementary model to describe the

quantum mechanical tunneling. If we consider quantum mechanics, an electron
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which possesses the energy E has to move within a potential U (z) can be ascribed

with the following equation:

{
p2

2m
+ U(z)

}
ψ(z) = Eψ(z) (2.2)

Where m is the electron mass. In regions where E >U(z), the electron has

a nonzero momentum p = [2m(E-U )]1/2. On the other hand, the electron can

penetrate for a short distance into any region with E <U(z), namely, a potential

barrier a wavefunction ψ(z) can be assigned to the state of the electron following

the Schrödinger’s equation,

{
− ~2

2m

d2

dz2
+ U(z)

}
ψ(z) = Eψ(z) (2.3)

In the classically allowed region, E >U, Eq. 2.3 has solutions

ψ(z) = ψ(0)e±κz (2.4)

κ =

√
2m(E − U)

~
(2.5)

κ is the wave vector or decay constant. For the electron it is possible to have

a positive or negative direction with a constant momentum p = ~κ, or a constant

velocity v = p/m, as in the classical case. In the classically forbidden region, Eq.

2.3 has solution:

ψ(z) = ψ(0)e−κz (2.6)

In principle, it describes a state of the electron which penetrates across the

tunneling barrier into the +z direction. Thus, the electron has an electron density

probability near a point z which corresponds to |ψ(0)|2e−2κz. This leads to a

nonzero tunneling current value in the barrier region. Consequently, the electron

can pass the tunneling junction.
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2.3.1 Bardeen approximation and topographic imaging in

STM

Here we shortly discuss the Bardeen approximation based on the time-dependent

perturbation approach[19]. Bardeen has shown that from the stationary Schrödinger

equation, the rate of electron transfer from one electrode of a tunneling junction

can be calculated. Thus, the amplitude of electron transfer (namely tunneling ma-

trix element, M) is determined based on the overlap of the surface wavefunctions

of the two subsystems (STM tip and a surface). Thus, the tunneling current can

be given by:

I =
2πe

~
∑
µν

{f(Eµ) [1− f(Eν + eU)]− f(Eν + eU) [1− f(Eµ)]} |Mµν |2δ(Eµ−Eν)

(2.7)

Where f(E) is the Fermi function, U is the applied voltage, Mµν is the tun-

nelling matrix element between wave functions ψµ of the tip and ψν of the sample,

and Eµ is the energy of state ψµ in the absence of tunnelling events. Based on the

limit of small voltages and temperatures, we simplify the above equation into:

I =
2π

~
e2U

∑
µν

|Mµν |2δ(Eν − EF )δ(Eν + EF ) (2.8)

As shown by Bardeen, the tunneling matrix element can be written as:

Mµν =
~2

2m

∫
dS(ψ∗µ∇ψν − ψν∇ψ∗µ) (2.9)

The integral corresponds to the sample surface within the barrier region across

the sample and tip. Further extensive work by Tersoff and Hamman[20] was carried

out on the evaluation of the matrix tunnelling elements with the STM image. They

described that for a locally spherical potential well for the tip with only s-wave

functions[21] the above equation can be solved as:

I ∝
∑
ν

|ψν(~r0)|2δ(Eν − EF ) (2.10)
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With r0 as the location of the tip. By definition, the sum of the local density

of sample electronic states (LDOS), ρs(r0 ,EF ), at the Fermi-energy at the center

of curvature of the tip gives:

ρs(~r0, EF ) ≡
∑
ν

|ψν(~r0)|2δ(Eν − EF ) (2.11)

As a result, the constant current images can be associated to contours of con-

stant density of sample electronic states. This is currently used in the topographic

imaging mode of STM.

2.3.2 Tunneling spectroscopy: A brief description

As we discussed earlier, Bardeen et.al have developed a basic approximation to

start the STM image interpretation. Further, this approximation can also be very

useful to interpret the scanning tunneling spectroscopy (STS) experiments. If we

consider that the tunnelling current is mainly dominated by the bias voltage (eU)

applied between the tip and sample, then we are able to obtain it by summing

over all the relevant states. At finite temperature, the electrons in both electrodes

(tip and sample) follow the Fermi distribution. With a bias voltage eU, the total

tunnelling current is:

I =
4πe

~

∫ ∞
−∞

[f(EF − eU + ε)− f(EF + ε)] ρS(EF − eU + ε)ρT (EF + ε)|M |2dε

(2.12)

Where f(E) = (1+exp[(E -EF )/kBT])−1 is the Fermi distribution function. The

quantities ρT (E ) and ρS(E ) are the density of states (DOS) of tip and sample.

Suppose that kBT is smaller than the energy resolution required in the STM

experiment, then the Fermi distribution function can be calculated via a step

function. In this example, the tunneling current can be obtained:

I =
4πe

~

∫ 0

eU

ρS(EF − eU + ε)ρT (EF + ε)|M |2dε (2.13)

In this case, the magnitude of the tunneling matrix element M does not change

significantly in the interval of interest. Thus, the tunnelling current is obtained

by the convolution of the DOS of tip and sample:
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I ∝
∫ 0

eU

ρS(EF − eU + ε)ρT (EF + ε)dε (2.14)

Based on the symmetry assumption introduced by Bardeen, the DOS of the

tip ρT and the DOS of the sample ρS contribute equally to the tunnelling current,

I. As the tip and the sample are separated apart (fig. 2.4a), their vacuum levels

are considered to be the same (dashed lines) and their respective Fermi energies,

EF , located below the vacuum level by their respective work functions ΦT and

ΦS. The wave functions decay energy dependent into the vacuum, which is shown

in fig. 2.1b for two different states of the tip. Once the tip and sample are in

the tunnelling region, their Fermi levels have to be equal (fig 2.4b). The effective

potential barrier shape is trapezoidal but electrons can tunnel through if the barrier

is sufficiently narrow.

An external voltage is applied to the sample, then, its energy levels will be

shifted downward or upward in energy by the amount of |eU |, depending on the

polarity of the bias voltage. In the first example, electrons can go through from

the occupied states of the tip into unoccupied states of the sample when positively

sample biased is employed (fig. 2.4c). In the opposite polarity, the situation

is reversed, the electrons can tunnel from the occupied states of the sample into

unoccupied states of the tip (fig. 2.4d). Let us consider that the tip has a constant

DOS, then, the following relation can be derived from Eq. 2.14.

dI

dU
∝ ρS(EF − eU) (2.15)

Then, the differential tunnelling conductance dI/dU(U) in this approach can

be associated to a direct representation of the DOS of the sample at the proximity

of the tip at the energy (EF - eU)

2.4 STS of organic molecules

STM investigation of the organic molecules already started back in the late 1980s.

The first organic molecule of interest was the copper phthalocyanine (CuPC) im-

aged by Gimzewski et. al [23]. and Lippel et al. [24] with submolecular resolution.

In addition, further extensive STS studies were done by the group of Mizutani[25]

and Pomerantz[26]. More importantly, Spong et al.[27] described the use of the

STM for distinguishing different functional groups in organic molecules. These
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Figure 2.4: Energy level diagrams for different sample and tip levels. (a) Tip
and sample are not in tunneling distance. (b) Tip and sample in tunneling
distance, but in equilibrium separated by a small vacuum gap. (c) Positive
sample bias: electrons tunnel from the tip to the sample. (d) Negative sample
bias: electrons tunnel from the sample into the tip.[22]

examples deliver a message that STM is a powerful characterization tool to probe

organic molecules on surfaces.

Before we discuss further the STS of organic molecules, let us describes some

aspects that are important in understanding the charge transport properties across

a metal-molecule-metal (MMM) junction.

First, the effect of a molecule on the tunnelling between tip to substrate.

The presence of molecules significantly modifies the energetic profile across the

junction. In other words, this causes the tunnelling characteristics to be different

compared to the vacuum case. The shape of tunnelling barrier and voltage drop

across molecules are the two factors that heavily complicate the tunnelling event

interpretation. For examples, the following energy level diagram presents an ex-

treme case that might occur when a molecule is embedded between two electrodes

as illustrated in figure 2.5.

The second aspect is the role of coupling between molecule and substrate. It

is worth noting that the two regimes can be classified as a weak and a strong cou-

pling. These two coupling are differentiated from the forces that bind the molecule

and substrate. Van der Waal forces are believed to be the most dominated trigger

in a weakly coupling case. In this condition, we need to take into account the
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Figure 2.5: Different voltage drop scheme across the molecule and the effect of
the shape of the tunnelling barrier. A is the vacuum region, and B is the region
inside the molecule. Assume that the same bias voltage is applied in both cases.
(a) The entire voltage is dropped across the vacuum gap. This situation can be
considered as if the molecule resembles metallic behaviour. (b) The potential is
partially dropped across molecule. (c) A molecular energy level is available for
electron tunnelling from one electrode to another (indicated by a red triangle).
As a consequence the shape of the tunnelling barrier can be altered due to this
additional ” conductive channel”.

Coulomb blockade effect that may play a role to the charge transport properties

of MMM junction. The decoherence of electron tunnelling arises since the motion

of electrons from the left electrode to the molecule and vice versa is lost[28, 29].

In the strong coupling regime, the chemical forces such as covalent bonds are con-

sidered to be the driving force for a strong interaction between the electrodes and

molecules. Consequently, the electronic states of the electrodes and the molecu-

lar orbitals of molecules are significantly hybridized. Elastic coherent tunneling

is expected to exist in this coupling regime. For sake of clarity, we also mention

that there is an intermediate coupling regime where related phenomena, such as

electron-electron correlation effects or electron and molecular vibration, influence

the transport properties. The Kondo effect and co-tunneling were observed at

cryogenic temperature.[30, 31]

A third aspect is the Fermi energy level alignment between the metal and

the molecule as illustrated in figure 2.6. If we consider strong coupling such as in

chemisorption of molecule on metal, several scenarios may exists where the Fermi

energy is probably located within the HOMO-LUMO gap or close to the one of

the frontier orbital (LUMO or HOMO) level. If the former case is most likely to

be observed, then the specific location of the Fermi energy is very sensitive to the

amount of charge transfer occurring in the junction. Thus, it is very important to

take into account the role of the alignment of the Fermi level when interpreting

the electron conduction mechanism in MMM junction.
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2.4.1 Datta theorem revisited: an interpretation of STS of

organic molecules

Armed with the three important aspect mentioned above, we further discuss the

underlying physics of the acquired I-V spectrum from STS experiments. Datta

and coworkers[32] have introduced a parameter so called ”voltage division factor”

(η). This term implies how the molecular energy levels of a molecule are affected

under a voltage bias. Let us start the model by illustrating the system with an

arrangement that consists of a molecule coupled to two electrode contacts (labelled

with 1 and 2 in fig. 2.6a). The voltage division parameter gives an intuition how

strong or weak a coupling of one contact with respect to the other is. In the

extreme case, η can vary from 0 to 1 which indicates a stronger contact with

respect the other. In other circumstance, a value of 0.5 marked an equal strength

of coupling between the two contacts. For reference at the equilibrium state, the

chemical potential of both contacts (µ1 and µ2) are equal to the Fermi energy. For

sake of simplicity, we assume that no broadening of the energy level occurs in this

model. The relationship between the Fermi energy and chemical potentials are

formulated in the expression below.

µ1 = EF − ηeV, µ2 = EF + (1− η)eV (2.16)

When a voltage is applied through the contacts, the molecular energy level

is ”shifted” under the influence of the bias voltage. Thus, in the case of η is 0

or 1 the I-V shape arises such that the molecular level is pinned to the first or

second contact, respectively. In other words, no voltage drop is detected across

the molecular junction. In the case of η =0.5, the molecular level is shifted by

half of the applied voltage. The relative position of the outmost molecular en-

ergy levels (HOMO or LUMO) to the Fermi level of contacts determines a large

contribution to the overall tunneling event in metal-molecule-metal junction. To

describe one example of the above situation, let us continue with the situation of η

= 1. It represents the condition where the first contact probes the HOMO-LUMO

level of the molecule-contact at the right side interface. To illustrate this case, a

representative energy level diagram is shown in fig. 2.6b.

Electron transport in the STM geometry cannot be ruled out to explain the

asymmetric effect that is governing the I-V profile from STS experiment. Typi-

cally, a molecule is commonly bound to a metallic substrate via a strong coupling

of a chemical bond. At the other end, a vacuum gap dominates the interaction

between the topmost part of the tip and the outmost part of the molecule. The

latter part is considered to contribute to the asymmetry shape of I-V spectra.
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Figure 2.6: A molecular conduction model with η =0.5.[32] In fig. (a) (Left)
no voltage bias is applied, thus no electron can pass through from both contact
sides. For simplicity, we assume that he HOMO level is closer to the Fermi
energy than the LUMO level. (middle) A positive voltage is applied contact
no 1. Thus, the molecular energy level is shifted by ηeV or half of the applied
voltage. The electron conduction is primarily via the closer HOMO level of
the molecules. (Right) negative bias voltage is applied to Contact 1. The same
situation is also realized in this case since it was assumed that HOMO level is the
closest molecular energy level. (b) The I-V traces which obtained with η =0.5
can be found in two-fold. First, the voltage is dropped across both junctions and
the voltage remains constant within the molecule. Second, the voltage can be
dropped throughout the entire molecule.

Taylor and colleagues[33] emphasized in their theory that the asymmetric charge

transport was dominated by a chemically bound sulfur linker group to the Au(111)

surface. They have indicated that as the tip-sample distance is decreased, conse-

quently the η is decreased. Thus, an increase of electronic coupling to the substrate

creates a greater asymmetric feature within the junction. In the Landauer formal-

ism described in chapter 1, we learn that the symmetric I-V spectra resemble a

symmetrically coupled molecule to metallic electrodes. In other words, one could

assume that the asymmetric spectrum is mostly dominated for the ”STM case”.

In this route, we consider that the STM tip is able to map out the HOMO and

LUMO levels of the molecule without significantly disturbing their energy posi-

tions. Ideally, the local electronic properties measured by STS are to be close to

the true value of HOMO-LUMO gap.
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2.4.2 A quantitative background of the statistical STS ap-

proach

In the interpretation of our data especially the room temperature STS, it is worth-

while to discuss the work of Lörtscher et.al [34] that has profoundly inspired our

STS analysis and it will be described in the following chapters. They are inter-

ested to study the transport properties over a voltage range in which the probing of

the first molecular orbitals (typically 0.5-3.0 V) becomes accessible. A statistical

method to acquire the charge transport properties of a single molecule in terms of

the mechanically controlled break junction (MCBJ) technique is discussed. The

novelty of this method is governed by forming and breaking a molecular junction

in high precision. An extensive data set of 1500 I-V curves of 4,4”-bis(acetylthiol)-

2,2’,5’,2”-tetramethyl- [1,1’;4’,1”] terphenyl (in short TPDT) was carried out at

300 K and the overlapped I-V traces are illustrated in Figure 2.7d.

(d)

Figure 2.7: Schematics of a molecular junction with corresponding I-V curves:
(a) In the open junction, the molecules attached at the other side of the elec-
trode (not at the gap between two gold contacts). (b) On metal-molecule-metal
junction. (c) A closed metal-metal contact, a sharp current was observed. (c)
Typically, 1500 I-V curves were obtained at 300 K for TPDT (see inset for the
molecular structure). (d) Current spectrum extracted at ±0.4 V.

The I-V spectra of each situation in metal-molecule-metal junctions are shown

in fig. 2.7(a-c). Clear features can be ascribed based on different profiles of

geometry scheme involving the connected molecule between one electrode to the

other. Quantitative findings are better illustrated in fig. 2.7d which shows distinct

sets of I-V curves (denoted as S1, S2 and S3). Based on the extraction of I-V

histograms at 0.4 V, it was shown that the current was exponentially decaying

on the distance. Therefore, the mechanism governing the charge transport can be

determined to be tunneling. On the contrary, the S2 and S3 histograms can be

associated with a metal-molecule-metal junction.
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2.5 Self assembly: Beyond bottom up approach

Self-assembly is a process in which components, either separate or linked, spon-

taneously form an ordered aggregate.[38] Self-assembly occurs with components

having sizes from the molecular to the macroscopic, provided that appropriate con-

ditions are met [35]. It is a fundamental strategy in which a structural organization

ranging from ordered molecules to galaxies is formed. This process might occur

spontaneously in nature, for example in cells (such as the self-assembly of the lipid

bilayer membrane) and other biological systems, as well as in human engineered

systems. Self-assembly can be classified either as a static or a dynamic system.

By definition, static self-assembly is created when the ordered state is in equilib-

rium. The latter, dynamic self-assembly, is formed when the ordered state needs

dissipation of energy. The most well-studied subfield of self-assembly is molecular

self-assembly.[36] In molecular self-assembly the preferred structure is ’encoded’

in the shape and properties of the molecules that are used, as compared to tradi-

tional techniques, such as lithography, where the desired final structure must be

carved out from a larger block of matter. Self-assembly is thus referred to as a

’bottom-up’ manufacturing technique, as compared to conventional lithography,

being a ’top-down’ technique.

Molecular self-assembly is the self-organization of molecules which formed

without any external direction or guidance from the outside the system. Basically,

there are two types of self-assembly, intramolecular self-assembly and intermolec-

ular self-assembly. Intramolecular self-assembling molecules are usually found in

complex polymers with the random coil conformation into a well-defined stable

structure (secondary and tertiary structures) such as protein foldings. Intermolec-

ular self-assembly is the ability of molecules to form supramolecular assemblies

(quarternary structures). One of the examples is the formation of a micelle by

surfactant molecules in solution. Constructing 2D molecular self-assembly is an

important tool to design and create electronic devices at the nanometre-scale.

In this thesis, we are interested to construct nanometric scale of monolayers of

molecules from organic molecules so called self-assembled monolayers (SAMs) on

metallic substrates. The field of SAMs has attracted a great interest in the surface

science community due to its versatile applications.[38, 40, 41] There are several

milestone achievements that had been obtained in this interesting subject. In 1946,

Zisman reported the first preparation of a monomolecular layer by adsorption (self-

assembly) of a surfactant onto a clean metal surface.[37] Nuzzo and Allara have

shown that SAMs of alkanethiolates on gold can be prepared by adsorption of

di-n-alkyl disulfides from dilute solutions.[38]
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SAM fabrication steps are relatively simple and robust in order to form or-

dered molecular assemblies on a solid surface (figure 2.8). Typically, SAMs of func-

tionalized long-chain hydrocarbons are most frequently used as building blocks of

supermolecular nanostructures. These simple self-organized objects are technolog-

ically attractive for building superlattices and confining nanostructures. Typically,

a certain covalent linker is attached to the molecular backbone of interest to guide

the self-assembly process on each particular substrate. For instance, S or N atoms

for clean metals and Si or P for hydroxylated surfaces and oxidized surfaces are

some examples of regularly used linkers[39, 40].

In the next section, we will address self-assembled monolayer systems com-

posed of thiol derivatized hydrocarbons [HS(CH2)nX; 8 ≤ n ≤ 16]. Where n is

a multiple integer of number of carbon atoms, and X can be sulfur or other het-

eroatoms. The entire molecular backbone is commonly known as the alkanethiol.

Among SAMs, alkanethiol (and alkanedithiol) monolayers on metals and metallic

nanoparticles (particularly Au and Ag and, to a lesser extent, Cu, Ni, and Pd)[41]

are the most widely studied approaches because of both their promising and cur-

rent applications in several fields of nanotechnology. Not only metal substrate are

applicable, as alkanethiols can also be self-assembled on semiconductor surfaces

such as GaAs[42] and Si oxide[43].

Figure 2.8: Self-assembled monolayers are fabricated by immersing a substrate
(varying from metals to semiconductor surfaces) into a solution of the surface-
active material. The driving force for the spontaneous formation of the 2D
assembly structure is determined by the chemical bond formation of molecules
with the surface and intermolecular interactions.[46] SAMs are formed by atoms
or molecules that constitute the basic units or building blocks of the system.
Molecular backbones can be divided in three different parts: the head (linking
group), the backbone (main chain), and the terminal specific (active) group.
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2.6 Molecules and solid surfaces

Here we present the organic molecules of interests that have been studied in this

thesis. In addition, we also introduce Au(111) thin film preparation which was used

for the preliminary step before depositing the switching molecules. A brief descrip-

tion of the second part of thesis dealing with graphene and porphyrin molecules

will also be given here.

2.6.1 Diarylethenes

The primary molecules in our research belongs to the diarylethene family. As

previously described in chapter 1, we present the third generation of diarylethenes

that are summarized in figure 2.9. The main difference compared to its predeces-

sor molecules is that we introduced a local asymmetric configuration within the

molecular backbone. It is indicated by the rotation of the thiophene ring at one

side with respect to the other as shown in figure 2.9b. For comparison, we also

investigated switching molecules where the fluor atoms are exchanged with hydro-

gen atoms as depicted in figure 2.9c. In addition, we studied dithio-substitued

diarlyethene as shown in figure 2.9d.
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Figure 2.9: The molecular structure of diarylethene family that has been
studied in this Thesis. (a)S-(3-(5-methyl-4-(2-(2-methyl-5-phenylthiophen-
3-yl)cyclopent-1-en-1-yl)thiophen-2-yl)phenyl) ethanethioate (abbreviated as
1S-DE). (b) S-3-(5-(3,3,4,4,5,5-Hexafluoro-2-(2-methyl-5-phenylthiophen-3-
yl)cyclopent-1-enyl)-4-methylthiophen-2-yl)phenyl ethanethioate (abbreviated as
F-AsDE). (c) S-(3-(4-methyl-5-(2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-
1-en-1-yl)thiophen-2-yl)phenyl) ethanethioate (abbreviated as H-AsDE). (d)
S,S’-((4,4’-(cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-4,2-diyl))bis(4,1-
phenylene)) diethanethioate (abbreviated as 2S-DE).
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As discussed in chapter 1, the photoswitching behavior of diarylethenes can

easily be distinguished by their color appearance upon irradiation.[44, 45] Typi-

cally, a colorless feature of diarylethene can be found in the open form. Thus, a

significant change occurs in the physical appearance as we irradiate the ethanolic

solution containing diarylethene from colorless to purple as shown in figure 2.10.

This photo-conversion is purely driven by a different thermodynamically stable

form (let us consider as A) which is transformed by irradiation into another form

(B). More qualitative evidence is presented by means of UV-Vis spectroscopy. The

spectrum of the ”closed” form (red line) in figure 2.10b shows a maximum absorp-

tion at 513 nm. When the sample is irradiated with visible light (λ >420 nm),

this absorption band progressively disappears as a consequence of a ring opening

process. The ”open” form of As-DE (black line) can be subsequently converted

back to the ”on” state when the sample is irradiated with UV light. From the

absorption band around 513 nm of the ”closed” form, we are able to deduce the

HOMO-LUMO (π-π*) optical transition with an energy of 2.42 eV. This charac-

teristic value can be easily obtained in a robust manner. However, we have to keep

in mind that the corresponding energy value holds for many molecules. Thus, it

does not represent intrisically a single molecule feature. Therefore, single molecule

testbeds are extensively studied in order to acquire the accurate electronic gap

value of diarylethene molecule.
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Figure 2.10: Reversible photoconversion of diarylethene in solution. (a) A
semi-transparent color can be easily changed into a deep-purple color using an
UV lamp and vice versa. (b) Typical UV-Vis spectra of each spectrum taken
after respective irradiations.

For a comparison with STM, we shortly describe another method to investigate

the charge transport properties of photoswitching behavior using mechanically

controllable break junction (MCBJ) technique. Diana Dulic and coworkers[47]

have shown that difference conductance profiles were successfully measured by

contacting photochromic molecular switches on two atomically thin gold wires.

The switches consist of a central switching unit, two thiophene rings on both sides
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of the switching unit, and two thiol groups, protected with acetyl groups, at the

ends of the molecule.

