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Chapter 6

Valorization chapter

The work presented in this thesis was supported by the Dutch Foundation for
Fundamental Research on Matter (FOM, Fundamenteel Onderzoek der Materie). One
of the missions of FOM is to stimulate transfer of knowledge to other sectors with the
aim to tackle societal issues. This final chapter is thus dedicated to the discussion of
valorization opportunities of the research presented in this thesis.
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Two-dimensional materials such as graphene or supramolecular ar-

chitectures on surfaces are the central topic of this thesis. Scanning

tunneling microscopy and nc-AFM have been used to study the funda-

mental aspects of molecular self-assembly on surfaces pushing the real

space resolution to the current achievable limit. With the help of sub-

molecular resolution imaging, for the first time molecular porous net-

works on Au(111) based either on metal-coordination or H-bonding were

investigated unraveling in great detail the geometrical adsorption struc-

ture of the molecular building blocks (see Chapter 3). Supramolecular

architectures are not only interesting from a fundamental point of view

but are believed to be very relevant for many future applications.1 Novel

and tunable surface functionalities are among the most exciting oppor-

tunities connected with the nano-engineering of molecular 2D materials.

It was recently shown that periodic superlattices made from molecular

porous networks can modify the electronic properties of a surface.2 This

is a very interesting aspect especially in connection with graphene.

Nowadays 2D materials are the subject of intense research because of

their peculiar properties that can be used in fundamental research as well

as to realize the next generation of nanoelectronic devices. In particular,

novel devices that take advantage of quantum effects for their operation

demand the highest levels of sophistication and design at scales where

quantum effects become important. Among the 2D materials of interest,

definitely the most famous is graphene, a single layer of carbon atoms.

The Nobel prize in Physics was awarded in 2010 to Geim and Novoselov

“for groundbreaking experiments regarding the two-dimensional material

graphene”. Graphene has great mechanical properties and unprecedented

electronic properties: strong mechanical stiffness, high temperature sta-

bility and flexibility, very high carrier mobility (about 100 times greater

than that of silicon), long spin coherence and ballistic electron transport

just to mention a few. These properties make graphene a very promising

material for future devices. Ultra-low-power electronics could be realized

to compute at Terahertz frequencies (instead of Gigahertz which is used
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in current silicon technology), but also spintronic and quantum devices

that might operate at room temperature.3–5 Moreover, due to its high

transparency, graphene is also the perfect electrode material for solar cell

and touch screen applications.

So, why is this material not yet in our mobile phones? How long do

we still have to wait? Many companies are now investing in research on

graphene to bring it to the market. Also fundamental research is strongly

pushed for example through the European commission funded Graphene

Flagship.6 The reason why it takes more time than expected to realize

graphene electronics is that fundamental steps need to be overcome before

the implementation of graphene can occur in operative devices. The first

breakthrough needed is to manufacture graphene by a cheap and scalable

route on a substrate that preserves graphene’s pristine properties. The

second breakthrough is to open a band-gap in graphene in order to realize

graphene-based transistor elements.

The cheapest route to manufacture large-area and high-quality gra-

phene is by Chemical Vapor Deposition (CVD) on metallic surfaces. This

route is discussed in Chapter 4. On the other hand, when in contact with

a metallic substrate, graphene is electronically coupled. Thus, it can-

not express its full potential. Many different routes have been explored

to decouple graphene from its substrate.7–18 Generally, they involve the

transfer of the graphene layer onto a dielectric material (usually silicon

oxide). A roll-to-roll route to transfer graphene on a flexible polymer foil

has already been realized19,20 and a new generation of flexible screens

made with graphene electrodes is expected in a few years. Unfortu-

nately, the transfer step introduces defects and contaminations in the

graphene layer that exclude its use in more complicated devices that de-

mand higher levels of quality. To harvest the full potential of graphene,

a clean production process that avoids the transfer step is needed. For

this reason, the use of CVD to grow graphene on metal-oxide surfaces

is of great interest. A metal oxide is a good compromise between the

high catalytic activity of metals and the insulating properties of dielec-

143143143



tric materials. Part of the work of this thesis has been devoted to the

development of such a CVD route on metal-oxides.

