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Abstract 

This thesis reports a study of several two-dimensional supramolecular networks deposited on gold surface 

and two-dimensional materials. The work aims to evidence the formation of the molecular assemblies 

and their related interaction with the underling substrates. 

First, the metal-organic interface between Zn(II) tetraphenyl porphyrin (ZnTPP) and Au(111) is 

systematically characterized as a function of the molecular coverage. We found that the interaction 

between the gold surface and the molecular monolayer is considerable, unlike one might expect from this 

particular system. Moreover, the molecular diffusion process is also evidenced.   

Afterwards, the self-assembly of the Nile red molecules on Au(111) substrate, from sub- to mono- layer 

coverages, is reported for the first time. The dependence of molecular packing from the thermal 

treatments of the samples is evidenced, while further information are also gained on the intermolecular 

interaction and on molecular mobility. 

Later, supramolecular assembly of two carboxylic acids, i.e. benzene-1,4-dicarboxylic acid (terephthalic 

acid, TPA) and benzene-1,3,5-tricarboxylic acid (trimesic acid, TMA) deposited on graphene substrate 

were investigated. After determining the monolayer packing, the structural transition that occurs as 

molecular deposition proceeds over the monolayer coverage is determined. We evidence that, despite 

the chemical similarity between the two molecules, their monolayer-to-thin-film transitions are 

dramatically different. 

Finally, the effect of the deposition of the electron acceptor 7,7,8,8-tetracyanoquinodimethane (TCNQ) 

molecules on the surface of a prototypical topological insulator, i.e. bismuth selenide (Bi2Se3), is reported. 

The molecular assembly was determined, while a negligible charge transfer between the molecular layer 

and the substrate are also found.   

In addition to the main topic of the work, the thesis also reports other research activities connected to 

the two-dimensional systems. In particular, the growth and characterization of graphene films on copper 

foil, by means of Chemical Vapor Deposition (CVD) are performed. The different coupling of graphene 

layer on the Cu foil and the possibility to induce a variation of the graphene coupling with respect to the 

Cu substrate by visible-light irradiation above a proper power threshold are evidenced. Finally, the 

nucleation and growth of iron cluster on MgO/Ag(100) surface is considered. Relevant information are 

obtained on the cluster size dependence from deposition temperature of the substrate and from the 

nominal coverage. 

 

Keywords: Scanning tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS), self-assembly, 

supramolecular architectures, graphene, topological insulator, chemical vapor deposition, Raman 

spectroscopy, metal clusters.   
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Astratto 

Questa lavoro di tesi riporta uno studio di diversi assemblati molecolari bidimensionali depositati su 

superfici di oro e su materiali bidimensionali. Il lavoro si propone in particolare di evidenziare sia la 

formazione degli assemblati molecolari che la loro interazione con i substrati sottostanti. 

Peƌ pƌiŵa Đosa, l’iŶteƌfaĐĐia ŵetalloƌgaŶiĐa tƌa la ZiŶĐo-Tetrafenilporfirina (ZnTPP) e la superficie 

cristallina di Au(111) è stata sistematicamente caratterizzata in funzione del ricoprimento molecolare. 

L’iŶteƌazioŶe stiŵata tƌa la supeƌfiĐie dell’oƌo e il ŵoŶostƌato ŵoleĐolaƌe è ĐoŶsideƌevole, più di ƋuaŶto 

ci si potesse aspettare da questo particolare sistema.  

IŶ seguito, vieŶe ƌipoƌtato, peƌ la pƌiŵa volta, l’auto-assemblaggio delle molecole di Rosso Nilo sulla 

superficie di oro, al variare del ricoprimento molecolare, ovvero dal ricoprimento parziale della superficie 

fino al monostrato molecolare. In partiĐolaƌe, è stata evideŶziata la dipeŶdeŶza dell’iŵpaĐĐhettaŵeŶto 

molecolare dai trattamenti termici dei campioni, mentre ulteriori informazioni sono state ottenute sulle 

interazioni intermolecolari e sulla mobilità molecolare. 

A seguire, gli auto-assemblati ŵoleĐolaƌi di due aĐidi ĐaƌďossiliĐi, ovveƌo l’aĐido teƌeftaliĐo ;TPAͿ e l’aĐido 

tƌiŵesiĐo ;TMAͿ soŶo stati studiati sulla supeƌfiĐie di gƌafeŶe. Dopo aveƌ deteƌŵiŶato l’iŵpaĐĐhettaŵeŶto 

molecolare del monostrato, è stata evidenziata inoltre la differente transizione strutturale che si verifica 

quando la deposizione delle molecole procede oltre la copertura del monostrato. 

IŶfiŶe, vieŶe ƌipoƌtato l’effetto della deposizioŶe di ŵoleĐole aĐĐettoƌi di elettƌoŶi, ovveƌo il TCNQ, su uŶ 

isolante topologico, ovvero il bismuto selenio (Bi2Se3). L’aŶalisi effettuata ha ĐoŶseŶtito di deteƌŵiŶaƌe 

l’iŵpaĐĐhettaŵeŶto ŵoleĐolaƌe, ed ha ulteƌioƌŵeŶte ŵesso iŶ evideŶza un trasferimento di carica 

trascurabile tra lo strato molecolare e il substrato. 