(a) (b)

(c) (d)

Figure 2.11: A scheme of a mechanically controllable break junction to study
single molecule electron transport. (a) Using a 3 point bending mechanism, a
stretched tiny gap of gold wire is formed on a flexible substrate. (b) Geometric
condition where direct contact of a diarylethene is realized between two gold
nanowires. Upon respective irradiation, one can convert its conductance profile
from fully conjugated(closed state) to non-conjugated (open state).(c) Typical
IV of the connected molecule in the closed form (d) Typical IV of the molecule
after switching. The red line is a fitting result to the Stratton formula[48].

Briefly, a working principle of MCBJ lies on the formation and breaking of

a tiny nanogap that occurs at the center of the substrate. Since the wire has a

constriction and it is made free hanging, a pushing rod can give a vertical displace-

ment ∆Z below this constriction. Thus, it will lead to bending of the substrate.

As a result of this bending, the wire will be stretched in the lateral direction and a

breaking of the wire near the constriction is realized. After breakage, the distance

between the electrodes, ∆d, varies proportional to the displacement of the pushing

rod. Further details can be found elsewhere[49].

Experimentally, upon irradiation of diarylethene with UV light (λ = 313 nm)

the closed form is formed. In order to avoid the molecule to switch back to the

open form, the entire experiment was performed in the dark condition. Two

approaches has been carried out to check the consistency of the photoswitching

event. First, the junction is broken and the SAM of switches is inserted in the

opened electrode. The second approach was applied in reversed way, where the

solution was initially introduced before breaking the junction.[50] As the nanogap
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is formed, the resistance of the junction exhibits an exponential dependence on

the distance between the electrodes. As the distance becomes smaller and the

resistance reach values of the order of M Ω. This indicates that the Au-molecule-

Au bridge is established.[51] As a conclusion, both approaches have resulted in

similar observations as indicated in figure 2.11(c and d).

2.6.2 Alkanethiols SAMs

In the earlier section, alkanethiol SAMs present huge applications in several fields

of nanotechnology, ranging from electronics and spintronics, to biosensors, bio-

recognition devices and drug delivery [29,32]. The binding force which occurs

between alkanethiol SAMs and metal surfaces is a result of a strong interaction

between sulfur atom and the metallic surface through a covalent bond. In addition,

the Van der Waals forces between neighbouring molecules help to stabilize the

whole structure in order to build a compact structure on the entire solid surface.

In our studies, we used alkanethiols as a confinement matrix to immobilize the

switching molecules. We limit our attention from a short molecule (octanethiol)

to a long molecule (dodecanethiol) to investigate the role of matrix rigidity on the

photoswitching behavior of switching molecules. The complete overview of matrix

molecules is depicted in figure 2.12.

The most well-known method for alkanethiol SAM formation, because of its

accessibility in all laboratories, is certainly solution deposition, which generates

a spontaneous adsorption of the alkanethiol molecules from the liquid phase to a

solid substrate. In particular, the simple immersion of a fresh and clean ultrathin

gold substrate in a solution of alkanethiol molecules (typically in an organic sol-

vent) produces well-ordered SAMs.[52] In these studies, we introduce two different

recipes that are distinguished from each other by the order of immersion. Namely,

normal and reverse recipes are described as follows:

Normal immersion recipe

The normal method was implemented to investigate the photoswitching behavior

of 1S-DE and H-AsDE. 0.5 mM of dodecanethiol was initially prepared (the pre-

cursor used without any further purification from Aldrich). The chemical synthetic

pathway of the 1S-DE is reported elsewhere.[53] 150 nm-thick Au(111) films on

mica and SAMs were prepared by procedures similar to those reported in existing

literature.[54] Then, a freshly prepared Au(111) sample was immediately inserted

into a solution of dodecanethiol for 24 h. The samples were subsequently rinsed

three times with ethanol (Uvasol, Merck). The gold substrate containing the DDT

matrix was subsequently heated at 40◦C for 5 h, rinsed with ethanol and dried
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under a flow of nitrogen. The second step consisted of the immersion of the sam-

ples into a 0.5 mM solution of 1S-DE in ethanol for overnight. In the next day,

a repetitive cleaning procedure described in the previous step was used again to

remove the unattached molecules on gold.

Reverse immersion recipe

This particular method was dedicated in particular to tackle the lack of presence of

H-AsDE and F-AsDE switches in a mixed monolayer of dodecanethiol (described

further in chapter 5). Initially, dodecanethiol was used as received (Aldrich).

The synthesis of both As-DE is reported elsewhere.[55] 150 nm thick Au(111)

films on mica and SAMs were prepared by procedures similar to the ones of the

normal recipe. Freshly prepared Au(111) samples were inserted into a solution of

diarylethene (approximately 0.5 mM) for 2 days. The samples were subsequently

rinsed three times with ethanol (Uvasol, Merck) and dried under a flow of nitrogen

gas. The second step consisted of immersing the samples into a 0.5 mM solution

of DDT in ethanol for overnight. Then, the solution containing gold substrate was

subsequently heated at 40 ◦C for 3 h, rinsed with ethanol and dried under a flow

of nitrogen.

(a) (b)

(c)

Figure 2.12: The chemical structure of alkylthiols groups which were used in
this thesis. Yellow, grey and white balls indicate the sulfur, carbon and hydrogen,
respectively.(a) Octanethiol. (b) Decanethiol. (c) Dodecanethiol.

To illustrate the emphasis of self-assembled monolayers, we briefly illustrate

the regular observation of alkanethiol on gold as shown in figure 2.13. Strong inter-

action between the alkanethiols and the Au(111) substrates leads to the formation

of the commensurate lattice of thiols on Au (1x1) lattice. A regular hexagonal

surface structure is normally observed in STM images using low tunneling current

(vary from 8-15 pA) and high bias voltage (700-900 mV). The lattice periodici-

ties of such arrangement shared the average value between 0.48-0.49 nm. Each

corrugation can be associated with the individual dodecanethiols situated at the

three hollow sites of Au lattices. In the STM image below, the hexagonal lattice

structure is clearly visible in submolecular resolution (typical scan size of 30 nm x

30 nm). In addition, there are several domain boundaries which are clearly formed

and one domain to another is differently oriented.
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(a) (b)

(c)

Figure 2.13: Well-packed ordered dodecanethiol surface structure. Formation
of common features such as an etch pits indicates the SAM formation in figure
(a) take places during immersion process (scan size: 30 x 30 nm2, 15pA;750
mV). In figure (b), the presence of domain boundaries is clearly observed (scan
size 14.2 x 14.2 nm2). An atomic arrangement of alkylthiol molecules and gold
atoms is represented in the ball model (c).

A 2D surface structure model of hexagonal lattices is presented above. It is as-

sumed that in this particular structure, an individual alkylthiolate was formed per

unit cell. The distance between S heads of nearest neigbour molecules is character-

ized with typical length of 0.5 nm. The adsorption of the S-headgroup is reported

slightly displaced toward the face-centered cubic (fcc) sites on the gold (111) sur-

face. This construction forms a hexagonal pattern which is theoretically predicted

to be the lowest favorable molecular configuration based on DFT calculations.

Another type of surface structures that can be found in the formation of alka-

nethiolate on gold are c(4x2) rectangular and zigzag structure. These particular

features are formed in different configurations. The c(4x2) superlattice shares an

orthorhombic unit cell and its dimensions is 0.99 nm x 0.86 nm. This unit cell

has four times the size of the hexagonal structure. Thus, rectangular superlattices

contain four molecules per unit cell.

Among the above molecular configuration, the third surface structure exhibits

zigzag arrangements. We correlate this feature using the chain tilt model as de-

scribed elsewhere.[56] In zigzag structure, a pair of carbon chains differs by 90◦

rotations to another carbon chain pair. Whereas the rectangular c(4x2) lattice
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possessed three carbon chains with similar rotation and they differ 90◦ with re-

spect to another carbon chain.

(a) (b)

Figure 2.14: The two surface structures of dodecanethiols on a gold surface
display the zigzag structure. (a) Two neighboring thiols differ by 90◦ in their
orientation. The second structure is the stable phase, the so called c(4x2) super
lattice in Fig.(b) that consist of four equivalent thiols per unit cell. The chain
tilt model was introduced to explain the formation of these surface structures
(fig. c and d) based on the following reference.[57]

A low phase surface structure has been reported in literature[58] and is com-

monly known as a stripe structure. It has particular molecular arrangements where

two parallel lines can be associated to the following formula: px
√

3 structure (with

p being an integer or half-integer multiple of the Au 0.288 nm distance). This phase

has been categorized based on the experimental findings that the carbon chains

are ordered in a flat-lying configuration. This observation is normally found in the

non-saturated coverage condition at the early stage of a vapor deposition process.

This particular structure exists when each alkylthiol molecules adopt S- head to

S-head configurations. Our findings have shown that the two parallel lines are

separated 2.29 nm apart and this value is in agreement with the two S-head model

as described in the work of Noh and coworkers.[58] Due to incomplete nucleation
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of a standing up carbon chain arrangement, consequently the molecules tend to

flat on the gold surface.

2.29 nm

Figure 2.15: Low coverage of dodecanethiol forming a striped phase. A series
of thiols which are lying flat on the surface can be observed in the scanning
area of 48 nm x 48 nm. High resolution of certain area clearly shows that the
individual thiols are arranged in the plane and the distance between each other
is 2.29 nm. It=20 pA; Vsample=460 mV.

2.6.3 The gold(111) surface

It has been known that the (111) surface of noble metals, such as Au, Ag, and Cu,

exhibits surface-localized electronic states, which are confined by a projected band

gap from the bulk side and an image potential from the vacuum side.[59] Au(111)

is commonly realized with the lowest energy surface of gold, as reflected in the

tendency of thin-film growth to propagate in the [111] direction.[60] In addition,

the gold surface roughness is considered to be low. Thus, it is very convenient to

use gold on mica for studying the switching behavior of molecules compared to

other substrates such as glass or silicon oxide[61].

To perform surface studies of molecular switching behavior on gold, a clean and

ultra-thin film of gold on mica was deposited. In general, few gold beads (99.99%

Umicore materials AG) are used to grow a 150 nm-thick Au(111) surface on mica

using sublimation in a custom build vacuum chamber with typical base pressure of

10−7 Torr. A freshly cleaved mica sheet (Ted Paella, Inc) was pre-heated at 640 K

for 12 hours. The intention is to degas any environmental impurities carried by the

unused mica. Further, the gold deposition on a mica substrate was performed with

the temperature held at 640 K. In the final stage, the substrate was cooled down to

room temperature for 8 hours. Using this well-developed method, an atomically

flat Au(111) surface is readily achieved. To illustrate this, fig. 2.17 shows an

atomically flat gold(111) which exhibits a triangular shape at large area imaged
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(a)
(b)

(c)

Figure 2.16: Crystal structure and herringbone model of Au(111) in a ball
model. (a) A unit cell of Au(111) has a face centered cubic structure (fcc) with
the unit lattice of 2.88 Å. (b) Top view of of the (fcc) which shows the formation
of centered hexagonal form of Au(111) spanning along the ac plane. (c) Two
dislocation lines are drawn with green ball marked faulted reconstruction which
occurs due to small lattice mismatch between the two neighboring gold layers.

after freshly deposited on mica. Moreover, a standard herringbone structure was

obtained as one of the characteristics Au(111). It arises from the (
√

3 x 23)

reconstruction originating from the 4.3% uniaxial lateral contraction relative to

the bulk layers.[62]

2.6.4 Chemical vapour deposition (CVD) of graphene

As described in chapter 1, 2D single layer graphene has attracted interests in

various different fields of research. Numerous techniques have been employed to

produce graphene and graphene-based materials.[63–66] Three important routes

are: micromechanical cleavage[67], thermal decomposition of a SiC substrate[68],

and annealing of a metal substrate or known as chemical vapor deposition (CVD).

The latter method has an advantage due to the large area of graphene that is

formed[70–72]. There are new interests to transfer CVD grown-graphene layers

to insulating substrates.[73, 74] This route opens an alternative option for the

realization of graphene-based devices.
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(a) (b)

(c)
(d)

Figure 2.17: The herringbone structure of Au(111) is observed in room tem-
perature and UHV condition. (a) Large terraces which shows an indication of
a large superstructure of herringbone (scan size:222 x 222 nm2, acquired with
It= 0.1 nA;Vsample = -224 mV). (b) Zoomed in area which is indicated by the
red square in Fig. (a) (scan size: 81 x 81 nm2). The STM high resolution of
an area exhibits parallel lines and U-shaped that are separated the fcc and hcp
region of Au(111). The STM constant current image in Fig (c) (It = 0.1 nA,
Vsample = -224 mV). The distance between these two corrugation lines is 6.79
nm and the periodicity is comparable to the existing literature. (d) The height
profile of the boundary region is plotted from the solid white line in Fig (c).

In this section, we focus on the graphene production based on CVD growth.

This method is shortly described as a pyrolysis of the supplied acetylene gases

in the chamber at a reasonable temperature. The Ni substrate is placed in the

chamber at a pressure of 10−3 Torr and temperature below 1000◦ C for a rela-

tively short time to synthesize ultrathin graphene layers. At the first stage of the

synthesis, a limited quantity of carbon atoms is incorporated on the Ni substrate

at a relatively low temperature. The second stage involves a rapid quenching of

the substrate, so that the incorporated carbon atoms are out-diffused onto the

surface of the Ni substrate to form graphene layers. In the present study, we used

as received CVD graphene from the Graphene Supermarket[76] where graphene is

deposited on Ni(111) as illustrated in figure 2.18(a,b).

Based on the low-energy electron diffraction technique by Gamo et.al [75], the

best fit structure which accommodates the atomic arrangement of carbon atoms
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(a) (b) (c)

Figure 2.18: (a) Optical image of graphene on Ni(111) with 100x magnifica-
tion. (b) Schematic layered structure of CVD-grown graphene used in this study.
(c)The best fitting structure of a monolayer graphene on Ni(111) adapted from
ref[75].

and underlying nickel atoms is presented in figure 2.18c. The shortest lattice

distance between the carbon layers with respect to the first Ni layer is 2.11 Å which

is significantly different compared to the interplanar distance of graphene layers

(3.55 Å). Moreover, the lattice mismatch between carbon atoms and the underlying

Ni is quite small (below 1%). These two parameters gives an impression that the

single layer of graphene on a metallic substrate can be very useful to study the

interaction between organic molecules and the 2D graphene layer.

2.6.5 Porphyrins

Porphyrins are very versatile molecular units which have been shown to be promis-

ing candidates for use in molecular electronics due to their rich electronic/photonic

properties.[77] The supramolecular architectures of porphyrins on solid surfaces

have become one of the extensive developments toward molecular electronics ap-

plications. Further, electronic communication among molecules within the self-

assembled system is of great importance for the fruitful basis in the molecular

electronic circuitry. For comparison, earlier studies in the assemblies of simple

porphyrin derivatives on HOPG (such as iron(III) protoporphyrin IX and zinc(II)

protoporphyrin IX) exhibited flat and two-dimensional densely packed lattices at

the electrolyte solution/HOPG interface.[78]

We proceed our study with CVD graphene by investigating the role of the

physisorbed interaction between porphyrins and graphene. Beforehand, the STM

studies of porphyrins on multilayer graphene or HOPG (highly ordered pyrolitic

graphite) have given a large contribution to understand the molecular packing
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Figure 2.19: Chemical structure of porphyrins. (a) 5,10,15,20-Tetraphenyl-
21H,23H- porphine iron(III) chloride (from herein will be abbreviated
as FePP). (b) 7,12-Diethenyl-3,8,13,17-tetramethyl-21H,23H-porphine-2,18-
dipropionic acid, zinc complex (abbreviated as ZnPP).

arrangements at submolecular resolution.[77] Thus, we are interested to study

the role of self-assembled porphyrin containing-iron and zinc, respectively (see fig.

2.19) on graphene to evaluate the influence of embedding a self-organized structure

created a band gap via spontaneous adsorption of organic molecule.
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Chapter 3

Electronic properties of

individual diarylethene molecules

studied using Scanning Tunneling

Spectroscopy

The investigation of the electronic conduction through monothiol-substituted di-

arylethene (1S-DE) immobilized in an insulating dodecanethiol (DT) matrix on

a gold surface was addressed for the first time. Scanning tunneling spectroscopy

allows to probe spatially the frontier molecular orbitals of 1S-DE at 77 K. We

locally extracted the electronic HOMO-LUMO gap of 1S-DE with the value of

1.56 eV. This attempt reveals the importance of scanning tunneling spectroscopy

as a tool to measure the charge transport properties of a diarylethene towards the

realization of a switching-based molecular device.1

3.1 Introduction

The use of single organic molecules as building blocks of electronic devices is

potentially promising for technological applications[1–4]. Various reports have

shown that a molecule bearing a functionality can constitute a basis for a single

molecule device[5–9]. One aspect that needs consideration is the nature of the

electron transport through the molecules. Self-assembled monolayer films (SAMs)

1Part of this chapter has been published as Arramel, T. C. Pijper, T. Kudernac, N. Katsonis
, M. van der Maas , B. L. Feringa, and B. J. van Wees, Journal of Applied Physics, 111,083716,
(2012)

53



Chapter 3. Electronic properties of 1S-DE 54
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Figure 3.1: An illustration of the molecular confinement of 1S-DE molecule
between DT matrix.

of long-chain alkylthiol molecules have been extensively studied due to the ease

with which they form an ordered nanostructure especially on gold substrates[10,

11].

Scanning tunneling spectroscopy (STS), with its high precision and stability, is

a powerful tool in determining the local electronic properties of a single molecule.

At a glance, a typical STS experiment can be considered as a vertical two-probe ge-

ometry, measuring the variation of the tunneling current through a single molecule

as a function of bias voltages. STS determines quantitavely the position of the

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular

orbital (LUMO) levels of single molecule with high spatial precision.

Diarylethene molecular switches have been considered to hold great promise

in the design of molecular devices. Features such as its molecular rigidity, high fa-

tigue resistance and excellent addressability [12, 13] have led to much interest in the

development of electronic devices based on these switches. When a diarylethene

absorbs light, a transition from the ground state to an excited state occurs and a

photochemical reaction from the so-called ”on” state to the ”off” state occurs (or

vice versa). The closing or opening of a diarylethene covalently bound to gold sur-

face can be controlled reversibly via light irradiation using distinct wavelengths.[16]

In addition, the ”off” and ”on” states of diarylethenes incorporated between two

gold electrodes exhibit different charge transport properties.[18]

Despite the growing interest in diarylethene photochromic switches as opto-

electronic molecular components, there have been no experimental investigations

of the electronic structure with regard to their charge transport properties. The

versatility of STM as a surface tool and as a local probe of electronic properties of

individual molecules can provide new insight into electronic properties of immo-

bilized thiol-functionalized diarylethene within the alkylthiol matrix on gold.[17]

We report on the successful investigation of the presence of a single diarylethene

molecule (1S-DE) on a gold surface as illustrated in fig. 3.1. Moreover, we present
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quantitative data which show distinctive features between the ”on” state of di-

arylethene versus DT molecules by comparing their respective tunneling conduc-

tance (dI/dV) and tunneling current (I) versus bias voltages at 77 K. It would be

of interest to measure the charge transport properties of the ”off” state, also. How-

ever, it remains a challenge to unambiguously differentiate between the ”off”state

of diarylethenes and surrounding DT molecules owing to their comparable appar-

ent heights.[16] Hence the current studies are restricted to the investigation of the

”on” state of 1S-DE.

3.2 Results and discussion

In fig. 3.2a, a high yield of randomly distributed 1S-DE molecules is typically

observed over the entire gold sample. 1S-DE molecules represented as bright

spots can be found at the near step edges (known as favorable sites of missing

DT molecules). Statistically, the surface coverage of 1S-DE molecules on gold is

calculated to be 0.7% (based on the spot analysis using Gwyddion version 2.90).

In addition, the mean grain area is obtained with a value of 2.14 nm2. This

value is in agreement with the typical dimension of single diarylethene described

elsewhere.[15]

The lateral profiles correspond to the two respective cross sections in fig.

3.2c indicated that the presence of 1S-DE single molecule was clearly resolved.

Typically, 1S-DE signature appears as a bright spot in STM image with apparent

heights above 4 Å with respect to the neighboring DT.[16] Moreover, the diameter

of the bright spots ranges from 2-3 nm (fig. 3.2d) in agreement with the typical size

of a single aromatic molecule previously observed by Donhausser and coworkers.

[15] 1S-DE molecules are usually found at boundaries of the DT domains or in the

disordered areas and etch pits.

Charge transport properties of the ”on” state of 1S-DE were investigated by

collecting the tunneling conductance spectra at different locations. Initially, we

locate a bright spot and nearby DT lattices in the topographic STM image. Then

we move the tip on top of a bright spot and the feedback loop is temporaly disabled

at a fixed tip-sample distance (typically, the tunneling parameters are It = 12 pA

and Vtip = 1 V). During this period, the variation of the tunneling current as

a function of bias voltage on the bright spot is collected. The same procedure

is repeated for DT using the same tunneling conditions. STM inspection was

employed in between the acquisition spectra in order to evaluate any possible

lateral drift during measurements. The average of the I-V and the dI/dV spectra
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(a) (b)

50 nm

1 2

Figure 3.2: Constant current STM images showing the mixed m-DE and DT
monolayers in a large scale acquired at room temperature. (a) Large scan area
showing a high yield population of 1S-DE molecules (scan image: 200 x 200 nm2;
It = 30 pA; Vbias = 800 mV). (b) High resolution image showing the presence
of two 1S-DE molecules as bright spots surrounded by DT domain boundaries.
(c) An observation of the hexagonal (top-right corner) and the square lattice
(bottom-left corner)of DT at the vicinitiy of the two 1S-DE. (d) Cross-sections
of the bright protrusions (Fig. 1b) show typical widths and apparent heights of
two individual 1S-DE molecules.

was obtained from hundred traces where ten 1S-DE molecules contributed to the

final curves.

In fig. 3.3(a-d), four consecutive single I-V traces were subsequently measured

on top of DT (red curve) and a 1S-DE (black curve) molecule with the same initial

tunneling setpoints. We note that the same bright spot was probed to acquire

these measurements. Qualitatively, the shape of the I-V curves of the closed form

of 1S-DE shows different features compare to DT (Fig. 3.3e). These observations

are more prominent when probing both molecules at a higher voltage ( > 1 V).

No appreciable feature in the I-V of DT is detected due to its large electronic

band gap (8 eV).[19] For 1S-DE several kinks were clearly observed in the I-V

characteristics at small bias voltages. For sake of clarity, we have performed the

same procedure on a different location on the same sample and we did not observe

a significant variation in our result (see supplementary information). The origin

of this observation can be attributed to the increase (or decrease) of the tunneling

current when the Fermi level (hereafter abbreviated as EF ) of the gold substrate

or tungsten tip is resonantly aligned (or nonaligned) with the frontier molecular

orbitals of 1S-DE.
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Figure 3.3: The I-V characteristics of a 1S-DE and DT molecule. (a-d) Four
consecutive individual I-V traces were collected in alternate fashion to acquire
the molecular signature of 1S-DE (black curve) and DT (red curve).(e) The
average I-V spectra taken from hundred traces which shows distinctive features
especially presented in the 1S-DE curve.

Further analysis is focused on the I-V shape of the molecule of interest: 1S-

DE. In fig. 3.3e, the I-V characteristics appear to be linear for small voltages[20],

while asymmetry sometimes is observed at higher voltages (approx. 1 V). The

origin of the I-V asymmetry has been ascribed to various mechanisms: Coulomb

blockade[21, 22], geometric asymmetry of the molecular junction[23–25] or the

involvement of molecular orbitals.[26] The I-V asymmetry is also a fundamental

feature related to a rectifying behaviour[27, 28] which deserves some attention in

the interpretation of the I-V characteristics of 1S-DE versus those of DT. Let us

discuss each aspect separately between two cases in order to unravel the relevant

factors contributing to asymmetry of the I-V curves. Coulomb blockade can be

ruled out since we did not observe any symmetric regular step-like features in the

IV-curves of both molecules in figure 3b,d. Rectification behavior was also absent
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in the I-Vs of both molecules. We consider a strong coupling of the molecule with

the substrate and a weak coupling of the molecule with the tip. This is a com-

mon assumption for chemisorbed molecules in STM-based molecular junctions.