In Chapter 4 the CVD growth of graphene on pristine metallic copper

versus the growth onto an oxidized copper surface was presented. It was

shown that while graphene on copper is doped and electronically coupled

with the substrate, graphene on oxidized copper preserves its pristine

properties and thus is non-doped and freestanding-like. These results

show that not only graphene can be grown by CVD on oxidized copper,

contrary to what was commonly believed, but also that this production

route has the potential to overcome one of the fundamental problems

that now hinder the industrial production of high-quality graphene.

Growing graphene on oxidized surfaces has been always a challenge.

This is partially due to the lower catalytic activity of oxidized surfaces

relative to metallic surfaces. However, it is not true that oxides are

poorly catalytically active. For example, TiO2 is used to catalyze water

splitting to produce hydrogen21 and, in particular, copper oxides are

widely used in industry as chemical catalysts.22,23 Why is copper oxide

so special for graphene growth? We attribute the enhanced catalytic

activity of copper oxide in respect to other oxides to the high mobility of

oxygen atoms and vacancies at the surface during the graphene growth

at elevated temperatures. In fact, various surface reconstructions can

form on oxidized copper surfaces,24–29 which can feature catalytic centers

for the dehydrogenation of the carbon precursors. This might be the

reason for the enhanced catalytic activity of copper oxide. It remains

to be seen whether other metal-oxides show similar characteristics and

affinity for graphene growth. For example, only recently, high-quality

graphene has been obtained by CVD on SrTiO3.
30 In this respect, the

CVD growth of graphene on metal-oxides has the potential to become the

main production route of graphene-based electronic devices. However,

there is still a critical problem remaining, a band-gap in graphene is

indeed needed in most electronic applications.

One route to open a band-gap in graphene involves the realization
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of graphene nanoribbons31–33 that can be achieved by a bottom-up ap-

proach based on on-surface polymerization.34,35 Another possible route is

the patterning of graphene with 2D molecular nano-architectures aimed

at modifying its electronic properties. According to theory it should be

possible to open a band-gap in graphene by symmetry breaking or by

quantum confinement of graphene’s electrons that scatter from a mole-

cular superlattice.36 The work reported in Chapter 5, while still a fun-

damental study, is dedicated to pursue this goal. The self-assembly of

cyano-functionalized molecules on graphene on Cu(111) was studied by

scanning tunneling microscopy and compared with their self-assembly on

metals. The possibility to realize metal-organic networks from the same

molecules on graphene was also investigated. It is shown that graphene

acts as a buffer layer electronically decoupling the molecules from the

Cu(111) substrate and thus preventing orbital hybridization. However,

substrate templating effects were observed indicating that the influence

of the underlying substrate on the self-assembly on graphene cannot be

neglected. Our work shows that metal-organic networks are not easily

achieved on graphene as is the case for a metallic surface with the same

molecules. Moreover, we observed that the presence of islands of copper

oxide underneath the graphene layer (that locally decouple the graphene

from the substrate) strongly modify the reactivity of the molecular func-

tional groups towards metal-coordination binding motifs. This indicates

that the charge transfer between the molecules and the graphene has

a relevant impact on the chemical reactivity of the molecules adsorbed

and thus the amount of doping in graphene is fundamental for deter-

mining the molecular assembly and, in particular, for the formation of

metal-organic networks.

Porous hydrogen-bonded networks could instead be realized on gra-

phene and the further experimental characterization of this system’s band

structure should reveal if the expected band-gap opening is achieved or

not. The results reported in Chapter 5 provide additional insight that is

relevant for the engineering of assembled nano-architectures on graphene.
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A successful implementation of such hybrid systems would enlarge the

already astonishing potential of the so-called “dream material” graphene.