Oltre al tema principale del lavoro, la tesi riporta anche altre attività di ricerca connesse ai sistemi 

bidimensionali. In particolare, sono state eseguite la crescita e la caratterizzazione di film di grafene su 

fogli di rame (Cu), mediante Deposizione Chimica da Vapori (CVD). Il differente accoppiamento dello 

strato di grafene sul foglio di Cu e la possibilità di indurre una variazione dell'accoppiamento di grafene 

rispetto al substrato stesso mediante irradiazione di luce visibile, al di sopra di una ben determinata soglia 

di poteŶza, soŶo stati evideŶziati iŶ seguito all’aŶalisi effettuata. Infine, viene considerata la nucleazione 

e la crescita di cluster di ferro sulla superficie di ossido di magnesio (MgO) cresciuto su Ag (100). 

Informazioni rilevanti sono ottenute sulla dipendenza dalle dimensioni del cluster dalla temperatura di 

deposizione del substrato e dalla copertura nominale. 

 

Parole chiave: Microscopia a Scansione Tunnel (STM), spettroscopia fotoelettronica a raggi (XPS), auto-

assemblaggio, architetture molecolari, grafene, isolante topologico, deposizione chimica da vapore, 

spettroscopia Raman, cluster metallici. 
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Introduction 

Synthesizing and controlling advanced functional nanostructured materials and devices is one of 

the most important scientific challenges to be faced in the next years. The development of these 

next-generation devices promise to revolutionize several fields in which they will find application, 

including electronics, physics, chemistry, biology and medicine. 

In order to realize these functional materials, the nanofabrication methods are divided into two 

major categories, i.e. the ͞top–doǁŶ͟ aŶd the ͞ďottoŵ–up͟ approaĐhes. While the top-down

method allows creating nano-functional devices with the desired shapes and characteristics 

starting from larger dimensions of the components and reducing them to the required values, by 

using several lithography methods[1-3], the ͞ďottoŵ-up͟ faďriĐatioŶ aiŵs to Đreate

multifunctional nanostructured materials and devices by the self-assembly of atoms or 

molecules.  

The most obvious advantage of the last methodology concerns the possibility to directly control 

the atomic or molecular assemblies. Some of the most prominent bottom–up nanofabrication

methods include atomic layer deposition,[4] sol–gel nanofabrication,[5] vapor phase deposition of

nanomaterials[6] and molecular self-assembly.[7] Among the last techniques, self-assembly of 

molecular compounds was well-acknowledged as one of the efficient bottom-up approaches to 

synthesize various materials with controllable architectures and novel properties.[8-11] 

Molecular self-assembly (MSA) is the process by which molecules assemble themselves without 

the presence of outside interactions.[12,13] Relevant examples of self-assembly structures are 

present in nature, including the formation of the lipid bilayer of the membranes of cells, the 

cellular membranes and the folding and aggregation of peptides and proteins. In order to create 

new types of supramolecular networks, the most versatile and prominent MSA strategy is based 

on the Self Assembled Monolayers (SAMs) approach. As a matter of facts, SAMs represent one 

of the most effective strategy for surface functionalization. As a result, in these last years, a huge 

amounts of organic molecules were deposited on the semi-conductors, noble metal surfaces and 

two dimensional materials in order to achieve this goal.  

The synthesis and growth of such two-dimensional architectures is driven by the interplay of 

intricate intermolecular and molecule-substrate interactions. If on one hand the stability and the 

order of the molecular networks arise from the ensemble of multiple intermolecular non-

covalent interactions such as hydrogen bonding,[14,15] van der Waals forces,[16] hydrophobic and 

electrostatic interactions,[17-19] dipole–dipole interactions[20-22] and coordination
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interactions,[23,24] on the other hand the covalent or non-covalent interaction with the underlying 

substrate influence the final assembly[25] and consequently the resulting surface 

functionalization.    

Indeed, molecular self-assemblies strongly bonded to the surface, i.e. through chemical bonding, 

allows to strictly modify its properties. For instance, a much studied system is the case of thiol 

networks on metal surfaces,[26-28] where molecules are bonded to the solid substrate by a reactive 

head that provides a strong molecule–substrate bond. Conversely, the non-covalent self-

assemblies show a weak interaction with the surface (including hydrogen bonds and van der 

Waals interaction), i.e. in this particular case, molecules are physisorbed on the underlying 

substrate. The surface functionalization by means of weak interacting molecular assemblies 

shows obvious advantages with respect to the covalent one. Firstly, the surface properties can 

be functionalized by the self-asseŵďly depositioŶ ǁithout ͞ĐheŵiĐally͟ ŵodify the suďstrate,

that is, in other words, the pristine surface is preserved. Furthermore, the lacking of anchored 

groups allows to investigate the molecular cores, which express a precise functionality because 

directly interacting with the surfaces. In addition, the surface can also ďe eŵployed as aŶ ͞iŶert͟ 

template in order to study the molecular self-assembly and the mechanisms underlying its 

formation. 