The position of the energy levels is therefore fixed relative to the Fermi energy of

the metallic substrate. As a consequence, one will measure the energy position

of the molecular orbitals with respect to the metal by means of dI-dV measure-

ments. The position of the energy levels (HOMO and LUMO) does not have to

be symmetric around the Fermi energy of the metal, which is consistent with the

measurements. The found asymmetry of the average I-V curves of 1S-DE (fig. 3e)

should originate from the involvement of orbitals as other effects have been ruled

out. This asymmetry is particularly visible at a high bias voltage (1.5 V), where

the tunneling current ratio of the positive and negative region approximately 1.5

was obtained.

Simultaneous dI/dV spectra of 1S-DE and DT were recorded (fig. 3.4a-b).

These individual traces show the different features of dI/dV signal in each case.

In a similar manner as the I-V spectra previously described in fig. 3.3a, consecutive

dI/dV measurements were carried out on top of 1S-DE and DT, respectively. As

expected, the molecular signatures are clearly observed in the dI/dV of 1S-DE,

whereas, a featureless dI/dV spectrum can be found for DT. A dip close to 505

meV was observed together with the 1S-DE features as shown in fig. 3.4c. This

feature can be associated to the presence of Au(111) surfaces state according to

Chen et al.[31] A similar procedure was also implemented in the work of Nicoara et

al. [32] and Wegner et al.[33] In general, the higher conductance is expected to be

found in the dI/dV of the 1S-DE in its ”on” state since DT in nature is intrinsically

less conductive than 1S-DE. The evolution of the outmost frontier orbitals of 1S-

DE is further discussed. Several differential conductances peaks were successfully

resolved: -820 mV, -1170 mV and +740 mV as shown in fig. 3.4c.

Let us discuss the latter value which corresponds to the contribution of the

highest occupied molecular orbital (HOMO). In the negatively bias region, the

first and the second unoccupied molecular orbitals were successfully resolved with

the energy separation of 350 meV between these two broad peaks. Based on these

results, we determine the HOMO-LUMO electronic gap of 1S-DE to be 1.56 eV.

This attempt emphasizes that STS is powerful enough to discriminate individual

frontier molecular energy levels with submolecular precision at 77 K.

To correlate our experimental findings, we compared several existing theoret-

ical studies on diarylethenes that have been carried out. Two research groups ex-

plored independently the switching properties of diarylethene molecular junctions.

[30, 34] They reported that the transmission peak originates from the presence of
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Figure 3.4: A comparison of the dI/dV spectra of 1S-DE and DT on Au(111).
(a) Individual traces of dI/dV signals taken subsequently on top of a different
molecules. (b) The repetition of the dI/dV measurements acquired on the respec-
tive molecules as displayed in Fig. (a). (c)Averaged dI/dV spectra of 1S-DE
(back line) and DT (red line) hundred individual traces of the tunneling con-
ductances. The 1S-DE dI/dV spectrum shows three broad molecular and one
gold surface states. The first occupied (HOMO) level is found in the positive
regime with respect to the Fermi energy. In the negative regime (left part),
two distinguishable tunneling resonances, LUMO and LUMO+1 are found. For
comparison, the dI/dV spectrum of DT does not shows any features that could
be assigned to molecular states.

the HOMO of the ”on” state lying close the EF of the gold electrode. Further-

more our results are in agreement with the theoretical result described by Huang

et al. [35] They have shown that a diarylethene molecular junction in the ”on”

state displays significant transmission peaks that are located below and above the

EF . The values are about -0.8 eV and 0.5 eV with respect to the EF . These

features are assigned to the perturbed HOMO and LUMO orbitals, respectively.

It implies that the expected HOMO-LUMO gap of 1S-DE at the ”on” state is

1.3 eV. Interestingly, this theoretical value is quite comparable to the extracted

value of our STS experiment. Further, we compare our experimental result based

on the relative position of each molecular orbital energy level with respect to the

EF (Vbias = 0). The closest lying molecular orbitals to EF is expected to have
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the strongest contribution to the electron conduction across a molecule. Since the

HOMO peak is found 0.74 eV above EF (80 meV closer than the LUMO level),

we propose that the charge transport properties of 1S-DE are dominated by the

tail of the perturbed HOMO rather than the LUMO level at small bias voltage.

We also notice that other experimental evidence coming from non-single molecule

based junctions[28, 29, 34], displayed charge transport properties dominated by

the transmission from the perturbed HOMO as in our case for single molecule

junction.[36]

3.3 Conclusions

In summary, we were able to characterize the local electronic properties of the ”on”

state of 1S-DE diarylethene molecule using STS measurements at low tempera-

ture. I-V spectra of 1S-DE and the surrounding DT matrix exhibited distinctively

different features owing to the presence of the electronic states in the vicinity of the

Fermi level of the former one. Moreover, the electronic gap between the HOMO

and LUMO level was determined to be 1.56 eV. In addition, we proposed that

the charge transport property of 1S-DE is most likely dominated by the perturbed

HOMO level rather than the LUMO level.
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3.4 Supporting information

3.4.1 The I-V characteristics from another 1S-DE and DT

acquired at different location.
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Figure 3.5: Two consecutive I-V traces taken on DT (red curve) and 1S-DE
(black curve), respectively. The I-V measurements were obtained by fixing the
tip position on top of the DT molecule and collecting the variation of tunneling
current vs bias voltage (Fig. a). Then, the tip was repositioned exactly at the
centre of the bright spot and the I-V of 1S-DE was measured (Fig. b). We repeat
again the same sequence to obtain the I-V characteristics of DT (Fig. c) and
1S-DE (Fig. d) at the respective molecules.

3.4.2 Simultaneous dI/dV from another 1S-DE and DT

acquired at different location.
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Figure 3.6: Subsequent dI/dV trace of DT (black curve) and 1S-DE (red
curve). The measurements were carried out simultaenously with the previous
I-V spectra acquisition. The molecular level of 1S-DE are clearly discernsible
compare to the featureless DT.
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3.5 Experimental section

The chemical synthesis of 1S-DE is described elsewhere. [14] Self-assembly proce-

dures were performed based on earlier reports. [2, 16] Metal substrates consisting

of a 150-nm thick layer of gold deposited on mica were used. Prior to self-assembly,

STM analysis confirmed the presence of atomically flat Au(111) terraces. Then,

the gold substrate was immersed in a 1.5 mM solution of DT in ethanol for 12h.

To clean the unbound DT of the surface, the substrate was introduced into pure

ethanol solution for three times and dried under a nitrogen flow. Subsequently,

the gold substrate was immersed in an 0.5 mM of ethanolic solution 1S-DE for 6h.

Finally, the substrate was again washed with ethanol as described above. Con-

stant current STM images were acquired using the PicoLE STM setup (Agilent),

where a final preamplifier sensitivity of 1 nA/V was used for STM measurements.

The topography of the samples was acquired using mechanically cut Pt/Ir tips for

ambient experiments and an electrochemically-etched tungsten tip for the liquid

nitrogen experiment. Initially the sample was inspected under ambient condi-

tion, before the sample was transferred to the UHV chamber for further charge

transport experiments. The measurements discussed here were carried out in the

ultra-high vacuum low-temperature STM operated at 77 K and base pressure of

a 1.5 x 10−10 mbar. Simultaneous tunneling current and differential conductance

versus bias voltage were collected using a lock-in technique. The bias range was

swept over 1.5 V and a single sweeping trace was collected in 0.01 s.
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Chapter 4

Reversible light induced

conductance switching of

asymmetric diarylethenes on gold:

surface and electronic Studies

We report the light-induced switching of conductance of a new generation of di-

arylethene switches embedded in an insulating matrix of dodecanethiol on Au(111),

by using scanning tunneling microscopy (STM). The diarylethene switches we syn-

thesize and study are modified diarylethenes where the thiophene unit at one side

of a molecular backbone introduces an intrinsic asymmetry into the switch, which

is expected to influence its photo-conductance properties. We show that reversible

conversion between two distinguishable conductance states can be controlled via

photoisomerisation of the switches by using alternative irradiation with UV (λ =

313 nm) or visible (λ >420nm) light. We addressed this phenomenon by using

STM in ambient conditions, based on switching of apparent height of the molecules

which convert from 4-6 Åin their closed form, to 0-1 Å in their open form. Fur-

thermore, the frontier molecular orbital levels (HOMO and LUMO) were evaluated

for these asymmetric switches by using Scanning Tunneling Spectroscopy at 77 K,

which allowed to determine a HOMO-LUMO energy gap of 2.24 eV.1

1Part of this chapter has been submitted as Arramel, T. C. Pijper, T. Kudernac, N. Katsonis
, M. van der Maas , B. L. Feringa, and B. J. van Wees, the Journal of Physical Chemistry C,
(2012)
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4.1 Introduction

Molecular electronics utilizes molecules as active or passive elements in electronic

devices.[1] Since the pioneering work of Aviram & Ratner[2], it has been real-

ized that the properties of electronic components could be defined by the struc-

tural aspects of a molecule. The possibility to tune the composition and geome-

try of molecules provides an opportunity to tailor the charge transport, optical,

and structural properties of molecular devices[3–5]. In particular, a major effort

has been directed towards the use of a single, or a small ensemble of switchable

molecules as active electronic components.[6, 7]

Photochromic switches are molecules that upon light excitation undergo a

transformation from one stable state to another, each of these states showing

distinctive physical characteristics such as different UV/Vis absorption spectra[8].

There are several groups of photochromic molecular switches such as azobenzenes[9,

10] that reversibly isomerize between cis and trans forms under photoillumination.

This cis-trans isomerization renders changes in the physical height of the molecule

that are expressed as changes in electron conductance for isolated molecules in

scanning tunneling microscopy (STM) experiments[9–11]. As opposed to azoben-

zenes, diaryethene photochromic switches[8, 12] show little variations of physical

height upon switching and the changes in conductance of the two forms solely

originate from different electronic structures[7]. This inherent variations of con-

ductive properties with the high thermal stability, excellent addressability and

high fatigue resistance[8, 12] of diarylethenes make them excellent candidates for

molecular-based switching devices. The so-called ”off” and ”on” states of diaryl-

ethenes incorporated between two metallic electrodes have shown to render dif-

ferent charge transport properties of the device[13]. However, the photoreactivity

was hampered as a result of the quenching of the excited state by the metal.[13]

Recent studies showed that the photoreactivity of the diarylethenes on a metallic

electrode can be preserved when the linker connecting the switching unit to the

electrode is carefully selected[14–17]. Despite the recent advances in the research

of a single molecule reactivity[14, 15, 18–20] realization of a controlled repetitive

switching of a single molecule upon external excitation remains a challenging task.

Here, we investigate the photoswitching behaviour of a new class of diarylethe-

nes switches, namely, S,S’-((4,4’-(perfluorocyclopent-1-ene-1,2-diyl)bis(5-methyl-

thiophene-4,2-diyl))bis(4,1-phenylene)) diethanethiolate (As-DE) embedded in an

isolated matrix of dodecanethiol (DT) by using STM as depicted in fig 4.1a.

We show that individual As-DE molecules can be readily and repeatedly

switched between ”on” and ”off” states (scheme is illustrated in fig. 4.1b). In
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(a)

(b)

Figure 4.1: (a). A mixed self-assembled monolayer (SAM) incorporating do-
decanethiol (DT) and As-DE. Individual As-DE molecules are isolated within a
matrix of DT. Constant-current STM shows that the conductive ”on” state of
As-DE possess a different apparent height happ compared to the apparent height
of the ”off” state of As-DE and DT. Since happ is a convolution of the phys-
ical height and conductance properties, changes in happ of the ”on” and ”off”
states can be attributed qualitatively to molecular switching[21]. (b) The chemi-
cal structure of the ”on” state (left) and the ”off” state (right) of the asymmetric
diarylethene switch (abbreviated as As-DE).

order to unambiguously assign the STM signals to As-DE and to investigate the

electronic structure of these switches, we performed STS measurements at low

temperature. HOMO (Highest Occupied Molecular Orbital) and LUMO (High-

est Unoccupied Molecular Orbital) orbitals were detected[22] for the ”on” state

of switching molecules and the energy gap between the states was determined.

The chemical structure of As-DE (fig. 4.1b) differs from the previously studied

diarylethene switch[14], by the rotation of one thiophene ring with respect to the

other. This change in connectivity modifies the conjugation pathway between the

”on” and ”off” state. In contrast to the previously studied ’symmetric’ diaryl-

ethenes, the ’asymmetric’ diarylethene As-DE possesses a partial conjugation in

both forms which could lead to different conductive properties with respect to its

’symmetric’ counterparts.

4.2 Electronic structure and surface topography

of asymmetric diarylethene

The electronic spectra and photoswitching behavior of As-DE were investigated

in solution by UV/Vis absorption spectroscopy in fig. 4.2a.The spectrum of the

”on” state (dotted line) shows a maximum absorption at 513 nm. When the sam-

ple is irradiated with visible light (λ >420 nm) this absorption band progressively
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Figure 4.2: (a) UV-Vis spectra of As-DE in the ”on” (dotted line) and ”off”
(solid line) states, in n-hexane. The broad absorption band at 513 nm is a
characteristic feature of the ”on” state of the As-DE molecule. (b) STM image
showing As-DE switches in the ”on” state (It = 8 pA, Vsample = 1.25 V). (c)
A high resolution STM image shows two protrusions indicating the presence of
two As-DE molecule in the ”on” state (It = 8 pA, Vsample = 0.7 V, 31.5 x 31.5
nm2). (d) The line profile of the corresponding bright protrusion from Fig. 4c.

disappears as a consequence of ring opening. The ”off” state of As-DE can be sub-

sequently converted back to the ”on” state when irradiated with UV light. The

absorption band with the maximum intensity at 513 nm of the ”on” form corre-

sponds to a HOMO-LUMO (π-π∗) optical transition with an energy of 2.42 eV. In

addition, we note the presence of a shoulder around 350 nm in the spectrum of the

”off” state which roughly corresponds to the value of 3.30 eV. This is in agreement

with theoretical calculations which estimate that the HOMO-LUMO gap of the

”on” and ”off” form of As-DE are about 2.35 eV and 3.30 eV, respectively (see

section 4.5.1 for further details).

Mixed mononolayers composed of aromatic thiols isolated in a matrix of

alkylthiols are typically prepared by the immersion of a preformed alkylthiol mono-

layer into a solution of the aromatic thiol[23]. This thiol exchange strategy turned

out to be unsuccessful in the case of As-DE. This may be due to immiscibility
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of the perfluorinated part of As-DE with the aliphatic chains of the preformed

DT monolayer. Therefore we employed a reverse process were gold samples were

immersed into a 0.5 mM solution of the ”on” form of As-DE overnight in order

to form a self-assembled monolayer of As-DE. Crystalline domains of As-DE or

individual As-DE molecules were not observable by STM at this stage (see section

4.5.1). The sample was subsequently immersed into a 0.5 mM solution of DT that

replaces most of the As-DE molecules. A large population of individual As-DE

molecules (or their small bundles) embedded within well-ordered crystalline do-

mains of DT on Au(111) was found following this procedure (fig. 4.2b). High

resolution STM images reveal that As-DE molecules can be typically found at

domain boundaries rather than incorporated within a crystalline domain of DT

(fig. 4.2c). The typical diameter of these bright spots is 2 nm and their apparent

height is between 0.4 and 0.7 nm (Fig4.2d). This is consistent with the previous

examples of aromatic thiols[23] and switches[14] incorporated in the DT matrices.

Prior to irradiation experiments the same area of the monolayer was continu-

ously scanned for 30 min in order to exclude stochastic switching phenomena.[18]

Under the scanning conditions employed significant variation of the STM contrasts

of the bright spots were not observed without illumination (fig. 4.3a-e). Subse-

quently, the sample was irradiated in situ with visible light. After 1 min of irra-

diation the bright protrusion disappeared, suggesting that the molecule switched

from the ”on” to the ”off” state (fig. 4.3f). Since the apparent heights of the ”off”

state of As-DE ( 0.1 nm) are comparable to those of the surrounding DT matrix,

assignment of the STM contrast to the ”off” state of As-DE is less straightforward.

This is in agreement with the previously studied switches on surfaces.[23–25] Fur-

ther irradiation with visible light did not trigger further changes in the STM image

(Fig. 4.3g). Subsequently, the sample was exposed to UV light (λ = 313 nm).

Within 4 min of UV irradiation the transition from ”off” to ”on” state took place

and the bright protrusion was restored (fig. 4.3h). The reversible switching behav-

ior of individual As-DE molecules is reproducible and was observed over a number

of irradiation cycles (fig. 4.3i-r), which demonstrates that the switching properties

of As-DE molecules were preserved throughout the experiment. To illustrate the

reversibility of the light conductance switching, variations of the apparent height

of the bright spot were plotted as a function of time (fig. 4.3s). This graph shows

that the conductance of the As-DE can be controlled reversibly by using UV and

visible light. A high conductance state is associated with a typical apparent height

value of 0.4-0.7 nm. As the As-DE is converted to the ”off” form, evidence for the

formation of the low conductance state comes from the absence of the bright STM

signal.

In contrast to the discussed reversible switching of the conductivity of As-DE
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(s)

Figure 4.3: Cropped sequential STM images of the molecular photoswitching
events in an area of 100 nm2 (It = 20 pA; Vsample= 0.8 V; Z-scale = 0.8 nm).
In order to evaluate the stability of the molecular switches signature, we scanned
continuously the same area without irradiation for 30 min (fig. (a) to (e)). The
apparent height is reduced upon irradiation with visible light for 13 min (fig. (f)
and (g)). UV light irradiation was used to switch As-DE molecules back to the
”on” state. Consequently, we recover the apparent height of 0.4 nm as shown
in figure (h) and (i). In figure (j), the molecular conductance is switched back
to its ”off” state. In this cycle, the sample was irradiated with visible light for
8.2 min, however no significant fluctuation in the apparent heights was observed.
Subsequently, the procedure was repeated to maintain the ”on” state for a longer
period of time (fig. (n) to (p)) and indeed no appreciable changes in the apparent
height value were observed. (s) the variation of apparent height as a function of
time and irradiation.
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Figure 4.4: I-V characteristics and dI/dV spectra taken simultaneously using
the lock in technique at 77 K (the bias voltage V is applied to the tip and the
sample is grounded). (a) I-V spectra of As-DE; 160 traces were obtained from
four different locations and averaged to give the resulting curve. (b) dI/dV of
As-DE. (c) I-V spectra of DT; 1500 traces were obtained from five different
points and averaged to give the resulting curve. (d) dI/dV spectra of DT.

molecules, we also observed bright protrusions in the scanned area that did not

display switching under irradiation. These unresponsive protrusions most likely

consist of As-DE molecules whose switching is inhibited due to confinement by

the rigid DT matrix[11]. The observation that this inhibited switching is only

displayed for a part of the As-DE molecules can be explained by variations in the

ordering of the DT matrix, i.e. some As-DE molecules have more free space in

which they can perform their switching action than others.



Chapter 4. Reversible Light Induced Conductance Switching of As-DE 72

4.3 The local electronic properties of asymmet-

ric diarylethene

I-V and dI/dV spectra were investigated to gain a deeper insight into the charge

transport properties of As-DE as shown in fig. 4.4a displays typical I-V spectra of

the ”on” form of As-DE. The negative and positive bias regimes are asymmetric

with respect to each other. The differential conductance spectra of the ”on” form

of the As-DE (fig. 4.4b) exhibit three main features: a distinctive peak at -0.67 V

and two less pronounced peaks at -1.44 V and 1.57 V respectively. The peak at

the value of -0.67 V was assigned to the LUMO level of the molecule and the peak

at -1.44 V to the LUMO+1 level. Similarly, the resonance peak of the HOMO

level of the As-DE is assigned to the feature at 1.57 V. The HOMO-LUMO gap

can be extracted from the peak to peak difference of the outmost frontier orbitals,

giving here the value of 2.24 eV.

The I-V characteristics of the surrounding DT matrix are symmetric within

the range of the measured bias (fig. 4.4c). No peaks were found in dI/dV spectra

of the DT matrix that could be associated with the molecular orbitals of the DT

(fig. 4.4d). Since I-Vs of the DT matrix are symmetric at the same tunneling

conditions, the asymmetry of the I-Vs of As-DE must originate from the structure

of the molecule. An As-DE switch is designed with the same thiol-linkage at the

end of the molecular backbone as DT molecules. The major difference between

As-DE and DT can be found in terms of partially conjugated electron density of

the molecular backbone[26]. Hence the higher conductance of As-DE is rendered

by the resonant tunneling through the molecular orbitals within the measured

range. The asymmetry of the I-Vs of As-DE is then a consequence of the higher

density of states at the negative bias regime.

4.4 Conclusions

In conclusion, we have incorporated a newly designed asymmetric diarylethene

molecular switch into an insulating matrix at room temperature. The light-

controlled conductance switching phenomenon was successfully demonstrated and

simultaneously probed using STM. The number of photoswitching cycles of As-

DE as well as the rates of switching are significantly improved with respect to

the previously studied symmetric diarylethenes. In addition, the local electronic

properties of As-DE were measured with high spatial resolution using lock-in tech-

nique at 77 K. The evolution of resonant tunneling conductance peaks in the STS
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spectra yielded information on the frontier orbital energies. As a result, we were

able to determine that the HOMO-LUMO gap of the ”on” state is 2.24 eV.

4.5 Supporting information

4.5.1 Direct immersion of gold substrate in As-DE solution

Freshly prepared bare gold on mica was fully immersed for 16h into a 0.5 mM

solution of As-DE in ethanol for and subsequently the substrate was immersed

into a 0.5 mM solution of dodecanethiol in ethanol for 12h. Prior to the immersion

steps, we irradiated the As-DE solution using UV light (λ = 313 nm) for 15 min to

obtain the closed form of the As-DE molecules. As a result of these two consecutive

steps, we embedded a large number of bright spots as shown in figure below. For

a comparison, we present a STM image of a sample made using the deposition

recipe from Donhausser et al.[18]

Figure 4.5: Subsequent STM images which shows the morphology of the
Au(111) substrate before and after molecular deposition of As-DE at room tem-
perature.(a) Constant current STM image of bare Au(111) deposited on mica
with scan area 273.2 x 273.2 nm2 (I = 0.25 nA; Vsample = -0.125 V). Typical
herringbone structure was found on a freshly deposited gold that was measured
at room temperature. (b) Formation of a disordered monolayer of As-DE on
Au(111) after the overnight immersion procedure (scan area 43.8 x 43.8 nm2, I
= 10 pA; V(sample) = -0.750 V).

4.5.2 High yield of molecular switches on gold surface us-

ing ”reverse immersion” method.
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 (a) (b)

(c) (d)

Figure 4.6: A structural comparison of the normal versus the reverse immer-
sion procedure to create 2D nanostructure constriction of As-DE switches in
mixed C12 monolayers. (a) Constant current STM image showing topographic
information in a large scanning area of 0.5 µm x 0.5 µm. (b) Smaller scan image
which depicts a large yield population of bright spots on gold surface with scan
area 208 nm x 208 nm (Tunneling parameters are It = 12 pA and V(sample) =
1.2 V). Both figures represent the reverse immersion procedure while fig (c) and
(d) are representative STM images prepared using the normal procedure. The
tunneling parameters are It = 40 pA; V(sample) = 0.8 V.

4.5.3 The electronic density map of the frontier molecular

orbitals of As-DE.