Possible applications range from very low-power and high-frequency mi-

crochips to new optical devices that use molecules’ chirality and gra-

phene’s transparency to polarize light. Considering surface/molecule in-

teractions, one can consider tuning phonons and electron-phonon inter-

actions by designing proper molecular nano-architectures on graphene or

other two-dimensional materials. Such structures belong to the field of

study of phononic materials.37,38 Phonons, quanta of crystal-lattice vi-

brations, as well as localized vibrational excitations, have critical impact

on electrical, optical and thermal properties of these novel systems. For

example, the heat transport in phononic materials can be hindered or

enhanced by controlling the phonon spectrum though a precise nano-

structuring of the material.37,38 Ultimately, the control over phonons in

materials may also lead to room temperature superconductivity.39 How-

ever, these potential achievements require more fundamental research

investigations before being ready for application in operating devices.

In the following I will focus on one particular application that could be

realized by a spin-off company aimed at commercializing a final graphene-

based product.

Graphene “laser” printing on dielectric materials:

Photolithography is used for the fabrication of leading-edge integrated

circuits and nanoelectromechanical systems. It is a branch of optical

lithography that uses light to imprint the desired geometric pattern on

a substrate by means of a photomask and a light-sensitive chemical pho-

toresist. The production process involves the use of chemical agents to

obtain the final pattern by etching of the unwanted material. A scheme

of the photolithographic process is shown in Figure 6.1. This process can

be expensive due to the many steps involved in the production and it is

usually not environmentally friendly due to the chemicals that are used.

Realization of graphene-based devices may additionally add a mechani-

cal transfer step to the production line. In this respect, the possibility
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Figure 6.1: Scheme of photolithographic process. A mask is used to pattern a beam of light on
the surface and thus imprint the desired structure onto a photoresist that is coating the surface.
Afterwards, an etching process is performed by chemical agents.

to grow graphene by Chemical Vapor Deposition (CVD) directly onto a

dielectric material has great advantages. Avoiding the need of a trans-

fer step makes the process of graphene preparation much cheaper. The

elimination of the chemical etching process would also make the realiza-

tion of electronic devices more environmentally friendly. For this reason,

the implementation of a “laser” printing system to directly pattern gra-

phene on dielectric materials would bring considerable advantages. Such

a system would be situated between lithographic methods and the CVD

growth of graphene.

Graphene is usually grown by CVD in a vacuum (low-pressure) oven.

The temperature of the substrate as well as the partial pressure of the

different gas species composing the oven atmosphere are finely controlled.

Chemical reactions with gaseous carbon precursors, for example methane,
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Figure 6.2: Scheme of a modified reactor for CVD-photolithography to perform “laser” printing of
graphene on dielectric surfaces.

are catalyzed by the surface of the substrate. By the right choice of sub-

strate and gas material, graphene can be grown. However, this method

does not give control over the graphene patterning on the surface. On the

other hand, with the implementation of a light source i.e. a laser source,

in a modified CVD reactor, it should be possible to activate the growth

of graphene only in the regions where the light beam is present. Similar

to the lithographic process, an X-ray, UV or visible light beam can be

filtered by a photomask to pattern a substrate. The possibility to com-

bine CVD growth of graphene on dielectric substrates, such as Cu2O/Cu

described in Chapter 4, with the selective growth of graphene provided

by such a modified CVD reactor would avoid the need for etching and

the transfer process. The scheme of such a reactor is shown in Figure

6.2. The working principle of the reactor is the following: the conditions

inside the reactor (temperature and pressure) are chosen to be just below

the threshold for graphene nucleation. Under such conditions graphene

would not grow, or at least not in a reasonable amount of time. However,

shining light on the substrate would provide the driving force to promote

the reaction. The dehydrogenation process can be activated by direct
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photoionization of the precursor species on the surface at the specific lo-

cations or by enhancing the local temperature, i.e. with a pulsed laser.

The model for a photolithographic CVD reactor presented here could be

easily adapted for both roll-to-roll graphene printing as well as ultra-high

purity graphene production lines.
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