The geometry optimization and the subsequent Density Functional Theory (DFT)

single point calculation were performed using the B3LYP hybrid functional (using

VWN formula 5 correlation) and a 6-311G(2d,2p) basis set with spherical harmonic

d functions. The calculations were performed using the Firefly QC package, which

is partially based on the GAMESS (US) source code. We note that the calculation

is based on the deprotected form of As-DE (in which the acetyl group is replaced

by a hydrogen atom) and that the calculation was carried out in the gas phase.
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(a) (b)

(c)

Figure 4.7: ((a) The electron density map of the ”on” form of As-DE calcu-
lated for the lowest unoccupied frontier molecular orbital (LUMO). (b) Second
lowest unoccupied molecular orbital (LUMO+1) and highest occupied molecu-
lar orbital (HOMO) (c). The grey, white, yellow, and blue spheres represent
carbon, hydrogen, sulfur, and fluorine atoms, respectively. The wave function
phases are colored red and green and are plotted with an isovalue of 0.06.

4.6 Experimental section

A mixed monolayer of dodecanethiol and As-DE was self-assembled on Au(111).

Dodecanethiol was used as received (Aldrich). The synthesis of the As-DE is re-

ported elsewhere[27]. 150 nm thick Au(111) films on mica and SAMs were prepared

by procedures similar to those reported previously[18]. Freshly prepared Au(111)

samples were inserted into a solution of diarylethene (approximately 0.5 mM) for

2 days. The samples were subsequently rinsed three times with ethanol(Uvasol,

Merck) and dried under a flow of nitrogen gas. The second step consisted of im-

mersing the samples into a 0.5 mM solution of DT in ethanol overnight. The

solution was subsequently heated at 400C for 5 h, rinsed with ethanol and dried

under a flow of nitrogen. Irradiation of the SAMs and As-DE was carried out with

a 300 W Xe lamp (LOT-Oriel), with appropriate filtering and fiber optics. Typical

output was 433 mW/cm2 and 63.7 mW/cm2 for UV and visible light, respectively.

The sample and fiber optic output were 7 cm apart. A cut-off filter was used to

deliver visible light (λ> 420 nm), whereas a band-pass filter was used to deliver

UV light (λ = 313 nm).

The UV-vis spectra of the molecular switches in n-hexane were recorded at

room temperature using a JASCO V-630 spectrometer with a 1 cm path length
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quartz cuvette.

STM measurements were carried out using a PicoLE STM (Agilent) equipped

with low tunneling current STM scanner head (type: N9501-A) and digital instru-

ment from Agilent Technologies model N960A. Tips were obtained by mechanically

cutting 0.25 mm Pt0.8Ir0.2 wire (Goodfellow). The STM images were acquired in

constant current operating mode, in air at room temperature. Typical scanning

parameters for obtaining STM images of As-DE and DT matrix surface structures

are in the range of between 10 to 15 pA with the tip bias voltage ranging from

-0.8 to -1.2 V. Scanning Tunneling Spectroscopy (STS) data were acquired using a

Variable Temperature Ultra High Vacuum (VT-UHV) Omicron STM with a base

pressure of 1.5 x 10−10 mbar and a temperature of 77 K. The measurements were

performed in I(V) mode and in the LT-STM system used the bias voltage Vb is

applied to the tungsten tip and the sample is grounded. Briefly, the tip-sample

distance was adjusted at a specific tunneling current and bias voltage set point

and the feedback loop mechanism was disabled temporarily. During this period,

the tunneling current variation for both molecules (As-DE and DT matrix) was

obtained. In the experiments, the sweeping voltage range was held between -2.5

V and 2.5 V. In addition, the lock-in technique was used to measure the tunnel-

ing conductance spectra (dI/dV) and the I-V curve acquisitions simultaneously.

The amplitude voltage and modulation frequency (ω) were 26 mV and 1 kHz,

respectively.
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Chapter 5

Charge transport properties of

photochromic diarylethenes

We investigate and compare the charge transport properties of diarylethene photo-

switching molecules using low-temperature scanning tunneling spectroscopy (STS).

The experiments were carried out at two temperatures: 4.8 K and 77.8 K. In order

to evaluate the role of the chemical structure on the charge transport properties

of diarylethenes we explore three derivatives with different chemical composition

of the central switching unit.1

5.1 Introduction

A two-terminal molecular device in which the local conductance can be altered

between two different states is of paramount importance towards the realiza-

tion of logic and memory applications.[1–3] There are several classes of switch-

ing molecules that have been explored in recent years. For examples, rotax-

ane and catenanes molecules[4] were carefully designed and applied in devices

using Langmuir-Blodgett thin film fabrication.[5] This type of mechanically inter-

locked bistable complexes can be used in photo-, electrochemical and electrical

stimulation processes.[1, 6] The second example is self-assembled monolayers of

oligophenylene ethynylene dithiol (OPE) molecules. These molecules exhibit the

negative differential resistance (NDR) effect which was previously demonstrated

by Chen et al.[7] This feature is recognized by the significant decrease of the elec-

trical current as the voltage is increased in the I -V characteristic of a molecular

device. Recently, Blum and coworkers[8] have used three different molecular test

1Submitted to Nanotechnology
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beds (STM, crossed wire junction and magnetic-bead junction) to confirm that the

OPE molecule is a promising candidate for a two terminal molecular switching de-

vice. The third example is Zn(II)porphyrin where two state switching behavior

was observed current induced in the adsorbed molecule.[9]

From the examples above, we need to take into account several parameters in

order to achieve better electrical performance of a molecular switching device. The

molecule-electrode interfaces and the stochastic fluctuations are a few issues that

could play a role to determine the charge transport properties of a single molecule.

It has been noted that the electrical conductance of a molecule is quite sensitive,

not only to the nature of the chemical bonds[10] between the molecule and probing

electrodes, but also to the atomic-scale details of the molecule-electrode contact

geometry.[11] In addition, undesired random telegraphic switching of conductance

may also arise and complicate the charge transport interpretation of a metal-

molecule-metal junction.[12] Two proposed mechanisms have been illustrated as

follows: molecular motion due to conformational change, and bond-fluctuation

due to the molecules bound to the gold surface which are attached or detached in

random manner.[13, 14] Aforementioned issues contributing to switching perfor-

mance show that accurate measurements of conductive properties of single switch

molecules are of crucial importance for realization of future molecular switching

devices.

The various characterization techniques from the surface, optical and spectro-

scopic tools give insight into charge transport properties of molecule-electrode

systems. For instance, photoemission spectroscopy is known with its power-

ful result in determining the electronic properties of molecule-electrode inter-

faces and the relative alignments of the HOMO and LUMO to the Fermi level

of the electrodes.[15] Another technique, so called inelastic electron tunneling

spectroscopy[16, 17] offers access to obtain the low energy vibration modes of

a single molecule. However, this technique requires low temperature conditions

in order to resolve the physical characteristics of the molecule of interest. Apart

from these techniques, infrared and Raman spectroscopy serve as optical tech-

niques that allow one to probe the chemical properties of many molecules at room

temperature.[18] Another structural characterization tool is the X-ray diffraction,

which has been used to gain access to angstrom-resolution structural information

of a silicon-molecule-mercury junction.[19] Finally, scanning tunneling microscopy

and atomic force microscopy, these methods have played an important role to un-

derstand the electron transport properties of single molecules at the nanoscale. In

particular, a route towards resolving local electronic properties of a single molecule

in a sub-molecular regime can be measured by means of scanning tunneling spec-

trosocopy (STS) technique. Therefore, we used this versatile technique extensively
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in this study on a series of photochromic molecules using a dedicated low temper-

ature STM.

A widely known method to measure the charge transport across a single

molecule is using scanning tunneling spectroscopy (STS) technique. It is a local

method to probe the electronic properties of molecules by measuring the current-

voltage (I -V ) or current-distance characteristics (I -Z ).[20, 21] Transition voltage

spectroscopy (TVS) has been recently used to investigate the electron transport

in a molecular junction.[22, 23] TVS differs compared to the other techniques by

constructing the I-V data under Fowler-Nordheim (FN) representation (where ln

(1/V2) versus 1/V is plotted). The I -V characteristic is obtained by collecting a

measurable tunneling current versus bias voltage at a fixed tip-sample separation

(z). In order to hold the tip-sample distance, the feedback mechanism that control

the tip movement is temporary disabled. In addition, the tunneling conductance

spectra (dI /dV ) can also be obtained simultaneously using a lock-in technique.

The electron transport mechanism in a strongly coupled system such as a molec-

ular junction can be described as a ’true’ resonance tunneling when the effective

residence time of the electron on the molecule is negligible compared to the nuclear

motion. In addition, the molecular size and structure, the temperature and the

applied voltage across such molecular junction can play a role in the determination

of the underlying charge transport mechanism.[24, 25]

Diarylethene (DE) molecules are an interesting class of π-conjugated organic

molecules because of their ability to undergo photochromic switching behavior at

room temperature[26]. This phenomenon takes place with a concomitant change

in the molecules electronic transport properties. The thermostability of the two

switching states, their individual addressability, and the robustness of the switch-

ing action[27–29] signify the uniqueness of DE molecules even further and make

them an interesting subject for a study on their charge transport properties. Sur-

prisingly enough, such systematic studies has not been reported. In this work, we

demonstrate a fruitful application of the scanning tunneling spectroscopy at low

temperature in order to gain the information of their outmost frontier molecular

orbitals. Namely, the highest occupied molecular orbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO) level of three different DE molecules were

successfully obtained. The diarylethene molecules that were used in this study are

depicted in fig. 5.1. These molecules bears perfluoro-based unit that is strongly in-

fluenced by its electron withdrawing properties. Thereby we expect consequences

for the electronic properties. In terms of π-conjugated systems, symmetric and

asymmetric diarylethene possess different conductance profiles which makes them

very interesting to study their charge transport properties.
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Figure 5.1: The molecular structure of diarylethenes. (a) Symmetric mono-
sulfurdiarylethenes (1S-DE). (b) Asymmetric perfluorodiarylethenes (F-AsDE).
(c) Asymmetric perhydrodiarylethenes (H-AsDE).

5.2 Surface topography of immobilized diaryl-

ethenes at different temperatures

Before we continue with the charge transport properties of DE molecules, we shall

start our discussion by comparing the topographic image of the apparent height

of DE at different temperatures. In general, the DE signature can be found in

a constant current STM topographic image where bright spots are surrounded

by dodecanethiol (C12) molecules on gold. Typically, a low tunneling current

and a high bias voltage are preferably used in ambient and low temperatures

measurements. fig. 5.2 shows representative topographic images that were taken

at two different temperatures.

Qualitatively, we do not observe any significant variation in terms of size and

shape of the bright spot at both temperatures. Under room temperature condi-

tions, the diameter size varies in the range of 2 - 4.5 nm. A comparable diameter

size was also extracted from the low temperature experiments (4.8 K and 77 K).

Despite the fact that thermal energy might influence the local conductivity of a

molecule, we manage to distinguish the physical appearance of switches in com-

parison to the neighboring C12 molecules. The apparent heights of bright spots

acquired at two different temperatures are presented in fig. 5.2c. From this figure,

an average value of the apparent height in the range of 5-7 Å was obtained. This

range is highlighted as an indication of the presence of the immobilized switching

molecules in an insulating matrix of C12.[12] Nevertheless, we note that there is

a small variation in terms of the diameter size when we cooled down the sample

to 4.8 K. The diameter size of bright spot varies from 2-3 nm at room temper-

ature, whereas the spot diameter in 4.8 K measurements was obtained with the
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Figure 5.2: A topographic comparison of diarylethene acquired at two tem-
peratures. (a) Bright spots of DE were imaged at 300 K (scan size = 24.2 nm x
24.2 nm; It = 6 pA; Vsample = 0.8 V). (b) Two bright spots of DE were observed
at 77 K as indicated by the black arrows (scan size = 23 nm x 23 nm; It = 7
pA; Vsample = -1.1 V). (c) The cross section of a DE molecule taken from the
respective black and red solid lines in Fig. (a) and (b).

average of 1.3-1.6 nm. The size of molecule is much smaller at lower temperature

probably due to restricted fluctuation/vibration of the molecule. This observation

demonstrates that the local interaction between a tip and molecule wavefunctions

at low temperature could be visualized differently in comparison to the tunneling

condition at 300 K.

5.3 The charge transport properties of diaryl-

ethenes at low temperature

We present the local electronic structure of the single molecule by measuring the I -

V and dI /dV at two different locations. First, we located a certain area in which
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 (a)  (b) 
  

Figure 5.3: Topographic images of 1S-DE embedded on C12 monolayers mea-
sured at 77. 8 K (It = 12 pA; Vsample = -1.2 V). (Left) The image shows
an STM image before STS measurement (Z-scale = 2 nm). (Right) The same
scanning area was probed subsequently after the I-V and dI/dV spectra were ac-
quired (Z-scale = 1.5 nm). Both of the STS spectra of different molecules were
taken at the local spot as indicated by the white horizontal line. The inverted
white and red marked each STS spectrum that is acquired for 1S-DE and C12,
respectively.

a reasonable number of bright spots and a well-ordered C12 matrix is observed on

the gold surface as depicted in fig. 5.3. Then, the tungsten tip is placed on top of

C12 molecule and the tip-sample distance is kept fixed during STS measurement

by temporally disabling the feedback mechanism. Thus, the tunneling current was

recorded as a function of bias voltages under a certain energy range. Subsequently,

we laterally moved the conducting tip towards the bright spot and repeated the

same procedure for the DE molecule. To illustrate the lateral stability of STM

throughout the STS measurements, we presented a comparison in the following

STM images in fig. 5.3. These attempts illustrated that the topographic images

are alike after the STS acquisitions. Therefore, lateral drift on a time scale of the

measurements can be neglected. We believe that each STS acquisition spectra

of different molecules was measured at their respective locations under negligible

small lateral drift during measurement.

We measured the tunneling current (I -V ) and tunneling conductance (dI /dV )

versus bias voltage that were acquired simultaneously using the lock-in technique.

This local probe method is widely known as one of the promising molecular test

beds to extract the local electronic properties of a single molecule at nanoscale[21].

To start our discussion, we present the average of the I -V and dI /dV spectra of

diarylethenes measured at 77.8 K in fig. 5.4. Initially, we acquired the I -V of C12

which was followed by collecting the I -V of diarylethenes at the same tunneling
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condition (the initial tunneling setpoint is 10 pA and 1 V, equal to a tunneling

resistance of 100 GΩ). We expect that no significant vertical displacement is en-

countered during subsequent STS measurements. In addition, we immediately

checked after the measurements that the tunneling current does conform to the

initial set points as expected in the respective I -V. For the sake of clarity, we have

collected numerous spectra for both respective molecules and averaged them as

presented in fig. 5.4(a-c). As a result, we observed two distinguishable shapes of

the tunneling spectra of the respective DE cases in many consecutive attempts.

The current-voltage (I -V ) characteristics were measured over ± 1.5 V or ±2.5 V

range. We limited the bias sweeping within this voltage range because at the higher

bias value, there is a possibility that sufficient high electric fields might induce the

tip-molecule desorption of the molecule and/or Au-S bond modification.[30]

In general, both traces for C12 and DEs are S-shaped in shape. However,

we clearly noticed that the difference in terms of the local conductivity of the

respective cases was already observed even at a low bias regime (<0.5 V). Let

us first discuss the I-V of the 1S-DE versus C12 spectra. Here, we present the

average of I-V spectra in fig. 5.4a that are acquired on the respective molecule

as pointed out in the black and red for 1S-DE and C12, respectively. The I -V

curves in small bias range exhibited two different features. First, the linear regime

between -0.5 V and +0.5 V is originating from the local conductivity that arises

due to the off resonant tunneling process (based on the application of the Simmon

model). In low bias regime, the electrochemical potential (µ) of the tip or the gold

is located within the tunneling gap and thereby only very small tunneling currents

can be detected. As the bias voltage is increased the HOMO or LUMO levels

of DE will be aligned with the Fermi level of the metal electrode (gold substrate

or the tungsten tip) causing resonant tunneling. Since the dodecanethiols were

known to have large HOMO-LUMO gap, we expect that no resonant tunneling

signature is recorded within this voltage ranges. Interestingly, the I -V shape in

the case of 1S-DE is quite different compare to C12. In particular, there is a

tunneling current drop around -0.82 V which gives an insightful signature towards

probing the outmost frontier molecular orbitals of 1S-DE. In contrary, a similar

signature within this range in the I -V of C12 is absent. From earlier results, we

need a large energy window (up to 8 eV)[31, 32] in order to probe the HOMO

and LUMO levels of C12 molecule. According to Wang et al.[33], the intrinsic

electronic conduction mechanism in alkanethiol is governed by a direct tunneling

from the metallic electrode across the molecular backbone towards the second

electrode or vice versa. The applied voltage in the C12 measurement is less than

the tunneling barrier height (V <ΦB/e). Therefore, we exclude resonant tunneling

through a SAM layer that can be categorized as the Fowler-Nordheim tunneling

(V >ΦB/e).[34] In conclusion, we proposed that the tunneling electron mechanism
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Figure 5.4: The average I-V and dI/dV for various type of diarylethenes
measured at 77.8 K and the base pressure of 1.3 x 10−10 mbar. (a-c) curves
correspond to the I-V curves of respective DE and (d-f) spectra are corresponds
to the dI/dV. Red and black curves correspond to the I-V and dI/dV taken at
the center of DE and C12 molecule, respectively.

in our system is in agreement with the finding of Wang and coworkers at low bias

regime.

In the high bias regime, the charge transport of diarylethene is mainly gov-

erned by the ”through-bond” tunneling mechanism. This means that the tunnel-

ing electron penetrates across the molecular backbone from one electrode to the

other. Beforehand, we consider that the molecular energy levels are pinned due

to chemisorption that occurs between the gold surface and the bottom part of

molecule (via Au-S bond).[35] As a consequence, the molecular energy level be-

comes finite when a molecule strongly interacts with the gold substrate compared

to the unbound molecule on gold. This situation gives us useful information to
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understand the I -V characteristics of both molecules in which the additional re-

solved molecular levels become accessible in the higher bias regime. Intuitively,

this attempt will gain an opportunity to measure and detect the second and the

other molecular orbitals in great detail. Extensive descriptions will be given in the

following tunneling conductance (dI /dV ) analysis.

Having discussed the position of the voltage drop in the I -V spectra of DE

molecules, we turn our attention to the other interesting aspects of the charge

transport measurements. Namely, the I -V curve shape of a molecule. First, we

need to take into account the Landauer formula into our discussion. The cou-

pling term for each contributed components can be ascribed by two parameters:

Γ1 and Γ2. These parameters can be associated with the transmission probability

of the tunneling electron from the first electrode-molecule and molecule-second

electrode. We emphasize theoretically that the STM geometry in general provides

an asymmetric junction compared to a fully symmetric junction in a mechanically

controllable break junction technique. Furthermore, one would expect that a sym-

metric junction has equal applied bias drops on both side of the molecules. An

asymmetric junction in STM exhibits a situation in which Γ1 and Γ2 differs signif-

icantly. Thereby one of the (HOMO or LUMO) molecular levels is much closer to

the one electrode than the other. As a result, an unoccupied level of a molecule is

being probed at positive bias and the occupied levels of a molecule at negative bias

or in the opposite manner (depend on the initial relative alignment of molecular

level with respect to the closest Fermi energy of the electrical contacts).[36–39]

With the above knowledge, our discussion is continued by describing the I -V

shape of C12. In fig. 5.4, the I -V shape of C12 shows symmetric behavior in three

respective I -V measurements. Thus we propose that the first assumption of an

asymmetric junction in this STM geometry does not play a significant role forthe

charge transport behavior in the C12 case. In addition, we also realized that there

is a small difference in terms of the contributing metal work functions used in this

study. The work function of Au(111) and tungsten tip were already measured

with the value of 5.35 eV and 5.22 eV, respectively.[40] We believe that this small

discrepancy only affected in a negligible magnitude to the overall tunneling cur-

rent. In addition, the alkanethiol contains a sulfur atom at the bottom part that

is covalently attached to the gold substrate in this two-probe geometry. Thus the

Au-S bond that attaches the C12 molecule on gold provides a strong homolytic

interaction with the energy level of about 1.5-2 eV below the Au Fermi level.[41]

The remaining part of the alkanethiol backbone is considered as a collection of

carbon atoms with insulating property in nature. Chemisorption in thiol-gold

chemical bonds is governed by a significant overlap of the electron densities of
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dodecanethiol and the gold substrate. This event leads to the formation of an in-

terface dipole layer generated by the charge transfer process based on three related

features: A bond formation, a strong electronic and structural coupling in gold-

thiol linkage system. Therefore, we propose that due to the charge redistribution

of the bounded C12 on gold is compensating the asymmetric coupling of the STM

geometry. Moreover, this symmetry effect reveals that the electrostatic coupling

between a molecule and a substrate is compensated by the weak coupling that

occurs between tip and molecule.[42] Consequently, the shape of the I -V char-

acteristics of C12 displays a symmetric behavior within this large tunneling gap

condition.

As expected, the asymmetric shape of the I -V of diarylethenes was observed

in contrast to the C12 case. For instance, the 1S-DE curve (fig. 5.4a) has a large

tunneling current value in a negative bias regime compared to the positive one.

In the contrary, the H-AsDE curve possesses a large proportion of the I -V shape

towards a positive bias regime (positive biased voltages). The interpretation of

these observations might be due to the inherent asymmetry of charge distribution

within the molecular structure of individual DE molecule. If we compare the two

cases above, we understood that H-AsDE has a partially π-conjugated electron

system throughout its molecular backbone. Consequently, H-AsDE shows differ-

ent feature in the orientation of a thiophene ring at the central photoswitching

unit compare to the 1S-DE molecule. The direct consequence of this structural

feature is such that unequal π-electron distributions can be found in the H-AsDE

molecule. Whereas, 1S-DE molecule has an equal portion of electron density at the

central photoswitching backbone. Next, we discuss the I -V shape of F-AsDE. It

turns out that in these particular DE switches the I -V shape is almost symmetric

compared to the previous DEs. It seems that by exchanging fluor atoms at the

central photoswitching unit causes a similar effect on the I -V shape as previously

demonstrated for H-AsDE. However, we also noticed that the tunneling current

magnitude is much higher than the previous DEs. For instance, the tunneling cur-

rent of F-AsDE and H-AsDE at 2.5 V are obtained with the value of 3.73 x 10−10 A

and 1.66 10−10 A, respectively. We consider that no appreciable effect originates

from the unequal contact in this molecular junction. In addition, a weak tip-

sample interaction (resistance tunneling gap 100 GΩ) is most likely not interfering

with the whole tunneling event throughout the electrical measurements. Based

on these considerations, we attributed that the charge transport properties of a

switching molecule is dominated by an intrinsic feature of the chemical structure

of a diarylethene.

In summary, it is worth noting that the origin of the asymmetric shape of the

I -V spectra in a metal-switching molecule-metal junction can be due to extrinsic
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DE molecule HOMO LUMO LUMO+1 Exp. Gap Theory Gap

1S-DE 0.74 -0.82 -1.17 1.56 2.10
H-AsDE 0.61 -0.72 -1.67 1.33 2.46
F-AsDE 1.57 -0.67 -1.44 2.24 2.35

Table 5.1: The overall frontier molecular orbitals of DEs extracted from the
respective resonance peaks in fig. 5.3 (the values are in eV). The electronic gap
of an individual DE molecule is obtained from the first outmost orbital (HOMO
and LUMO). The energy dimension is in eV and it is relative to the Fermi en-
ergy (zero bias voltage in STM geometry). Gas-phase theoretical calculations of
the electronic gap was performed with time-dependent density functional theory
(TD-DFT) using the B3LYP functional (with VWN formula 5 correlation) and
a 6-311G(2d,p) basis set.

factors. For instance, the different electronic coupling that occurs between the

first and the second electrode participating in the molecular junction. Another

possibility is that the intrinsic feature of the switching molecules promoting the

asymmetric charge distribution within the molecular orbitals once they were in-

corporated on the gold surface. Thus, we propose that this event could lead to a

situation where the tunneling current versus voltage characteristic is asymmetric

in shape.

Since the average dI /dV spectra are directly related to the LDOS of a molecule,

we determine the respective HOMO and LUMO and LUMO+1 levels based on the

presence of the resonance peaks in different positions with respect to the Fermi

level. The extracted HOMO and LUMO levels of DE molecules are summarized

in Table 5.1.

First, let us discuss the relation of the metal-molecule hybridization coupling

in a STM junction. As previously mentioned in the I -V shape discussion, the role

of a pinning molecular orbital to the gold substrate is a signficant aspect in the STS

interpretations. The DE molecule has an acetate-protected thiol substituent that

attaches to the gold surface. Thus, a strong overlap of the electron wave functions

between 3d electronic state of gold and 3p electronic state of sulfur is expected to

dominate the charge transport properties of DE molecules. We also calculated the

expected HOMO-LUMO gap of respective DE in a gas phase (as presented in Table

5.1). Obviously, we could not directly compare to the experimental results and

theory since one of the frontier orbitals is covalently pinned to the gold substrate.

Nevertheless, we use these theoretical results as a preliminary assumption in which

a molecular energy range are estimated.

Interestingly, the HOMO-LUMO gap of F-AsDE is almost comparable to the

gas phase calculation result. This finding can be understood in two ways: First,
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it might be manifested from the role of screening in the energy level alignment

of HOMO and LUMO. Second, it might be due to an intrinsic feature of fluor

atoms in F-AsDE which are withdrawing π-electrons from the central molecular

backbone. These two factors might significantly alter the charge distribution that

occurs at this particular DE. However, it is difficult to determine which factor

contributes more to the interpretation of the HOMO-LUMO gap of F-AsDE.

On the other hand, 1S-DE and H-AsDE share large discrepancies between the

theory and experimental results. Indeed, this is what we expected from the crude

theoretical approach using the gas phase boundary condition. In this theoretical

approach, we did not take into account the role of a molecular level pinned to the

gold substrate. In a metal-molecule-metal junction, the overlap of the electron

wavefunctions is dominated by the metal-molecule hybridization especially at the

gold-bottom part of DE. Then, we need to take into account the role of the in-

terfacial dipole which is formed in the gold-sulfur bond of the corresponding DE

molecule. This interface dipole (metal-anchoring group) is built up by a partial

negative charge accumulated on the molecular side and a partial positive since the

entire DE molecule under study is basically comprised of a similar π-conjugated

electron within their respective backbone, then we need to consider that a small

difference in the interface dipole is possibly due to the structural variation espe-

cially at the central part of the switching molecule. The asymmetric DEs (F-AsDE

and H-AsDE) possesses one of the two thiophene moieties in a different orientation

compared to the symmetric DE (1S-DE) which has both thiophene groups in a

similar configuration. Thus, the interface dipole in this DE series varies slightly

from symmetric toward asymmetric DE. However, the magnitude of the interface

dipole discrepancies in three DE molecules cannot purely govern the determined

HOMO-LUMO gaps by the STS technique. A complementary surface technique

such as ultraviolet photoelectron spectroscopy (UPS) is highly recommended to

evaluate the role of the effective work function of Au surface in contact with dif-

ferent DE.[43]

Another comparative aspect regarding the HOMO-LUMO gap of DE is the

relative position of the molecular levels with respect to the Fermi energy (zero

bias in the STM geometry). It turns out that the HOMO of 1S-DE and H-

AsDE is slightly closer to the Fermi Level compared to their LUMO. Based on the

resonant tunneling model, the closest outmost molecular orbital to the Fermi level

is responsible to provide a good conduction channel for the electron tunneling.

Therefore, we propose that the majority of the transmission in both DE is coming

from the perturbed HUMO. In contrast, F-AsDE shows a wide peak located at

-0.67 V. Since this molecular level is located in the negative bias, by definition, we

associate this resonant peak to the LUMO of F-AsDE. A reverse observation in
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terms of the contributed molecular level might originate from the role of a chemical

functionalization of the central part of DE. Electron-withdrawing fluor atoms at

the center part of F-AsDE decrease the electronic density from the conjugated

backbone and thereby push the LUMO tail to contribute significantly to the overall

resonant tunneling regime.

Now we turn our attention to the extra features in the dI /dV of H-AsDE as

depicted in fig. 5.4e. Additional resonant peaks that correspond to HOMO+1,

HOMO+2 and LUMO+1 were successfully resolved at 1.80 V, 2.12 V and -1.67

V, respectively. In order to confirm these findings, a proper theoretical calcula-

tion is needed to extract a comparable tunnelling transmission probability in this

particular DE system.

Here, we present additional STS experiments acquired at a base temperature

of 4.8 K and pressure 1.3 x 10(−10) mbar as shown in fig. 5.5. The local electrical

properties of the bright spots and C12 were measured using the same respective

samples. Due to the limited experiment time, the local electronic properties of

F-AsDE could not be obtained experimentally. Therefore, we will focus on other

DE molecules (1S-DE and H-AsDE) in our further discussion.

We obtained the I -V and dI /dV spectra of the respective 1S-DE and H-AsDE

samples at 4.8 K using the same method as previously described. A collection of

resonant peaks were clearly observed as is evident by the presence of the tunneling

peaks on both bias voltage polarities. First, let us discuss and compare in the

case of 1S-DE. At 4.8 K, we detected four resolved peaks that were attributed

to different molecular orbitals levels. Namely, HOMO, HOMO+1, LUMO and

LUMO+1 levels are measured with the value of 1.67 eV, 2.10 eV, -0.54 eV and

-2.17 eV, respectively. Based on these findings, we determined the HOMO-LUMO

gap to be 2.21 eV. We expected that the HOMO-LUMO gap of DE at 4.8 K is

slightly smaller than the value of 77 K. On the contrary, the electronic gap of

1S-DE at 4.8 K is much greater than the value in the 77 K measurements. The

tunneling gap resistance for both experiments was held at the same condition (100

GΩ).

We also note that that a simultaneous dI /dV measurements could not be

obtained experimentally and therefore we take numerically the dI/dV from the

tunneling current versus voltage results for a comparison (as depicted in fig. 5b).

Thus, the HOMO-LUMO gap of H-AsDE was found to be 2.45 eV (fig. 5.5d).

However, it is quite an interesting observation that the HOMO-LUMO gap of 1S-

DE and H-AsDE shares a large discrepancy in comparison to their counterpart

results at 77 K. In order to rationalize our findings, we further discuss the location

of HOMO and LUMO with respect to the Fermi energy. First, the LUMO level



Chapter 5. Charge transport properties of photochromic diarylethenes 92

-3 -2 -1 0 1 2 3
-1.50E-010

-1.00E-010

-5.00E-011

0.00E+000

5.00E-011

1.00E-010

1.50E-010

T
un

ne
lin

g 
cu

rr
en

t (
A

)

Bias voltage (V)

-3 -2 -1 0 1 2 3

0.0

0.1

0.2

0.3

LUMO+1

HOMO+1

LUMO

HOMO

dI
/d

V
 (

a.
u.

)

Bias voltage (V)

-2 -1 0 1 2

-2.00E-010

-1.00E-010

0.00E+000

1.00E-010

2.00E-010

T
un

ne
li

ng
 c

ur
re

nt
 (

A
)

Bias voltage (V)

-2 -1 0 1 2

0.000

0.004

0.008

0.012

0.016

0.020

LUMO+1

LUMO

HOMO
dI

/d
V

 (
a.

u.
)

Bias voltage (V)

(a) (b)

(c) (d)

Figure 5.5: The tunneling spectra of 1S-DE and H-AsDE at 4.8 K. (a) The
I-V curve of 1S-DE collected and averaged over than 900 traces. (b) The nu-
merical derivative of the corresponding I-V curve in (a). (c) The I-V curve of
H-AsDE collected and averaged over than 300 traces. (d) Simultaneous differ-
ential tunneling conductance (dI/dV) of H-AsDE related to the I-V curve in
(c).

in both DEs (1S-DE and H-AsDE) did not alter significantly in 4.8 K and 77 K

measurements. Second, the HOMO position of DEs is shifted at 4.8 K compared

to 77 K measurement. In other words, the HOMO level is being pushed away from

the Fermi level at low temperature.

We try to understand our observation based on the phenomenological ap-

proach of electron injection from the conducting tip to the unoccupied or occu-

pied state of a molecule. Initially, we assume that electrons are injected from a

tungsten tip to the unoccupied levels in the DE molecule with a certain tunneling

rate (Γ1), and then the electrons tunnel from the molecule into the substrate with

a tunneling rate of (Γ2). The initial tunneling rates between these two parameters

is already quite different due to the nature of chemisorption of DE molecule and

gold substrate (Γ2 >Γ1). As the tip approaches the DE molecule, the degenerate

HOMOs with π-electron are becoming polarized (electron density is shifted toward

the substrate). This event is basically increasing the electron density between DE

molecule and substrate. Consequently, the tunneling rate increases between DE

molecule and substrate. At the same time, the tunneling rate between tip and
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DE molecule presumably did not change dramatically at the two experimental

temperatures since we kept the initial setpoint at fixed value ( 100 GΩ) in both

experiments. This tunneling event creates an imbalance of the electron density

that preferably resides at the LUMO part of the DE molecule. Thus, the tunnel-

ing rate Γ2 become more dominant compared to Γ1. Indeed, we only observe small

variation in the LUMOs for both DE. In contrary, the HOMO levels exhibits a

large displacement in the energy level at 4.8 K. Based on these findings, we pro-

pose a large accumulation of the tunneling electrons in the occupied orbital of DE

due to charging effect at low temperature. Gopakumar et al.[44] have described

that the conducting tip may induce a molecular polarization in phthalocyanine

molecules. This observation indicates that a variation in the HOMO-LUMO gap

of a molecule can be affected by the conducting STM tip. To understand fur-

ther the underlying mechanism of tip-induced polarization, the following formula

given.[44]

P ∝ ∆ZαK/Rtip
n ∝ ∆HOMO (5.1)

Where ∆Z is corresponds to the absolute value of a tip displacement, α is

polarizability of a molecule, K is the nature of the molecular orbitals close to the

Fermi energy, and Rtip is the tip radius. In our case, we expect no appreciable

different parameters in ∆Z, K and Rtip as we lower the experiment temperature.

However, the polarizability of DE molecule could also change as we lower the

temperature. Qualitatively, we observe that 1S-DE becomes polarized when a

decrease of the temperature was applied to such large tunneling junction geometry.

Thus, the proportion of charges which are distributed especially at the HOMO part

is no longer equal. Consequently, we observe a different value of HOMO of DE at

4.8 K in comparison to the related values for the 77 K measurements.

5.4 Conclusions

Scanning tunneling spectroscopy technique has revolutionized surface science by

providing a direct route to obtain spatially the topographic image and to measure

locally the electronic structure of the organic molecule. In this research study,

various types of diarylethenes have been investigated experimentally with respect

to their electron transport properties at low temperature. The local electronic gap

of DE molecules was extracted from the two resonant peaks of the corresponding

HOMO and LUMO levels. Apart from the lack of experimental findings in the
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F-AsDE measurements, we found that there is a significant increase of the HOMO-

LUMO gap of 1S-DE and H-AsDE based on the measurement at 4.8 K compared

to those at 77 K. Therefore, we propose that this unusual phenomenon arises due

to a polarized DE molecule in which the HOMO levels are shifted with respect to

the Fermi energy of the electrode.

5.5 Experimental section

The chemical synthesis of DE family is described elsewhere.[45] Self-assembly pro-

cedures were performed based on earlier reports.[28, 46] A 150-nm thick layer

of gold is grown on mica using thermally evaporated gold beads. Prior to self-

assembly, STM analysis confirmed the presence of an atomically flat Au(111)

terraces. Subsequently, the gold substrate was immersed in a 1.5 mM solution

of C12 in ethanol for 12h. To clean the unused C12 on surface, the substrate was

introduced into pure ethanol solution for three times and dried under a nitrogen

flow. Subsequently, the gold substrate was immersed in a 0.5 mM of DE ethanolic

solution for 6h. Finally, the substrate was again washed with ethanol as described

above. To check the presence of switching molecules on gold, we acquired a con-

stant current STM image using PicoLE STM setup (Agilent) with a final pream-

plifier sensitivity of 1 nA/V. The topography of the samples was acquired using

mechanically cut Pt/Ir tips for ambient experiments and an electrochemically-

etched tungsten tip for the liquid nitrogen experiment. Initially the sample was

inspected under ambient condition, before the sample was transferred to the UHV

chamber for further charge transport experiments. The measurements discussed

here were carried out in the ultra-high vacuum low-temperature STM operated at

77 K and base pressure of 1.5 x 10−10 mbar. Simultaneous tunneling current and

differential conductance versus bias voltage were collected using lock-in technique.

The bias range was swept over 1.5 V and a single sweeping trace was collected in

0.01 s.
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Chapter 6

Spectroscopic contrast of

diarylethene on octanethiol

monolayers.

We present a systematic scanning tunneling microscopy study of the bias depen-

dent imaging of dithiol-substituted diarylethene (2S-DE) on octanethiol mixed

monolayers at room temperature. Under finite bias voltages, a small variation of

2S-DE signature is demonstrated for the first time. This finding is ascribed to

different phases of overlapping wavefunctions between the tip states and 2S-DE

molecular energy levels. The knowledge of the bias dependent imaging of organic

molecules on solid surface might contribute towards the application of STM as a

versatile surface tool for characterizing nanostructure materials.1

6.1 Introduction

Small organic molecules equipped with photochromic switching behavior have at-

tracted considerable attention due to their special properties.[1–5] One of these so

called the diarylethene switches exhibits physical properties such as an ease of ad-

dressability, thermally stability and fatigue resistance.[1, 2]. Dulic and coworkers

[6] have measured the charge transport properties of diarylethene bound via a Au-

S covalent bond to both gold electrodes using a mechanically controllable break

junction technique. They have demonstrated that the electrical characteristics of

diarylethene is significantly different in two distinguished states. Reversible light

conductance switching of diarylethene has been reported at single molecule level

1Manuscript in preparation
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Figure 6.1: The chemical structure of 2S-DE molecule.

using STM.[4, 5, 7] In this study, the statistical switching behavior of diarylethene

between two states is illustrated.

The variation and reversal of image contrast in scanning tunneling microscopy

(STM) typically depends on the sign and magnitude of the tunnel bias or the

chemical nature of the tip apex. One of the features that can be used in STM is to

adjust the tip-sample distance with high precision accuracy (the separation is in

the order of 1-10 Å). Typical dimension of the molecule under study in STM are

almost scalable within the separation of tip and sample surface, therefore it is of

importance effort to investigate the contrast variation of organic molecule in the

STM topographic image. Several STM investigations of the contrast mechanism

under variation of tunneling bias have been explored in the past years. [8–11]

Here, we describe the result of the bias dependent imaging of a photochromic

molecule called S,S’-((4,4’-(cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-4,2-diyl))

bis(4,1-phenylene)) diethanethioate (abbreviated as 2S-DE) on a gold surface.

The chemical structure is shown in fig. 6.1. A dedicated immobilization agent

of octanethiol (C8) molecules is used to confine 2S-DE molecules. In this work, a

variation of 2S-DE features in different geometry conditions is explored at room

temperature. It turns out that the signature of 2S-DE in the location of a gold va-

cancy is different compare to the immobilized C8 matrix. In addition, the dynamic

behavior of C8 is also investigated in great detail.

This chapter is organized as follows. In Section 6.2 we describe the presence

of an immobilized 2SDE molecule in the mixed self-assembled monolayer of C8.

In Section 6.3, the structural transformation of the C8 host matrix is presented.

Then, the discussion is continued with the contrast variation of 2S-DE. In Section

6.4, interestingly, we observe that the reversible signatures of 2S-DE in the loca-

tion of a gold vacancy can be controlled between two bias voltages. In order to

understand this observation, we discuss our results based on the interplay of the

tip-molecule interaction. In Section 6.5, a variation in the 2SDE signature under

small finite bias is also reported before the chapter is ended with the conclusions

part.
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Figure 6.2: (a) 150 nm x 150 nm STM image shows the presence of 2S-
DE switches immobilized in the octanethiol matrix. (b) High resolution of STM
image exhibiting 2S-DE molecules that are located at the step edges (It = 15 pA;
Vsample = 0.7 V; height scale = 2.45 nm). (c) Line profile which indicates the
protrusion with an apparent height value of 5.74 Å.

6.2 Preparation and characterization of dithiol-

substituted diarylethene

We characterize the signatures of 2S-DE in octanethiol mixed monolayers based

on the existing literature[4, 12]. A 0.5 mM solution of octanethiol in ethanol

was initially prepared (the precursor used without any further purification from

Aldrich). The synthetic pathway of the 2S-DE is reported elsewhere[14]. A 150

nm-thick Au(111) film on mica and SAMs was prepared by procedures similar

to those reported in existing literature[15]. Then, a freshly prepared 150 nm-

thick Au(111) sample was immediately inserted into a solution of dodecanethiol

for 24 h. The samples were subsequently rinsed three times with ethanol (Uvasol,

Merck). The gold substrate containing the C8 matrix was subsequently heated

at 40 ◦C for 5 h, rinsed with ethanol and dried under a flow of nitrogen. The

second step consisted of the immersion of the sample into a 0.5 mM solution

of 2S-DE in ethanol overnight. The next day, a repetitive cleaning procedure

described in the previous step was used again to remove the unbound molecules

on gold. From the previous studies[4, 6], we understood that diarylethene possesses

two distinguisable states, the so called the open form (non-conducting state) and

closed form (conducting state). Due to the different conductivity in these states,



Chapter 6. Spectroscopic contrast of diarylethene on octanethiol monolayers. 102

the closed form shows a bright spot whereas the open form exhibits a comparable

feature as a C8 molecule in the STM image.

In fig. 6.2, we observed that the 2S-DE molecules exhibit a geometrical pref-

erence to be inserted at defect sites of the C8 monolayers. Most of the bright

spots are located at substrate step edges, domain boundaries and the edges of Au

vacancy islands. Typically, we assigned a protrusion with typical apparent height

ranges from 5 to 6.5 Å as a quantitative evidence of the presence of 2S DE in

its closed form. In order to confirm further the origin of the physical appearance

of 2S-DE, we present the lateral profile showing the cross section that marked a

distinctive protrusion of bright spot with respect to the surrounded C8 molecules.

Due to the high local conductivity of 2S-DE, we expect a large difference in terms

of the apparent height of STM image between the closed form of 2S-DE versus

the C8 molecules. Another parameter to confirm the presence of a single molecule

in this system is the diameter of the bright spot. The average diameter size of

the bright spot in fig. 2 is ∼ 3.5 nm. This value is in agreement with previous

studies[12, 16] where the diameter of bright spot should be larger than 2 nm.

6.3 Bias dependent imaging in a mixed mono-

layer

The structural transition of C8 and the apparent height variation of bright spot

is monitored by tuning the bias voltages depicted in the sequential STM images

in Fig. 6.3. To exclude any tip effect that might influence the STM measurement,

we initially probed the sample for 30 min to ensure that we did not suffer any

significant lateral drift during imaging.

First, let us discuss the change in the appearance of C8 as a function of bias

voltage. A well-ordered hexagonal structure of C8 covers the gold surface with high

coverage as depicted in fig. 6.3a. Apart from the heavily debated question whether

the methyl tail group[17, 18] or the S head group[19–21] is observed as a bright

spot in the STM image, our analysis does not solve this puzzle since we consider

that the alkane chains are tilted uniformly on gold surfaces based on previous

investigations[13]. In addition, the HOMO-LUMO gap of octanethiol is considered

to be larger than 5 eV which makes them inaccessible in ambient STM. However,

under large bias voltage condition, we succesfully observed the reversible structural

transformation of C8 at high voltages (assigned as -825 mV). As the tip-sample

distance is lowered by decreasing the bias voltage to -425 mV, we immediately

observed a significant change in the C8 monolayer structure. Namely, a transition
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Figure 6.3: Four consecutive constant-current STM images showing structural
phase transformation of C8 molecules. (a)Topographic STM image displays the
regular hexagonal structure of C8 and the 2S-DE signature probed under -825
mV. (b) A conversion of C8 structure to the square superlattice is visible and the
black horizontal line indicates the transition bias voltage from -825 mV to -425
mV. (c) As we change the bias voltage to -325 mV, the structural resolution is
slightly reduced. (d) The bias voltage is adjusted back to -825 mV and conse-
quently the initial C8 structure is preserved. All the STM images were acquired
with the same It = 6 pA and scan size is 19.6 nm x 19.6 nm. A corresponding
primitive unit cell was drawn with dashed black orthorhombic and square for
hexagonal and square lattice, respectively.

from the
√

3×
√

3R30◦ hexagonal structure to the c(4x2) square superlattice was

succesfully resolved as presented in fig. 6.3b. If we continue to reduce the sample

bias voltage to 100 mV, these structures are become smeared out (in fig. 6.3c).

Surprisingly, we are able to recover the hexagonal structure of C8 within the same

region as we increased back the bias voltage to -825 meV (fig. 6.3d).

The interesting part in this study is that we are able to demonstrate the

reversible transformation of C8 surface structures at room temperature. Namely,

the transition from hexagonal to square lattices or vice versa from successive STM

images. One way to assign each succesful attempt is by extracting the lateral

spatial periodicity across the C8 molecules at given bias voltages. For the sake of

clarity, we present an example of lattice spacing variation upon respective applied
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Figure 6.4: Lateral cross sections corresponding to the corrugation of the
respective red line drawn in fig. 6.3(a-d). (a) A lattice periodicity of C8 showing
the extracted value of 0.508 nm. (b) A lateral cross section exhibits peak to peak
distance of 0.447 nm. (c) Large peak to peak distance was observed in this case
due to the presence of less-ordered phase of C8. (d) Regular lattice spacing close
to 0.5 nm was recovered.

bias voltages as depicted in fig. 6.4. Indeed, we clearly observed a conversion

of typical lattice distance from the hexagonal structure (∼ 0.5 nm) to the less

packed square (∼ 0.99 nm) or vice versa as shown in fig. 6.4(a-b). At glance,

we qualitatively recognize the regular hexagonal structure as indicated by the 0.5

nm difference between the C8 molecules (Fig. 6.4a). It is of great interest that

as we reduced the bias voltage -425 mV, the STM image simultaneously shows

two features: a regular pattern of hexagonal lattice distance at the the left corner

(0.447 nm) and the c(4x2) square superlattice (∼ 0.99 nm) (fig. 6.4b). As the

voltage is reduced to the lower value, the square superlattice is dominantly covering

the entire surface structure (fig. 6.4c). We recovered the hexagonal structure by

increasing the bias voltage back to -825 mV. These findings mark a solid indication

that the coexistence of both C8 structures is governed by the applied bias.

In the following section, the underlying physical mechanism governing the re-

versible surface transitions of C8 at room temperature is proposed. First, we shall

discuss the nature of the physical structure of SAMs. It has been proposed that the

STM contrast of alkanethiols originates from the alteration of the position of the

S atom[22] or the top methyl groups.[18, 23] In the latter case, the c(4x2) bright-

ness modulation can be caused by the height differences among molecules. Indeed,

recent noncontact AFM experiments[24] shown that height variations within the

unit cells of c(4x2) structures were observed. A second aspect is that we exclude
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the influence of local density of states (LDOS) into our discussion. There are sim-

ulations work by Zeng and Li[25, 26] which describe that the contrast dependence

of the c(4x2) structure is affected by the bias voltage due to different response in

the LDOS. During the forward and backward transitions, they claimed that more

than one c(4x2) region are observed. Changing from one type of c(4x2) structure

to another was previously found by Riposan and coworkers.[27] In other words,

these previous findings are in agreement with our observation as presented in fig

6.

The interpretation of these observations of structure reversal could also be

related to the role of tip-molecule interactions which depend on the tunneling pa-

rameters. In this approach, we regularly alter the bias voltage while maintaining

the tunneling current at fixed value. The fact that we used a relatively low tunnel-

ing current (in our experiment it is in the order of 6-10 pA) leads to avoiding any

strong physical interactions between metallic tip and molecule that might occur

during imaging. However, changes in the molecular structure reveals the fact that

we cannot rule out completely the role of the overlap wave functions of molecule

and the tip states. As the bias voltage is modulated from high to low energies, we

basically change the proportion of the tip-molecule wave function from the lowest

to the highest possible free energy that accommodates the presence of structural

transition above.

To support our findings, Zeng et.al[25] have described in their paper that

the presence of the new electronic state upon chemisorption of heptanethiol (C7)

and decanethiol (C10) on Au(111) is mainly governed by the mixture of gold,

sulfur, and localized orbitals at the carbon-hydrogen chain. Another comparable

finding was discussed by Riposan and coworkers[27] where the SAMs of close-

packed undecanethiol on Au(111) showed two distinctive c(4x2) structures with

four nonequivalent molecules per unit cell.[27] They found out that for both struc-

tures, reversible contrast variations were visible upon systematically altering the

bias voltage. From the theoretical point of view, the importance of the tip-SAM

distance to the STM contrast enhancement arises from LDOS effect of the in-

dividual alkanethiols chemisorbed on Au(111). Li et.al[26] have described that

the internal patterns in the simulated STM images are heavily dependent on bias

voltage. Moreover, the changes in the SAMs appearances as a combination re-

sult of the physical topographic variation and the electronic effect. In the earlier

study, Bucher et al.[28] observed variation in the STM patterns between c(4x2) and√
3×
√

3R30◦ upon changing the tunneling conditions. Pflaum et al.[29] reported

a reversible transition for decanethiol SAMs upon changing the bias voltage, which

was believed due to electronic effects.
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Now, we shall continue with the second discussion which is focused on the to-

pographic variation of 2S-DE as a function of bias voltage. Unlike the octanethiols,

the appearance of 2S-DE did not exhibit any dramatic bias-dependent variation

throughout the same sequential STM acquisition. Instead, the signature of bright

spots remains largely unaffected. Here, we introduced two parameters to monitor

the effect of an applied bias voltage on the local conductance properties of 2S-DE.

Namely, the apparent height and root mean square (RMS) roughness. First, let

us discuss the variation of the apparent height as a function of bias voltage. Inter-

estingly, an appreciable decrease of the apparent height at the bias voltage of -325

mV compared to the rest of acquired data was observed. Intuitively, these obser-

vations have shown that a finite LDOS of 2S-DE is participating in the tunneling

events and this feature is sensitive to the tip-sample separation. We extracted a

small decrease in the apparent height from the initial value of 0.47 nm to 0.39 nm.

This might be due to the fact that we slightly decreased the resonant tunneling

events that occur from the occupied states of 2S-DE to the empty states of the

tip. Thus, the local conductivity of 2S-DE is marginally affected to some degree

and the brightness of 2S-DE is slightly decreased. These systematic changes in the

apparent height can be associated with the fact that the tip and sample distance

becomes larger as the bias voltage is gradually decreased and consequently the

contributed electronic effect in the tunneling event is decreased.

To quantify this observation carefully, we also extracted another parameter

the so called a root-mean-squared(RMS) surface roughness (using Gwyddion 2.90

version) from fig. 6.3. Surprisingly, a rapid change in terms of RMS values was

found immediately as we changed the bias voltage from -825 mV to -425 mV.

Subsequently, the value remains constant ∼ 0.21 nm. From these results, we

conclude that the surface roughness is dramatically affected due to large variation

of the applied bias voltage. These findings strongly emphasize that the size and

shape fluctuation of 2S-DE are not purely affected by the tip-sample separation as

earlier shown in C8 case. Other considerations such as the rigidity of geometrical

confinement of 2S-DE might also contribute to some extent.

6.4 Spectroscopic contrast in a gold vacancy

Here, we present a systematic approach of the topographic imaging of a freely

isolated 2S-DE which is located at the gold vacancy island. Two entangled bright

spots were found at the center of dark region in fig. 6.5. We understand from the

previous section that the C8 surface structures are affected significantly by tuning

the bias voltages from -825 mV to -425 mV and vice versa. It turns out that one
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Figure 6.5: The periodical appearance of bright spots as a function of bias
voltage. Two closely bright spots are found at the dark region so called etch pits
as indicated in fig (a). Reduced voltage to -0.425 V resulted in a disappearance of
one the bright spots (b). As we increased the bias voltage, we are able to retain
the bright spot signature. A complete demonstration of the tunable apparent
height as a function of observation time is presented in fig. (d). The upper
datapoints were acquired when applying the bias voltage of -825 mV, whereas
the lower data points were obtained with -425 mV.

of the spots nearly disappeared at a -425 mV bias voltage as shown in fig. 6.5b.

If we biased again the sample to -825 mV, then the same features as in the initial

STM image were recovered. From this preliminary result, we continue our attempt

by repeatedly adjusting the tunneling parameter between those bias voltages to

evaluate the reproducibility of such phenomenon. As a result, we summarized

these attempts in fig. 6.5d which shows the reversal feature of the bright spot.

The apparent height of the corresponding bright spot is modulated from the range

of 6-8 Å to 0.15-0.45 Å. Thus, we propose that this observation is originating from

the large difference on the local variation of LDOS of 2S-DE upon two distinct

bias voltages.

We discussed our results based on the interplay of the tip-molecule interaction.

A spatial variation in the STM image within a certain energy window is defined

by the applied bias voltage. The contrast mechanism in these features might

be interpreted due to the variation in the effective potential barrier of the STM

molecular junction during the tunneling processes. The observed corrugation on

the 2S-DE, however, is most implausible to be due to the change in local barrier. In

constant-current mode of STM imaging, the tunneling current is fixed and remains
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constant throughout the scanning process, thus by assuming the initial tunneling

distance of 10 Å between tip and the substrate, then a corresponding potential

barrier of 4.8 eV is expected based on the work function difference between gold

and Pt/Ir tip. Thus, a huge potential barrier is expected to exhibit the highest

experimentally corrugation (∼ 8 Å) of the bright spot. This seems physically

unrealistic since the working tunneling parameters by far surpass this energetically

unfavorable condition. Second, a modified local density of electronic states of the

molecules is also possible.

The local conductivity enhancement of 2S-DE as a function of bias voltage

at the freely isolated C8 matrix is proposed due to the presence of new electronic

states of the adsorbed molecule on gold surface. The metallic tip probes the new

electronic state of 2S-DE once the gold-2S-DE-tip junction is probed at -825 mV.

This state is not accessible when the sample is being probed at -425 mV. In other

words, the resonance tunneling process which occurs from the conducting tip to

the electronic state of 2S-DE is different under two bias energies. Ultimately,

we correlate the disappearance and appearance of bright spots due to selective

controllable tunneling process driven by the applied bias voltage.

6.5 Spectroscopic contrast in finite bias

We investigate further the local variation of the electronic structure of 2S-DE

under a small bias voltage in fig. 6.6. Our goal is to investigate the correlation

between the LDOS of the closed form of 2S-DE and spatial corrugation of 2S-

DE in a small enerhegies range. It has been realized that at low bias voltage

the transport behavior of a molecular junction is determined by the perturbed

molecular orbitals (MOs) located near the Fermi level.[30, 31] As soon as 2S-DE

molecules are covalently attached to the gold, the MOs are modified such that their

positions relative to the Fermi level are shifted. In this discussion, we emphasize

the importance of STM as a surface characterization tool to gain the access of

probing LDOS of a molecule at a relatively low bias range voltage.

In fig. 6.6(a-e), we followed a similar approach as previously discussed in

section 6.4. The only difference is that we adjust the small tip-sample separation by

applying low bias voltages (in the range of -0.115 V to -0.20 V) in STM geometry.

In the following discussion, we turn our attention to the one particular bright spot

that is highlighted by the red circle in fig. 6.6a. Initially, we extract a common

apparent height (∼ 7 Å) at the bias voltage -0.20 V. Then, a gradual decrease of

apparent height is observed as soon as the metallic tip-molecule distance is reduced.

For example, we probed the sample with -115 mV and we no longer observe the
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Figure 6.6: Bias voltage dependence of 2S-DE under finite applied bias volt-
ages. A representative STM image of the 2S-DE where the apparent heights
vary as a function of bias voltage (red circle indicates the spot of interest in
(a)). A smeared signature was clearly observed as the bias voltage is reduced to
20 mV (b). Spot signatures were almost invisible as we moderately decreased
again the bias voltage (c and d). the bright spot is recovered again as soon as
the bias voltage is increased (e). A hysteresis-like curve is plotted where the x-
axis is the apparent height and y-axis is bias voltage (f). Forward curves means
that we initially probed the sample with higher (-0.2 V) to lower (-0.115 V) and
backward is acquired in reverse manner.

same brightness as shown in the initial scan (fig. 6.6d). Obviously, the 2S-DE

molecule can be recovered when the bias voltage is switched back to -0.20 V.

We plotted systematically these topographic variations, as a result, a hysteresis-

like plot is drawn in fig. 6.6f. As expected, we also observe a similar phase

transformation of C8 molecules accompanying throughout STM measurements.

In particular, the formation of c(4x2) phase is markedly shown the structural

conversion of C8 molecule from the regular hexagonal structure to a square lattice

by reducing the bias voltage to -0.125 V(fig. 6c).



Chapter 6. Spectroscopic contrast of diarylethene on octanethiol monolayers. 110

In order to understand the reversible feature of 2S-DE at low bias regime, we

consider the role of the geometric contribution in this study. The existing quali-

tative observation by Clarke et al.[32] confirms that there is a reduction of atomic

corrugation as the tip-sample separation is decreased. The possible argument of

this attenuation has been brought up in the existing literature.[33, 34] It might be

due to the fact that the tip atom is in a close proximity to the surface atoms or a

quenching of the surface states. The first, the apex atom motion might contribute

significantly to the tunneling event. The latter is related to a creation of high

electric fields due to a quenched surface states.[34]

A low tunneling current is applied (vary from 6-10 pA) in our experiments.

Then, we expect that this physical parameter leads to a tunneling condition where

the tip atom is brought close to the sample surface without touching the molecule

under study. To exclude this proposal, we have evaluated the tip effect by probing

the same area under the same tunneling parameter for prolonged imaging. Thus,

the molecularly resolved 2S-DE and C8 did not suffer any significant variation in

the topographic STM image. As a result, we conclude that the atomic apex tip

did not change significantly. In this regard, we rule out this aspect that might

contribute to the contrast reversal of the bright spot under bias voltages. We

proposed that this finding is originating from the accumulation of high electric

fields at low bias. As a consequence, a narrowing electronic state[35, 36] of 2S-DE is

expected to form in such condition. For comparison, we illustrate this by giving an

example of the work of Calleja and coworkers[10] in the contrast reversal of oxygen

atoms on Ru(0001) surface. A quantitative comparison between STM experiments

and the first principle calculations reveals that the shape of the atomic adsorbates

in the STM images heavily depends on the tunneling resistance and it can change

reversibly its shape from circular (high resistance) to triangular (low resistance).

Similar approaches were used by Ramoino et.al[37] where they succesfully observed

the change in the appearence of self-assembled copper-octaethyl porphyrin on NaCl

islands by repeatedly altering the bias voltage within the range of -1.6 V to -1.9

V. The voltage-dependent STM studies reveal the differences of the electronic

structure for molecules adsorbed on metal and NaCl/metal areas.

To quantify our finding, a relationship between the apparent height versus the

tunneling gap resistance is discussed. Indeed, the apparent height changes dramat-

ically when the tunneling gap resistance reachs a value of 22000 MΩ. This value

most likely determines the critical region at which the brightest signature of a 2S-

DE is easily distinguished in the STM image. Above this range of gap resistance,

the apparent height slightly varies around 0.5 nm. In addition, we confirmed that

the molecule remains intact at the step edges of C8 SAMs throughout these con-

secutive imaging at finite bias. This observation indicates that the inserted 2S-DE
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molecules are rigidly bound to their adsorption site on gold. Therefore, 2S-DE

did not suffer a conformational change in its configuration or detached from gold

surface compared to PE molecules.[38]

To summarize, we correlate the reversal of brightness of 2S-DE due to a large

variation in the electric field which is experienced by the adsorbed molecule in the

isolated C8 matrix. At finite bias, these features can be attributed to the lack of

resonant MOs within the addressed bias range. The normal tip-sample distance

in the STM experiments is about 4-7 Å. Within this range, we can deduce three

crucial forces that might occur between two contributed electrodes: van der Waals

force, the resonance force and the repulsive force. In the tunneling regime at

small bias, it was believed that the resonance force is the dominant factor in the

tunneling events.[39] Therefore, we propose that the splitting of the resonance

level is expected to occur at the small bias voltage range. A direct consequence of

such event is that different phases of an overlapping wavefunction of the molecule

and tip may arises at a finite bias and resulting a smeared out signature of bright

spot in the STM image.

6.6 Conclusions

In summary, we have succesfully taken advantage of the STM technique to study

the bias voltage dependent imaging of 2S-DE in C8 matrix. A reversible contrast

of the C8 structure was successfully demonstrated by means of two different bias

voltages (-825 mV and -425 mV) at room temperature. Moreover, a detailed

spatial shape of the molecules is attributed to the contribution of the molecular

wave functions at different energies. Interestingly, a significant change of the

apparent height of 2S-DE is observed when the molecule was embedded at the

gold vacancy island. We proposed that the reversal of the apparent height in a

gold vacancy is due to an events where a metallic tip probes a new electronic state

of the 2S-DE once the gold-2S-DE-tip junction is formed.

The behavior of small variations of the 2S-DE signatures at finite bias can

be rationalized on the basis of the accumulation of high electric fields that act

on the molecule. Thus, a narrow electronic state of the 2S-DE molecule becomes

accessible for the tunneling event at small bias. In other words, the smearing out

of the bright spots can be attributed to the lack of the corresponding resonant

molecular orbital level within the addressed bias range. Consequently, an out of

phase of the overlapping wavefunctions of the tip state and the molecular energy

level could be responsible for the small variation of bright spots at the finite bias.
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Chapter 7

Reversible Hydrogenation and

Band Gap Opening of Graphene

and Graphite

The effect of hydrogenation on the topography and the electronic properties of

graphene and graphite surfaces are studied by scanning tunneling microscopy and

spectroscopy. The surfaces are chemically modified using Ar/H2 plasma. Ana-

lyzing thousands of scanning tunneling spectroscopy measurements we determine

that the hydrogen chemisorption on the surface of graphite/graphene opens on av-

erage an energy band gap of 0.4 eV around the Fermi level. We find that although

the plasma treatment modifies the surface topography in a non-reversible way, the

change in the electronic properties can be reversed by a moderate thermal anneal-

ing and the samples can be hydrogenated again yielding a similar semiconducting

behavior after the second hydrogenation.1

7.1 Introduction

Since its first experimental realization by mechanical exfoliation of graphite on

SiO2 surfaces[1], graphene has attracted a lot of attention because of its unique

electronic properties.[2–6] Graphene is a zero gap semiconductor with a linear

energy-momentum dispersion relation, which implies that the charge carriers be-

have as massless Dirac fermions.[7] This fact made it possible to experimentally

observe very unusual effects such as the fractional quantum Hall effect,[8] the

1Part of this chapter has been published as A. Castellanos-Gomez, M. Wojtaszek, Arramel,
N. Tombros and Bart. J. van Wees, Small, DOI: 10.1002/smll.201101908, (2012)
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Klein tunneling,[9] and bipolar supercurrent.[10] However, the application of gra-

phene in microelectronic devices is hampered by the lack of a band gap around

the Fermi level. Such an energy band gap is mandatory in order to fabricate elec-

trically switchable devices with large on-off ratio based on graphene. Up to date

several strategies have been developed to open a band gap in graphene. Among

them, chemical functionalization of the graphene surface can be very attractive

for industrial applications because it is compatible with large scale production of

semiconducting graphene. In particular, the exposure of the graphene surface to

hydrogen plasma[11–13] or hot atomic hydrogen[14, 15] leads to the chemisorption

of hydrogen atoms, which produces the sp3 hybridization of carbon network, re-

duces the number of delocalized sp2 electrons and consequently opens a band gap.

The value of the band gap E depends on the level of hydrogenation, for instance for

graphone,[16] a graphene layer with only one surface fully hydrogenated, the value

is E = 0.45 eV and it is respectively lower for partially hydrogenated graphene

surfaces.[17] This property provides a degree of freedom to tailor the graphene

transport properties according to the required semiconducting behavior.

In this work, we have studied the effect of hydrogenation on graphene by its

exposure to hydrogen plasma in a reactive ion etching system (RIE), as described

in Ref.[18]. Hydrogenation using plasma, next to hot atomic hydrogen exposure, is

the most common technique to induce H chemisorption in graphene. Its advantages

are: high reactivity of incident hydrogen ions and compatibility with standard

wafer-scale microfabrication techniques. However the acceleration voltage used for

feeding the plasma, when too high, can cause graphene etching and its irreversible

damage. In Ref.[18] it was shown by electronic transport measurements that at

properly chosen plasma conditions there is no sputtering of graphene, however the

microscopic confirmation of this hydrogen plasma effect on graphene is missing

so far. We have studied the topographic and electronic changes produced by the

chemisorption of hydrogen on top of graphene and graphite surfaces by means of

scanning tunneling microscopy and spectroscopy. From a statistical analysis of

thousands of STS spectra, acquired at 50-100 different positions on the surface

of both materials, we have determined that chemisorption of hydrogen induces

the opening of an energy band gap of 0.4 eV around the Fermi level. We have

also found that a moderate thermal annealing of the crystals is enough to close

this band gap and more interestingly, the samples can be hydrogenated again

yielding a similar semiconducting behavior. We have first studied the structural

changes of the topography induced by the hydrogenation of the surface with an

Ar/H2 plasma treatment (see Ref.[18] and experimental section for more details).

Although the presence of Ar gas in the mixture is not strictly necessary for the

hydrogenation process, it has been used due to safety considerations. Both highly

oriented pyrolitic graphite (HOPG) and graphene/few-layer graphene grown on
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nickel by chemical vapour deposition (CVD) has been studied. Graphite samples

have been cleaved before starting the study while CVD graphene samples have

been used as received.[19] According to the manufacturer, the CVD graphene

samples present patches 3-10 µm in size with a thickness that ranges from 1 to 4

layers.

figure 7.1 shows 8 x 8 nm2 topographic images acquired in the constant cur-

rent STM mode of the surface of HOPG graphite and graphene grown on nickel by

CVD. Before the plasma treatment, both samples exhibit a highly crystalline sur-

face. In the case of graphite, the typical triangular lattice can be resolved in most

of the surface (figure 7.1(a)).[20] For the CVD graphene one can see a Moiré pat-

tern superimposed on the honeycomb lattice of graphene (figure 1(d)).[21–27] This

Moiré pattern, which is the most commonly observed in our samples, corresponds

to the one reported for a graphene monolayer grown onto a nickel(111) surface and

it is due to the mismatch between the graphene and the nickel lattices.[28] During

the experiments reported here we have studied several tens of locations on the

CVD graphene samples, observing occasionally other Moiré patterns associated

with few-layer graphene. Therefore, in the CVD graphene samples we sometimes

probed regions with 2-4 layers in thickness.

Both graphite and CVD graphene samples are then exposed for 40 minutes

to an Ar/H2 plasma to hydrogenate their surfaces. Previous electronic transport

measurements indicate the large increase of scattering cross-section for exposure

times >1h both in single and bilayer graphene,[18] suggesting the coalescence of

hydrogen defects. Moreover Raman spectroscopy measurements have shown that

40 min plasma treatment does not introduce a noticeable amount of defects on

graphene.[18] Therefore we have chosen the exposure time of 40 min, yielding

moderate hydrogen coverage, allowing to locally resolve the underneath graphene

surface. The hydrogen coverage has been estimated from the ratio between the

regions showing the pristine atomic resolution and the bright regions where the

atomic resolution is strongly distorted due to chemisorbed hydrogen. From the

analysis of tens of STM topography images, acquired at different locations on the

sample, the hydrogen coverage has been estimated to be 30-40% of the surface of

both the graphite and CVD grown graphene samples.

The expected structural changes due to hydrogenation are twofold. First, the

chemisorption of hydrogen atoms will change the sp2 hybridization of carbon atoms

to tetragonal sp2 hybridization, modifying the surface geometry.[29, 30] Second,

the impacts of heavy Ar ions, present in the plasma, could also modify the surface

by inducing geometrical displacement of carbon atoms (rippling graphene surface)

or creating vacancies and other defects. figure 7.1(b) and (e) show the topog-

raphy images of the surfaces of graphite and CVD graphene after the extended
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Figure 7.1: Topography images, acquired in the constant current STM mode,
(a-c) HOPG graphite (d-f) graphene grown by CVD on top of a nickel surface
at different steps of the hydrogenation/dehydrogenation process. (a) and (d) the
topography of the surface before the hydrogen plasma treatment. For the HOPG
the typical triangular lattice can be resolved all over the surface. For the CVD
graphene, a Moiré pattern, due to the lattice mismatch between the graphene
and the nickel lattices, is superimposed onto the honeycomb lattice is observed.
In (b) and (e), after 40 min. of Ar/H2 plasma treatment, the roughness of
the surfaces increases. The surfaces are covered with bright spots in where the
atomic resolution is lost or strongly distorted. (c) and (f) graphene surface after
10 min. of moderate annealing, the topography of both the HOPG and CVD
graphene surfaces do not fully recover their original crystallinity. (g) Current
vs. voltage traces measured for a CVD graphene sample in several regions with
pristine atomic resolution like the one marked with the red square in (e). (h)
Same as (g) but measured in several bright regions, like the one marked with the
blue circle in (e), where the atomic resolution is distorted.

plasma treatment. The corrugation increases for both of them after the treatment

and there are brighter regions in where the atomic resolution is lost or strongly

distorted. This increase of corrugation can be explained by the change of hy-

bridization induced by the chemisorption of hydrogen.[29, 30] We have also found

that these bright regions present a semiconducting behavior while the rest of the

surface remains conducting (see figure 7.1(g)-(h)). The room temperature thermal

drift, however, makes it challenging to spatially resolve the electronic properties of

the samples by STS with atomic accuracy and thus in the presented approach we

focus on statistical analysis of the graphene surface. Both the strong distortion of

the pristine atomic resolution and the semiconducting behavior can be explained

by the accumulation of hydrogen atoms in these bright regions forming clusters.

For the CVD graphene samples, the graphene-substrate interaction can play an

important role on the spatial distribution of the hydrogen chemisorption for low
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coverages.[14] It has been reported, however, that when the coverage is larger the

chemisorption does not show any preferential position on the graphene lattice.[15]

To confirm whether the hydrogenation or the Ar ion impacts is the main

source of these structural changes, we have annealed our samples at moderate tem-

perature. Previous work in similar graphene-based systems[31, 32] indicate that

annealing the samples for 10 minutes at 280◦C largely removes the chemisorbed

hydrogen from the surface, while it cannot cure possible graphene voids. It is thus

interesting to study also the topographic changes produced after the annealing.

As shown in figure 7.1(c) and (f), the topography of the samples after anneal-

ing is similar to the one after the plasma treatment. There are regions in where

the graphite/graphene lattice can be well-resolved but there are also few brighter

regions indicating that the recovery was not complete. However, after the ther-

mal treatment the brighter regions show horizontal lines and elongated features

in the STM topography images which are typical of samples with movable atoms

on the surface. These movable atoms can be carbon atoms or adsorbates on the

surface. As the samples have been annealed, we rule that these movable atoms

are remaining hydrogen atoms in the surface. We have also observed that the STS

spectra taken at various positions over the surface are rather homogeneous, show-

ing a marked that the STS spectra all over the surface are rather homogeneous,

showing a marked conducting behavior.

7.2 Study of the electronic changes due to the

hydrogenation

It is interesting to study the changes in the electronic properties of both graphite

and graphene after the hydrogen plasma treatment to verify if a band gap is

opened. In a previous work, electronic transport measurements showed a dra-

matic increase in the resistance of graphene after hydrogenation.[18] The absence

of a systematic study as a function of the temperature, however, hampered the

estimation of the bandgap in those measurements. Here we use STS, which is well-

known as an extraordinary sensitive technique, to probe the electronic properties

of the samples before and after the Ar/H2 plasma treatments.

The measured STS spectra, however, typically depend on the exact atomic

arrangement of the atoms involved in the tunneling process. Therefore, under

ambient conditions the atomic diffusion and the thermal drift yield fluctuations

between different measured spectra. To overcome this trace to trace variations

we have introduced a procedure to statistically analyze thousands of STS spectra
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acquired at several tens of different, randomly selected spots in the sample for

each step of the hydrogenation/dehydrogenation cycle (see experimental section

for a more detailed description of the STS measurement procedure).

Figure 7.2: Two dimensional histograms of the differential conductance as a
function of the tip bias voltage measured for HOPG (a-e) and CVD graphene (f-
j) at different steps of the hydrogenation/dehydrogenation process. The samples
are hydrogenated/dehydrogenated several times and the changes on their elec-
tronic properties are probed after each process step, measuring 2000 STS spectra
at 50-100 different positions on the surface. The hydrogenation step is carried
out by a 40 min exposure to an Ar/H2 plasma and the dehydrogenation is done
by 10 min annealing at 2800C. For both the HOPG and CVD graphene samples
we have observed that after the Ar/H2 treatment, the 2D histograms show a
semiconducting behavior (accumulation of data points around zero differential
conductance value). This behavior disappears after the annealing of the samples,
recovering a metallic behavior.

The data corresponding to each step of the hydrogenation/dehydrogenation

cycle are represented together, without any selection of the traces, in a two-

dimensional histogram (figure 7.2). This kind of representation has been pre-

viously used to determine the most probable STS spectra of a single molecule

in a break junction experiment[33] where the configuration of the molecule can

change during the experiment. We can use this method to determine the most

probable differential conductance vs. voltage (dI/dV vs. V hereafter) trace on the

surface after each step of the plasma/annealing treatment. A general feature of

the measured dI/dV vs. V curves is their parabolic shape for voltages larger than

0.5-0.6 V. This parabolic shape of the tunneling differential conductance can be
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accounted for with the Simmons model when the tip-sample voltage is comparable

to the apparent tunneling barrier height. At low tip-sample voltages, however, the

tunneling differential conductance is proportional to the local density of states,

giving information about the electronic properties of the sample. For instance, for

freshly cleaved graphite (figure 7.2a) the dI/dV vs. V has a non-zero minimum

value of 35 ± 11 pS, while the value for the CVD graphene sample is 45 ± 10 pS.

The high value of differential conductance measured in CVD graphene samples

is in agreement with the metallic behavior observed by Murata et al. in gra-

phene over nickel.[28] Additionally, in Ref.[28] they perform DFT demonstrating

that, despite the bandgap opening at the K point of the Brillouin zone, the hy-

bridization of the Ni and C orbitals renders the graphene metallic, explaining the

observed increased conductance at low bias with respect to the graphite.[28] After

the plasma treatment, this dI/dV vs. V presents a clear accumulation of points

with zero differential conductance (figure 7.2b) as expected for a semiconducting

material. After moderate annealing, the samples recover their original conducting

behaviour, the differential conductance minimum value for the graphite sample is

31 ± 15 pS and for the CVD graphene 44 ± 20 pS. It is important to note, how-

ever, that the increased corrugation of the surface after these treatments causes

an inhomogeneous distribution of the electronic properties on the sample which

shows up as more blurry histograms (see figure 7.2c). After that, the sample is

treated again with hydrogen/argon plasma and the semiconducting behavior is

again observed (figure 7.2d). A final annealing has been used to check that the

sample recovers the metallic behavior (figure 7.2e).

The case of CVD graphene is remarkably similar to that of graphite. One main

difference, however, can be pointed out. After the second plasma treatment the

semiconducting behavior of the CVD graphene is less marked, with lower density of

zero dI/dV counts in STS 2D histogram. Based on our STM images and previous

Raman spectroscopy measurements in similar systems we rule out the possible

breaking of the graphene layer, exposing the metallic nickel surface, during the

plasma treatment. Therefore, we attribute this reduction of the semiconducting

behaviour to a modification of the graphene/nickel coupling produced by these

plasma/annealing/plasma treatments.

We have additionally studied the role of the Ar ion impacts (occurring during

the Ar/H2 plasma treatment) in these changes of the electronic properties. We

have found that after a pure Ar plasma treatment the samples do not present the

semiconducting behavior observed in samples treated with Ar/H2 plasma.

It is important to note that these two-dimensional dI/dV vs. V histograms

are built with traces measured at different locations in the sample (including both

regions highly covered by hydrogen and pristine regions) which show very different
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electronic behaviour, as shown in figure 7.1(g)-(h). Therefore, in order to quan-

tify the appearance of some semiconducting behavior after the hydrogen plasma

treatments, we have studied the accumulation of data points around zero dI/dV

in the two-dimensional histograms shown in figure 7.2. A line profile along dI/dV

= 0 (dashed lines in figure 7.2) is taken to represent the number of counts as a

function of the tip voltage (figure 7.3).

Figure 7.3: One dimensional histograms extracted from a profile along the
dashed line (zero differential conductance) in the two dimensional histograms of
figure 7.2. Left panel corresponds to the HOPG and right panel to CVD graphene
sample. The consecutive histograms at different steps of the hydrogenation/de-
hydrogenation treatments are plotted in the same panel but vertically displaced
for clarity. From these histograms one can observe that the number of counts at
zero differential conductance for the pristine and annealed samples is negligible
in comparison with the number of counts after the Ar/H2 plasma treatments.
Note that the counts of the histograms for pristine and annealed samples have
been multiplied by 5 to facilitate their comparison.

For a conducting sample one would expect a complete absence of counts at

dI/dV = 0. On the other hand, for a semiconducting sample with a well-defined

bandgap value, the line profile along dI/dV = 0 would show a constant number

of counts between two voltage values that defines the gap. If one now considers

the scenario of a heterogeneous semiconducting sample in which there are spots

more conducting than others, the line profile along dI/dV = 0 would show a

broad distribution whose full-width-half-maximum (FWHM) indicates the most

probable bandgap on the sample. For both graphite and graphene pristine or

annealed samples, these one-dimensional histograms show a negligible number of

data points with zero dI/dV confirming the semi-metallic properties. On the other

hand, samples treated with plasma show a strong number of counts with zero

dI/dV which follows a nearly Gaussian distribution as a function of tip-sample
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bias. The number of zero dI/dV counts after the second plasma treatment is

smaller, especially for the case of CVD graphene.

One can additionally estimate the average energy band gap opened after the

plasma treatment from the full width at half maximum of the Gaussian peak in

the histograms obtained for the plasma treated samples (figure 7.4). Surprisingly

we have found that even though the topographic changes induced during these

treatments are not fully reversible, the opening/closing of the energy band gap

is reversible. Moreover, in the case of the HOPG the values of the mean energy

band gap obtained after the hydrogenation and after the hydrogenation/dehy-

drogenation/hydrogenation process are very similar, 0.49 ± 0.04 eV and 0.40 ±
0.04 eV respectively, which is in agreement with the values obtained for partially

hydrogenated graphene by other methods.[35] In the case of CVD graphene, the

hydrogenated samples show an average band gap opening of 0.45 ± 0.05 eV but the

hydrogenated/dehydrogenated/hydrogenated samples show the opening of a band

gap with a lower value (0.30 ± 0.03 eV). This reduction in the energy band gap

can be due to the observed non-reversible topographic changes that can modify

the reactivity of the surface.[36]

Figure 7.4: Average energy band gap after several hydrogenation/dehydro-
genation steps for both HOPG (top panel) and CVD graphene samples (bottom
panel). This energy band gap has been determined from the full-width-at-half-
maximum of the counts distribution in Figure 3.

7.3 Conclusions

Using scanning tunneling microscopy and spectroscopy we have studied the effect

of hydrogenation on the topography and the electronic properties of graphene and
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graphite surfaces. An Ar/H2 plasma has been employed to chemically modify the

surface of the samples. We have introduced a method to statistically analyze thou-

sands of scanning spectroscopic spectra which made us possible to determine that

chemisorption of hydrogen induces the opening of an average energy band gap of

0.4 eV around the Fermi level. Interestingly, although the topographic changes

induced by the hydrogenation are not fully-reversible, a moderate annealing of the

crystals is enough to close this band gap and the samples can be hydrogenated

again yielding a similar semiconducting behavior. The method presented here to

average STS data provides a reliable way to study the effect of surface modifi-

cation in samples where other techniques (such as angle resolved photoemission

spectroscopy, Raman spectroscopy, electronic transport measurements) cannot be

applied because of the presence of a conducting substrate underneath.

7.4 Experimental section

7.4.1 Graphene and graphite hydrogenation

All the hydrogenation steps are done using Ar:H2 plasma (composition of 85:15)

in reactive ion etching system with a high frequency generator operating at 13.56

MHz, capacitively coupled to the bottom electrode. The gas flow is kept constant

at 200 sccm and the pressure in the chamber is 0.05 mbar. We chose the lowest

plasma ignition power, P = 3 W (power density is 4 mW/cm2), and tuned the

circuit impedance to reduce the built-in DC self-bias between the bottom electrode

and the plasma down to zero. As shown in ref.[18], at the chosen conditions the

sputtering of carbon from graphene surface for the samples which are in electrical

contact with chamber electrode (the case here) is completely supressed. Each

exposure is done for 40 min, which leads to moderate hydrogen coverage and

is directly followed by STM/STS measurements. Thermal annealing steps are

performed on the hot-plate at 2800C in the nitrogen environment for 10 min each.

7.4.2 Scanning tunneling microscopy (STM)

STM measurements were carried out by utilizing a PicoLE STM from Agilent

Technologies. The STM tips were obtained by mechanically cutting a high purity

Pt0.8Ir0.2 wire 0.25 mm in diameter (Goodfellow). The STM images were ac-

quired in constant current operating mode in room conditions. Typical scanning

parameters for obtaining STM images of HOPG and CVD-graphene surfaces are

in the range between 0.5 to 2 nA and tip bias voltage -0.2 to -0.5 V.
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7.4.3 Scanning sunneling spectroscopy (STS)

The STS measurements are carried out as follows. 50 current vs. voltage traces

(IV traces) are measured at a certain spot on the sample (interrupting the feedback

control loop during the measurements). The variation of the tunneling current is

measured as the tip bias voltage is swept (0.01 second per trace). By measuring

both the forwards and backwards voltage sweep we checked that the thermal drift

during the acquisition of a single IV trace can be neglected and thus every IV

trace is measured at a fixed tip location. Then we change the lateral position of

the tip by 50-100 nm and another set of 50 traces are acquired. It is important to

note that the spectra have been collected without distinction between the bright

regions or the regions where the atomic resolution is retained. The procedure is

repeated until 2000 traces are collected. The differential conductance vs. voltage

(dI/dV vs. V) is obtained by numerical differentiation of the IV traces. Then the

whole set of 2000 dI/dV vs. V are represented together in a 2D histogram which

shows the most probable shape of the dI/dV vs. V traces on the sample. It is

important to note that these two-dimensional dI/dV vs. V histograms are built

with traces measured at different locations in the sample (including both regions

highly covered by hydrogen and pristine regions) which will show very different

electronic behaviour, as shown in Figure 7.1(g)-(h). To build these 2D histograms

both the bias voltage and the dI/dV axes are discretized into N number of bins

forming an N by N matrix (200 by 200 in our case). Each datapoint whose dI/dV

and V values are within the interval of one bin, adds one count to it. The number

of counts in each bin is then represented with a color scale.
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Chapter 8

Band gap opening of graphene by

a noncovalent π-π interaction

with porphyrins

Graphene has been recognized as a promising 2D material with many new proper-

ties. However, pristine graphene is gapless which hinders its direct application

towards graphene-based semiconducting devices. Recently, various ways have

been proposed to overcome this problem. In this study, we report a robust

method to open a gap in graphene via noncovalent functionalization with por-

phyrin molecules. Two type of porphyrins, namely, iron protoporphyrin (FePP)

and zinc protoporphryin (ZnPP) were independently physisorbed on graphene

grown on nickel by chemical vapour deposition (CVD) resulting in a bandgap

opening in graphene. Using a robust statistical analysis of scanning tunneling

spectroscopy (STS) measurements, we demonstrated that the magnitude of the

band gap depends on the type of deposited porphyrin molecule. The π-π stacking

of FePP on graphene yielded a considerably larger bandgap value (0.45 eV) than

physisorbing ZnPP (0.23 eV). We proposed that the origin of different band gap

value is governed by the metallic character of the respective porphyrin.1

8.1 Introduction

The development of novel techniques to produce highly crystalline monolayer gra-

phene on the surface of transition metals is bringing graphene-based applications

1Part of this chapter has been submitted as Arramel, A. Castellanos-Gomez, and Bart. J.
van Wees, the Beilstein Journal of Nanotechnology,(2012)
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a step closer[1–6]. However, the absence of band gap around the Fermi level in

graphene has hampered its application in nanoelectronic and photonic devices[2],

since an energy gap is necessary to fabricate field effect transistors with a large

current on-off ratio. This fact has motivated the study of different methods to

open a band gap in graphene. The band structure of graphene is mainly governed

by its special electronic properties where π and π∗ bands are crossing at the so

called Dirac neutrality point. The opening of a gap in graphene can be realized

by breaking its symmetry in various approaches: defect formation[7], chemical

dopants[8–10], electric fields[11–13], and interaction with gases[14].

The noncovalent stacking of aromatic organic molecules on graphene through

π-π interaction is emerging as a promising route to tailor the electronic prop-

erties of graphene[15], motivated by the study of the interaction between large

aromatic molecules and graphene[16–18]. Among all possible aromatic molecules,

porphyrins are of primary interest in molecular electronics due to their rich elec-

tronic/photonic properties (including charge transport, energy transfer, light ab-

sorption or emission)[19]. Individual porphyrin molecules physisorbed on different

substrates have shown that their structure can be well-resolved using scanning tun-

neling microscopy (STM)[21–23]. In particular, metalloporphyrins (with a metal

ion at the central part of the porphyrin) have attracted much interest due to their

peculiar electronic properties[19]. However, a microscopic knowledge of the topo-

graphic and the local electronic structure of physisorbed porphyrin molecules on

monolayer graphene is still lacking.

In this work the π-π stacking of porphryins on graphene and its effect on the

electronic properties of graphene is investigated. Two different type of porphyrin

molecules, namely, iron protoporphyrin and zinc porphryins were physisorbed on

CVD graphene grown on nickel. By means of a systematic statistical analysis

of scanning tunnelling spectroscopy measurements, we probe the opening of an

energy bandgap in graphene in the vicinity of physisorbed porphyrins.

8.2 Surface characterization of metallic-porphyrin

on graphene

We have studied and used commercially available graphene grown by chemical

vapour deposition on polycrystalline nickel [20]. The as received samples have

been first characterized by scanning tunnelling microscopy and spectroscopy. fig-

ure 8.1 shows the STM topography, measured in constant current mode, of the

surface of the CVD graphene on nickel, showing a characteristic rippled structure
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Figure 8.1: A representative STM image of pristine CVD-graphene probed in
ambient condition. (a) 160 x 160 nm2 STM image covered with single layer of
graphene (It = 0.1 nA; V = 0.5 V; Z-scale = 2.05 nm). (b) Super mesh of
single layer graphene decorated with a hexagonal Moiré feature throughout the
entire surface area (It = 0.1 nA; V = 0.3 V; Z-scale = 5.01 Å). (c) Carbon
atoms arranged in the honeycomb lattice is markedly the evidence of single layer
graphene on nickel substrate (It = 0.1 nA; U = 0.3 V; Z-scale = 5.01 Å). (d)
A corresponding cross section profile drawn from a solid black line in Fig.(c).

(a moiré pattern) due to mismatching between the graphene and nickel lattices.

The topographic line profile, measured along the black line in figure 8.1c, shows

the graphene atomic corrugation superimposed to the Moiré pattern of graphene

(figure 8.1d). Iron porphyrins (FePP) are then deposited onto the CVD graphene

surface by drop casting. The porphyrins were used without any further purifica-

tion from Aldrich. A solution 1.63 mM of FePP in uvasol grade chloroform was

prepared. Further, a droplet of 10 µL of the porphyrin solution was dropcasted

onto CVD-graphene surface and the solvent was left to evaporate for 3h in open

air condition. The same procedure was also applied for the deposition of ZnPP.

figure 8.2b shows the STM topography of the CVD graphene surface after the

deposition of FePP molecules. There are two main features associated with the

presence of FePP molecules on the surface: small and chain-like protuberances

(see figure 8.2c). While chain-like structures present typical lengths ranging from

4.5 nm to 7 nm and 0.6 nm in height, higher resolution images reveals that the

small protuberances have a star-like shape with 0.26 nm in height and approx-

imate dimension of 13 Å x 19 Å(figure 8.2d). These lateral dimensions are in

agreement with the dimensions of a single porphyrin molecule obtained by first

principle calculations (16 Å x 16 Å) (Hyperchem 6.0). The resolved six-star shape,
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Figure 8.2: Single molecule detection of porphyrins on CVD-grown graphene.
(a) 5,10,15,20-Tetraphenyl-21H,23H-porphine iron(III) chloride (abbreviated as
FePP). (b) Porphyrin molecules decorating the terraces of single layer graphene
(It = 0.1 nA; V = 0.5 V). FePP can be found at the valleys of the Moiré pattern
of graphene. (c) Single porphyrin molecules with star-like shape were observed at
the vicinity of hills of the rippled structure of graphene on Ni. (d) Topographic
line profile along the black and red lines highlighted in Fig. (b). (e) 7,12-
Diethenyl-3,8,13,17-tetramethyl-21H,23H-porphine-2,18-dipropionic acid, zinc
complex (abbreviated as ZnPP). (f) STM image of ZnPP molecules deposited
on the surface of CVD graphene. (g) In high resolution, a chain-like structure
of ZnPP is clearly observed. (h) Lateral profile extracted from the black dashed
line in Fig (g).

however, does not perfectly match to the expected geometrical structure of por-

phyrin molecules (four-star shape). The additional features in the observed star

shape can be due to the splitting of the local density of the state (LDOS) of one

phenyl ring. Another interesting finding is that FePP molecules are preferable

physisorbed at the valleys of the Moiré structure of graphene (figure 8.2c). The

origin of the chain-like structures is possibly driven by a noncovalent interaction

created between the next neighboring FePP extended up to few nanometers.

To evaluate further the effect of the molecule-substrate (MS) interaction, we

present another example of self-assembled porphyrin on graphene using Zincpor-

phyrin (ZnPP) molecules with a weaker interaction with the graphene surface[38].

The molecular structure is illustrated in figure 8.2e. We deposited the ZnPP in a

similar way as the FePP. The ZnPP molecule is mainly constructed of a zinc metal
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at the central propyrins backbone which is a rather weak transition metal in com-

parison to Fe. Interestingly, a chain-like structure was observed in the STM image

(figure 8.2f). The chain structures of ZnPP are slightly lower in height compare

to the FePP and they can be much longer (figure 8.2h). Petukhov and coworkers

observed a similar shape in the manganese grid-like assembly molecules[29]. In

this particular system, the molecular chain is governed by the coordination bond

of the ligands which form a grid-like structure. Note that we could not resolve the

Moiré pattern in graphene at the vicinity of the ZnPP as it is previously shown in

FePP, indicating that the modification of the electronic properties induced by the

physisorption of ZnPP is more extensive than that of FePP.

We expect that the two different structural arrangements of the molecules

are related to the strength of the metallic centre of porphyrins. While FePP

strongly interacts with graphene, resulting in the physisorption of localized in-

dividual molecules on the surface, the ZnPP-graphene interaction is rather weak

and thus individual ZnPP molecules preferably interact among themselves and

form large chain-like aggregates on graphene surface (figure 8.2f). In addition to

that, the absence of phenyl rings at the corners of ZnPP did not give additional

molecular rigidity of the porphryins backbone.

8.3 Scanning tunneling spectroscopy results

In order to study the effect of the deposition of porphyrin molecules on the elec-

tronic properties of graphene, we used a statistical analysis of tunneling spectro-

scopic measurements[27, 28]. The STS measurements were carried out as follows:

A total of 1000 tunneling current vs. voltage traces (I-V traces) were measured at

several spots on the sample by interrupting the feedback control loop during the

measurements and sweeping the tip bias voltage between -1.5 V and 1.5 V (0.01

second per trace). The differential conductance vs. voltage (dI/dV vs. V) was

obtained by numerically differentiated the I-V traces. Then the whole set of 1000

(I-V and dI/dV ) vs. V is plotted in a 2D histogram shape which shows the distri-

bution of the dI/dV vs. V of the sample. To construct these 2D histograms, both

the bias voltage and the dI/dV axes are divided into a number of bins forming a

N by N matrix (200 x 200 in our case). Each datapoint whose dI/dV and V values

are within the interval of one bin, adds one count to it. The number of counts in

each bin was then represented with a color scale.

After the deposition of FePP onto the graphene surface, we measured the I-V

traces directly on top of six porphyrin molecules (one of them is indicated by the

red cross in figure 8.2c). The tunneling differential conductance at low bias shows
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a strong reduction (figure 8.3c) in comparison to pristine graphene (figure 8.3a).

In fact, the tunneling differential conductance traces present zero conductance

for a wide range in bias, a characteristic of semiconducting behaviour while for

pristine graphene the low bias differential conductance value is significantly larger

than zero. Surprisingly, when this measurement is repeated on graphene several

angstroms away from a single porphyrin molecule (at the topmost point of Moiré

as indicated by the black cross in figure 8.2c) the characteristic I-V traces (figure

8.3d) are different than that of pristine graphene (figure 8.3a). The tunneling

differential conductance at low bias is strongly reduced. Indeed, we also observed

a significant number of traces with zero conductance, indicating the opening of

a band gap in graphene mediated by the interaction with the vicinal porphryin

molecule. This modification of the electronic properties of graphene seems to be

due to the adsorption of porphyrins as regions very far from the porphyrins ( 200

nm) show a conducting behaviour similar to pristine graphene (figure 3b).

Further, we analysed the tunneling differential conductance in the histogram

bin close to zero conductance value to gain a deeper insight of the reduction of the

differential tunneling conductance by the physisorption of porphyrins on graphene.

Therefore, we extracted 1D histograms at zero differential conductance from the

2D histograms as presented in figure 8.4. The 1D histogram of modified graphene

(close to a physisorbed molecule) shows a reasonable number of counts that are

concentrated close to the zero bias. Moreover, by fitting the 1D histogram to a

Gaussian curve we estimate a bandgap value of 0.45 eV. Interestingly, although

the π-π interaction with graphene is rather weak this value is quite comparable

to the band gap opened in CVD graphene by the chemisorption due to hydrogen

plasma treatment[27]. The semiconducting behaviour observed directly on top of

the porphyrin molecules by STS is more marked and the estimated energy gap

is larger (0.70 eV) (figure 8.4d). The 1D histograms obtained for pristine CVD

graphene and for graphene far from the porphyrin molecules are similar and do

not show a significant number of counts which demonstrates a fairly conducting

behaviour. According to these measurements, the semiconducting behaviour ob-

served on top of the FePP molecules physisorbed on graphene is extended to the

adjacent graphene (up to 10-20 nm in distance) while graphene far away from the

molecules remains fairly conducting (as the initial CVD graphene).

We also investigate the local electronic properties of the chain-like features

formed by ZnPP molecules by means of the same statistical STS approach. Figure

8.5a and 8.5b present the collected I-V traces on pristine graphene and graphene

far from the physisorbed ZnPP, sharing an ohmic behaviour for low biases. In

fact, the tunnelling differential conductance (figure 8.5e and 8.5f) shows that the

minimum differential conductance value is significantly larger than zero. On the
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Figure 8.3: A comparison of the I-V and dI-dV graphene before and after
FePP deposition. The data is presented as 2D histograms, each one built from
1000 individual traces. (a) I-V of pristine CVD graphene measured on top of
Moiré (we also observed a similar I-V shape of pristine graphene in the the
valleys of Moiré). (b) The I-V of CVD graphene after FePP deposition acquired
on top of hill of Moiré far from the physisorbed molecules. (c) The collected I-V
traces acquired on top of the porphyrin molecule marked in fig. 8.2c. (d) I-V
of CVD graphene after FePP deposition taken on different hills of the Moiré
within 10-20 nm in radius of a porphyrin molecule. (e- h) The corresponding
differential conductances (obtained by numerical differentiation) are presented
next to each corresponding measurements.
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Figure 8.4: One dimensional histogram extracted from the respective black
dashed lines in fig. 8.3(e- h). We considered the datapoints that fall in the bin
with differential conductance between 0 pS and 2.5 pS of the 2D histograms.(a)
and (b) 1D histograms for pristine CVD graphene and graphene after FePP
deposition (far from the molecules) are featureless, showing a negligible amount
of datapoints with zero differential conductance. The observed counts are due
to the noise of the dI/dV traces. (c) and (d) 1D histograms for a single FePP
molecule and for the graphene close to a FePP molecule which show a clear
accumulation of datapoints with zero differential conductance at low bias. A
Gaussian fit is used to estimate the band gap.

other hand, the I-V and the dI/dV spectra measured on top of the ZnPP chain

structure (figure 8.5c) and on a graphene region 10-20 nm close to the ZnPP

molecules (figure 8.5d) show a strong reduction on the differential conductance

with a non-negligible presence of datapoints with zero differential conductance.

This resembles again the semiconducting behaviour observed on top of the FePP

molecules and on graphene close to FePP molecules.

In order to estimate the band gap opening of graphene, 1D histograms were

extracted from the bin with zero dI/dV value in the 2D histograms as shown in

figure 8.6. Figure 6d shows that close to the chain of ZnPP molecules there is an

accumulation of datapoints with zero differential conductance for low bias voltage,

in agreement with an opening of a band gap with a value of 0.23 eV. The resulted

band gap value after ZnPP deposition is almost a factor of two lower than that
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Figure 8.5: A comparison of the I-V and dI-dV graphene before and after
ZnPP deposition. The data is presented as 2D histograms, each one built from
1000 individual traces. (a) I-V of pristine CVD graphene.(b) The I-V of CVD
graphene after ZnPP deposition acquired on top of hill of Moiré far from the
physisorbed molecules. (c) The collected I-V traces acquired on top of the por-
phyrin chain-like structure marked in fig. 8.2g. (d) I-V of CVD graphene after
ZnPP deposition taken on different hills of the Moiré within 10-20 nm in ra-
dius of a porphyrin molecule. (e- h) The corresponding differential conductance
(obtained by numerical differentiation) are presented next to each corresponding
measurements.
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of FePP. This is in agreement with the fact that the semiconducting behaviour

measured directly on top of the chains of ZnPP molecules was less marked than

that measured on top of the FePP molecules (figure 8.6c). In fact, the 1D his-

tograms extracted from STS measurements on top of the ZnPP molecules show

an accumulation of datapoints with zero differential conductance for a range of

around 0.37 mV of bias voltage. For pristine graphene (fig. 8.6a) and graphene far

from the ZnPP molecules(figure 8.6b) the 1D histograms do not show any clear

accumulation of datapoints with zero differential conductance, compatible with a

metallic behaviour. These results indicate that porphyrin molecules physisorbed

on top of CVD graphene show a marked semiconducting behaviour which is ex-

tended to the vicinal graphene while the graphene far from the porphyrins remains

fairly conducting. Moreover, the magnitude of the opened band gap depends on

the strength of the molecule-graphene interaction which can be engineered by a

proper selection of the porphyrin metal core[39–41].

8.4 Conclusions

In conclusion, we investigated the opening of a band gap in graphene by ph-

ysisorption of porphyrin molecules. We have performed a statistical analysis of

the tunneling spectra that allow to monitor the opening a gap of graphene via

adsorption of different porphyrin molecules (FePP and ZnPP). We find that the

presence of porphyrin molecules physisorbed on the graphene substrate induces

a semiconducting behaviour in the surrounding graphene layer up to 10-20 nm

far from the molecules. Interestingly, the magnitude of the bandgap opened in

graphene can be controlled via the selection of the metal core of the porphyrin

molecules that determines the graphene-molecule interaction. We believe that

this work will open more opportunities to build other hybrid systems based on the

noncovalent π-π stacking of aromatic molecules on graphene.

8.5 Experimental section

We used commercially available CVD-grown graphene on nickel polycrystalline

for our purpose.[20] The porphyrins were used without any further purification

from Aldrich. 1.63 mM solution of FePP in uvasol grade chloroform was prepared.

Further, a droplet of 10 µL of porphyrin was dropcasted onto the CVD-graphene

surface and the solvent is evaporated for 3h in open air condition. The same

procedure is also applied for the preparation of the ZnPP solution.



Chapter 8. Band Gap opening of graphene by a noncovalent π-π Interaction with
porphyrins 139

Figure 8.6: One dimensional histogram extracted from the respective black
dashed lines in fig. 8.5(e- h). We considered the datapoints that fall in the bin
with differential conductance between 0 pS and 2.5 pS of the 2D histograms.(a)
and (b) 1D histograms for pristine CVD graphene and graphene after ZnPP
deposition (far from the molecules) are featureless, showing a negligible amount
of datapoints with zero differential conductance. The observed counts are due to
the noise of the dI/dV traces. (c) and (d) 1D histograms on top of the chain-
like ZnPP structure and for the graphene close to the chain of molecules which
show a clear accumulation of datapoints with zero differential conductance at
low bias. A Gaussian fit is used to estimate the band gap.

STM measurements were carried out using a PicoLE STM (Agilent) equipped

with a low tunneling current STM scanner head (type: N9501-A) and digital in-

strument from Agilent Technologies model N960A. STM Tips were obtained by

mechanically cutting 0.25 mm Pt0.8Ir0.2 wire (Goodfellow). The STM images were

acquired in constant current operating mode, in air at room temperature. Typical

scanning parameters to obtain STM images are in the range of 10 to 15 pA with

the tip bias voltage ranging from -0.8 to -1.2 V. The STM images were treated by

a standard flattening procedure without further image processing treatment using

WsXM software version 3.1.[42]

The STS measurements were carried out as follows: tunneling current vs.

voltage traces (I-V traces) were measured at a certain spot on the sample by

interrupting the feedback control loop during the measurements. The variation of
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the tunneling current was measured as the tip bias voltage was swept (0.01 second

per trace). Both forwards and backwards voltage were swept in order to check the

contribution of the thermal drift during the acquisition of 50 I-V traces. Then, we

lifted a tip to move into new position within 50-100 nm in distance and another

set of 50 traces was collected with the same sequence. The procedure was repeated

until 1000 traces were collected. The differential conductance vs. voltage (dI/dV

vs. V) was obtained by a numerical differentiation of the IV traces. Then the

whole set of 1000 dI/dV vs. V are summarized is plotted in a 2D histogram shape

which shows the most probable shape of the dI/dV vs. V of the sample.

References

[1] J. Wintterlin and M.-L. Bocquet, Surf. Sci. 603, 1841 (2009).

[2] X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner, A. Velamakanni,

I. Jung, E. Tutuc, S. K. Banerjee, L. Colombo and R. S. Ruoff, Science 324,

1312 (2009).

[3] C. Berger, Z. Song, T. Li, X. Li, A. Y. Ogbazghi, R. Feng, Z. Dai, A. N.

Marchenkov, E. H. Conrad, P. N. First and W. A. de Heer, J. Phys. Chem.

B 108, 19912(2004).

[4] C. H. Lui, L. Liu, K. F. Mak, G. W. Flynn and T. F. Heinz, Nature, 462,

339 (2009).

[5] D. Martoccia, P. R. Willmott, T. Brugger, M. Björck, S. Günther, C. M.
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Summary

The elegant control of the structural organization of π-conjugated organic molecules

with tailored chemical functionalities and physical properties is an essential pre-

requisite for the development of high-performance molecular electronic devices.

One of the molecular testbeds, the so-called scanning probe microscopies, have

contributed significantly as an indispensable tool in these fields. In particular,

the discovery of scanning tunneling microscopy (STM) in 1982 demonstrated a

breakthrough in nanoscience. This technique allows us to enter the ”nanoworld”

in various ways and goes even further than purely imaging a solid surface. More-

over, STM has been used to manipulate single molecules at room temperature, to

gain access to the study of the conformational and nanomechanical properties of

individual molecules, and to probe the electronic properties of single molecules by

means of scanning tunneling spectroscopy (STS).

A controllable electrical signal of a single molecule junction is a promising

achievement in the molecular electronics applications. In many ways, organic

molecules have shown extraordinary features mimicking various aspects of the

standard CMOS devices. They exhibit an intriguing physical property such as re-

versible molecular conductivity through redistribution of the delocalized electrons

within the molecular backbone. In this thesis, scanning tunneling microscopy and

spectroscopy is used to investigate the physical properties of molecular switches

and functionalized graphene on solid substrates. An external stimulus such as

light is used to change the molecular conductivity from the high to the low con-

ductance state. Moreover, the ability to monitor these reversible conversions at

single molecular level using scanning tunneling microscopy in ambient condition

is highly investigated intensively. The ring opening and closing of diarylethene

is represented by a significant change of the apparent height in STM images as

illustrated in Figure A.

The physics of the local electronic properties of diarylethenes is even more

interesting as discussed in chapter 3 and 5. The alignment of the molecular or-

bitals with respect to the Fermi energy of a metallic electrode is an important
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Figure A: The change in molecular conductivity is indicated by the change
of the apparent height of the respective states. (left) Optical gating of the
conductivity of As-DE. Light with different wavelength is used to convert the
conductance state of As-DE from one cross-conjugated (ON) state to a second
cross-conjugated (OFF) state (or vice versa). The red shaded lobes display the
conjugation pathway of the corresponding states. (right) 3D representation of
a typical STM image in which the ON state of As-DE can be seen as a signal
that is higher than the signal originating from the neighboring non-conducting
DT molecules. The OFF state, on the other hand, is not observed in general
because it is far less conducting than the ON state.

feature which allows us to confirm that the resonant tunneling effect is governing

the molecular conductance across single molecular switches. Thus, the so called

HOMO-LUMO electronic gap can be extracted from this attempt. This value is

useful to quantify the physical characteristic of a single molecule with submolecular

precision and resolution. In order to measure such a quantity, the STS technique

is highly useful in comparison to the other molecular testbeds due to its accuracy.

Furthermore, we have compared our results with existing theoretical calculations

which determine that the HOMO level is expected to be a major contributor to

the charge transport properties across a metal-molecule-metal junction such as the

one that we have investigated.

The chemical functionalization of an organic molecule is one of the promis-

ing bottom-up approach for a scalable miniaturization in near future. We have

investigated a relatively new type of diarylethene molecular switches, namely the

so-called asymmetric DE (As-DE) where partial conjugation in both states (ON

and OFF) offers different conductivity properties compared to its ”symmetric”
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counterpart. Indeed, we describe in chapter 4 that the cis-trans isomerization

of As-DE as induced by light leads to a variation in the physical height of the

molecule. The illustrations in the left panel of Fig. A can be seen as changes in

the electron conductivity for isolated molecules probed by STM. It is interesting

finding that the conversion of the conductance state of AS-DE from one cross con-

jugated (ON) state to another cross conjugated state (OFF) can occur fast, based

on the continuous topographic STM observations.

Chapter 5 presents a comprehensive electronic study of a diarylethenes series.

It turns out that no systematic trend can be deduced from the three molecules

studied concerning their charge transport properties. Each of the HOMO-LUMO

gaps of the corresponding diarylethenes shares a similar comparison to the crude

theoretical calculations at 77K measurements. It is obvious that we cannot rule

out the role of the pinned molecular level to the gold substrate which presum-

ably caused the lowered of HOMO-LUMO gap value. In order to compare more

accurately with the experimental results, a quantum chemical calculation that

combines the non-equilibrium Green’s function (NEGF) method with DFT should

be considered for future work on this particular subject.

In chapter 6 we have performed a systematic study on the spectroscopic con-

trast of disulfurdiarylethene (2S-DE) molecules embedded in a octanethiol (C8)

matrix monolayer. The direct reversal phase transformation of the surface struc-

ture of C8 indicated that the changes in STM topography are reversible and con-

trollable at room temperature. Moreover, we discuss our results with the emphasis

of different molecular wave functions that contribute based on two bias voltages.

In the second part of the work, we have investigated and established elegant

ways to open a gap in chemical vapor deposition grown graphene using different

approaches. Namely, the introduction of hydrogen plasma using reactive ion etch-

ing and the weak interaction of porphyrin based on the π-π stacking configuration

as illustrated in Figure B.

In chapter 7, the effort to induce a band gap using a moderate plasma treat-

ment of a mixture of argon and hydrogen gases paved the way to the investigation

of electronic properties of graphene. The fruitful finding in this study is that

the opening or closing of the electronic band gap of graphene is feasible even at

room temperature. Using statistical STS, we have performed a robust and fast

method to monitor this reversible process in ambient conditions. We stress that

our attempt is to provide a new pathway for engineering the electronic structure

of graphene using plasma hydrogenation.

We have described in chapter 8 that the tailoring of electronic properties of

CVD graphene using porphyrin molecules is possible. The difference lies in the fact
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Figure B: Two different approaches to open a gap of graphene on a nickel
substrate. (a) Using hydrogen plasma, we introduce a gap via a conversion of sp2

to sp3 hybridization of carbon atoms in graphene. (b) The stacking of porphyrins
on graphene is proposed to induce a band gap opening which generates a weak
interaction between the pz orbital of the carbon atoms of the graphene and π-π
electrons of the porphyrin molecules.

that the adsorption of porphyrin molecules on graphene has a large contribution on

the band gap opening in graphene. The adlayer of the ironprotoporphyrin (FePP)

gives a higher band gap value than the zincprotoporphyrin (ZnPP). The physical

explanation is ascribed due to the different contribution of the respective metallic

character in these two porphryins which leads to the effective π-π stacking. In

conclusion, we are able to show that the physisorption of an organic molecule is a

very promising route for opening a gap in graphene towards graphene nanodevices

application.



Samenvatting

De controle over de structurele ordening van π-geconjugeerde organische moleculen

met op maat gemaakte chemische functies en fysische eigenschappen is een essentile

voorwaarde voor de ontwikkeling van hoogwaardige elektronische apparaatjes op

molecuulschaal. Een van de moleculaire testsystemen, de zogenaamde ’scanning

probe microscopie’, heeft bewezen een onmisbaar gereedschap in dit veld te zijn.

De ontdekking van de ’scanning tunneling microscopy’ (STM) in 1982 betekende

in het bijzonder een doorbraak in de nanowetenschap. Deze techniek verleent

ons toegang tot de ”nanowereld” op verschillende manieren en gaat verder dan

enkel het in beeld brengen van een oppervlak. De STM wordt gebruikt voor het

manipuleren van losse moleculen op kamertemperatuur, om toegang te krijgen tot

de comformational and nanomechanische eigenschappen van individuele moleculen

en om de elektronische eigenschappen van individuele moleculen te meten via de

techniek die ’scanning tunneling spectroscopy’(STS) heet.

Een controleerbaar elektrisch signaal van een enkele molecuul junctie is een

veelbelovende prestatie in het veld van moleculaire elektronische toepassingen.

Organische moleculen laten op veel punten buitengewoon gedrag zien dat lijkt

op verschillende aspecten van standaard CMOS apparaten. Ze laten intrigerend

gedrag zien zoals omkeerbare moleculaire geleiding, door een herverdeling van de

gedelokaliseerde elektronen in de ruggengraat van het molecuul. In deze thesis

worden scanning tunneling microscopie en spectroscopie gebruikt om de fysische

eigenschappen te onderzoeken van moleculaire schakelaars en gefunctionaliseerd

grafeen op een vast substraat. Externe prikkels zoals licht worden gebruikt om de

moleculaire geleiding te schakelen tussen toestanden met hoge en lage geleiding.

Bovendien wordt sterk de mogelijkheid onderzocht om deze omkeerbare schake-

lingen in individuele moleculen in omgevingscondities met een scanning tunneling

microscoop te bekijken. Het openen en sluiten van de diaryletheen-ring zorgt

voor een significante verandering in de schijnbare hoogte in STM plaatjes, zoals

weergegeven in Figuur A.
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Figure A: De verandering in de moleculaire geleiding wordt getoond door de
verandering van de schijnbare hoogte van de respectievelijke toestanden. (links)
Optische gating van de geleiding van As-DE. Licht met verschillende golflengten
wordt gebruikt om de geleidingstoestand van As-DE van een kruis-geconjugeerde
(ON) toestand naar een tweede kruis-geconjugeerde (OFF) toestand (of ander-
som) te schakelen. De roodgekleurde lijnen laten het conjugatiepad van de bijbe-
horende toestanden zien. (rechts) 3D-representatie van een typisch STM-beeld.
De ON-toestand van As-DE is zichtbaar als een signaal dat hoger is dan het
signaal van het nabijgelegen, niet-geleidende DT-molecuul. Anderzijds wordt
de OFF-toestand niet gezien, omdat deze veel minder goed geleidt dan de ON-
toestand.

De natuurkunde van de lokale elektronische eigenschappen van diarylethenen

is nog interessanter, zoals in hoofdstuk 3 en 5 beschreven. De positie van de

moleculaire orbitalen ten opzichte van de Fermi-energie van een metallische elec-

trode is een belangrijk kenmerk, waarmee we kunnen bevestigen dat het resonant

tunnel effect de moleculaire geleiding door moleculaire schakelaars beheerst. Met

behulp van deze techniek kan de zogenaamde elektronische HOMO-LUMO-kloof

worden berekend. Deze waarde is nuttig om de fysische eigenschappen van een

molecuul met sub-moleculaire nauwkeurigheid en resolutie te kwantificeren. De

STS-techniek is in vergelijking met andere moleculaire testmethoden door zijn

nauwkeurigheid zeer geschikt om dergelijke grootheden te meten. Verder heb-

ben we onze resultaten vergeleken met bestaande theoretische berekeningen, die

verwachten dat de HOMO-toestand de belangrijkste bijdragen levert aan de lad-

ingstransporteigenschappen door de metaal-molecuul-metaal-junctie die wij heb-

ben onderzocht.
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De chemische functionalisatie van een organisch molecuul is een van de veel-

belovende bottom-up benaderingen voor schaalverkleining in de nabije toekomst.

We hebben een relatief nieuw type diaryletheen-moleculaire schakelaar onderzocht,

namelijk de zogenaamde asymmetrische DE (As-DE), waar gedeeltelijke conjugatie

in beide toestanden (ON en OFF) geleidingseigenschappen laat zien die verschillen

van zijn ”symmetrische” tegenhanger. We beschrijven in hoofdstuk 4 dat de cis-

trans-isomerisatie van As-DE geinduceerd door licht, leidt tot een variatie in de

fysieke hoogte van het molecuul. De illustraties in Fig.A (links) kunnen wor-

den gezien als veranderingen in de elektrongeleiding voor geisoleerde moleculen,

onderzocht met STM. Het is een interessante uitkomst dat het omzetten van de

geleidingstoestand van As-DE van een kruis-geconjugeerde (ON-) toestand naar de

andere kruis-geconjugeerde toestand (OFF) zeer snel kan plaatsvinden, gebaseerd

op de continue topografische STM-observaties.

Hoofdstuk 5 laat een uitgebreide elektronische studie zien van een reeks di-

arylethenen. Er blijkt niet mogelijk een systematische trend af te leiden van de drie

bestudeerde moleculen betreffende hun ladingstransporteigenschappen. Elk van

de HOMO-LUMO-kloven van de bijbehorende diarylethenen komt op een zelfde

manier overeen met ruwe theoretische berekeningen van 77K-metingen. Vanzelf-

sprekend kunnen we de rol van aan het goudsubstraat gepinde molecuulniveaus

niet uitsluiten, welke vermoedelijk de oorzaak zijn van de verlaagde waarde van de

HOMO-LUMO-kloof. Om dit beter met de experimentele resultaten te vergelijken,

zou een kwantumchemische berekening, die de non-equilibrium Green-functie com-

bineert met DFT, voor toekomstig werk aan dit specifieke project moeten worden

overwogen.

In hoofdstuk 6 hebben we een systematische studie uitgevoerd naar het spec-

troscopische contrast van dizwaveldiaryletheenmoleculen (2S-DE) omgeven door

een octaanthiol(C8)-matrix monolaag. De direct omkeerbare faseovergang van

de oppervlaktestructuur van C8 was een indicatie dat veranderingen in de STM-

topografie reversibel zijn en te controleren op kamertemperatuur. Bovendien be-

handelen we onze resultaten met de nadruk op verschillende moleculaire golffunc-

ties die een bijdrage leveren, gebaseerd op twee biasspanningen.

In het tweede gedeelte van het werk hebben we de elegante manieren onder-

zocht en vastgesteld, om een kloof te openen in met behulp van chemical vapor

depostion gegroeid grafeen door middel van verschillende benaderingen. Deze zijn

het introduceren van een waterstofplasma met behulp van reactive ion etching en

de zwakke interactie van porfyrine gebaseerd op de π-π stapeling, zoals gellustreerd

in figuur B.
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Figure B: Twee verschillende benaderingen om de bandkloof te openen van
grafeen op een nikkel substraat. (a) Met behulp van waterstofplasma introduc-
eren we een kloof door middel van de conversie van sp2 naar sp3-hybridizatie
van koolstofatomen in grafeen. (b) De stapeling van porfyrines op grafeen wordt
voorgesteld om een bandkloof te induceren, welke een zwakke interactie induceert
tussen de pz-orbitalen van de koolstofatomen van het grafeen en π-elektronen van
de porfyrinemoleculen.

In hoofdstuk 7 vormden de inspanningen om een bandkloof te induceren met

behulp van een plasmabehandeling met een mix van argon- en waterstofgas een

inleiding op het onderzoek naar elektronische eigenschappen van grafeen. De

bruikbare bevinding in deze studie is dat het openen of sluiten van de elektro-

nische bandkloof van grafeen zelfs op kamertemperatuur haalbaar is. Met behulp

van statistische STS hebben we een robuuste en snelle methode gevonden om dit

reversibele proces te onderzoeken in normale omgevingsomstandigheden. We be-

nadrukken dat het onze bedoeling is om een nieuwe route te verschaffen voor het

beheersen van de elektronische structuur van grafeen met behulp van hydrogener-

ing.

We hebben in hoofdstuk 8 beschreven dat het mogelijk is om de elektronis-

che eigenschappen van CVD-grafeen met behulp van porfyrinemoleculen op maat

te maken. Het verschil ligt aan het feit dat de adsorptie van porfyrinemoleculen

aan grafeen een grote bijdrage levert aan de bandkloofopening in grafeen. De

geadsorbeerde laag van ijzerprotoporfyrine (FePP) resulteert in een hogere band-

kloofwaarde dan de zinkprotoporfyrine (ZnPP). De fysische verklaring wordt toegek-

end aan de verschillende contributie van het respectievelijke metallische karakter

in deze twee porfyrines, welke leiden tot effectieve stapeling. Concluderend zijn

we in staat te laten zien dat fysisorptie van een organisch molecuul om een kloof

te openen in grafeen een veelbelovende route is voor toepassingen in grafeen nan-

odevices.
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