In that background, the main purpose of this thesis is to investigate non-covalent self-assemblies 

of organic molecules on noble metals and two-dimensional materials, as reported in the Part I of 

this work. In particular, Scanning Tunneling Microsopy (STM) technique allows us to determine 

the molecular organization of self-assembled networks with an atomic resolution. Moreover, the 

electronic properties of molecular networks can also be obtained by using X-ray Photoemission 

Spectroscopy (XPS). Combined analysis of STM imaging and XPS measurements permit to obtain 

deep information regarding the molecular packing structure, from submonolayer to few- layers 

coverage, and the interaction between the supramolecular network and the substrate. In 

particular, Chapter 2 reports the investigation performed on the zinc-tetraphenylporphyrin 

(ZnTPP) molecular network on the Au(111) surface. Relevant information about the molecular 

packing and the molecules-substrate interaction were gained by using a combined STM and XPS 

analysis. Furthermore, the formation of the molecular second layer, in terms of growth and 

molecular mobility, was also investigated. In Chapter 3 the self-assembly of the Nile red 

molecules on the Au(111) substrate, from sub- to mono- layer coverages, was reported for the 

first time. STM imaging and semi-empirical calculations performed on this system allow to gain 
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essential information about the molecular packing, substrate-molecules interaction as well as 

intermolecular bonding. In Chapter 4 the supramolecular assembly of benzene-1,4-dicarboxylic 

acid (terephthalic acid, TPA) and benzene-1,3,5-tricarboxylic acid (trimesic acid, TMA) deposited 

on graphene were investigated. Combining STM, electron diffraction and acTEM imaging, the 

structural transition that occurs as molecular deposition proceeds was evidenced, and the critical 

thickness beyond which the film structure is no longer defined by the molecular 2D crystal at the 

substrate surface is determined. Despite the chemical similarity between the two molecules, 

their monolayer-to-thin-film transitions are dramatically different. Chapter 5 reports the effect 

of the deposition of the electron acceptor 7,7,8,8-tetracyanoquinodimethane (TCNQ) molecules 

on the surface of a prototypical topological insulator, bismuth selenide (Bi2Se3). STM 

investigation allows to determine the molecular packing, while the photoemission spectroscopy 

measurements demonstrates a negligible charge transfer between the molecular layer and the 

substrate.  

All the investigated cases represent model systems that allow us to study both the molecular 

assemblies of the molecules, as a function of the particular compound and substrate, and the 

interaction with the surface. Furthermore, in some cases the evolution of the molecular film 

beyond the monolayer case is also presented.   

In addition to the main topic of the work, the thesis also reports other research activities 

performed during the PhD course, still related to the two-dimensional systems. In particular, Part 

II describes the growth and characterization of graphene films on copper foil, by means of 

Chemical Vapor Deposition (CVD). Chapter 6 reports the possibility to induce the a variation of 

the graphene coupling with respect to the Cu substrate by visible-light irradiation above a proper 

power threshold, while Chapter 7 both evidences the dependence of the graphene film quality 

by varying the exposure time to the carbon flux and two distinct graphene films, at the same 

time, on the copper substrate.  

Finally, Part III, which contains only the Chapter 8, reports the nucleation and growth of iron 

clusters on MgO/Ag(100) surface. Here, relevant information were obtained on the cluster size 

dependence from deposition temperature of the substrate and from the nominal coverage. 
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Chapter 1 

Methods 

This chapter describes the main experimental technique used in this thesis, scanning 

tunneling microscopy (STM). The working principle, the theory of quantum tunnelling and 

the STM spectroscopic mode will be discussed in detail.   
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1.1 Scanning Tunneling Microscopy 

The invention of the scanning tunneling microscope (STM) has revolutionized the field of 

microscopy, providing for the first time resolution down to the atomic scale. It was developed 

in 1981 by Binnig and Rohrer, awarded five years later by the Nobel Prize, at the IBM labs in 

Zurich. 

The ability to resolve the surface at atomic level, related to its local electronic properties, and 

the opportunity to obtain further information on the local density of states (LDOS) by the 

spectroscopic mode (STS – Scanning Tunneling Spectroscopy), make the STM a fundamental 

investigative technique in the nanotechnology field.  

The working principle of the STM is relatively straightforward. It uses a sharp metal tip to 

probe the sample and to image its surface. By applying an appropriate voltage between the 

metallic tip and the (conductive) sample, a current flows from the tip to the sample (or vice 

versa), when their distance is in the order of 0.5-1nm. This quantum tunneling current, 

classically forbidden, allow gaining fundamental information about the electronic properties 

of the surface.  

The STM tip fine movements towards the surface and in the lateral direction can be controlled 

with high precision by a piezoelectric scanner tube with electrodes, which can contract or 

extend under the action of an applied voltage. A schematic view of an STM is shown in Fig. 1.  

 

Figure 1. Schematic setup of an STM. Figure adapted from [1].    
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1.1.1 Quantum Tunneling 

The basic phenomenon of the STM is the quantum tunneling of electrons between two 

electrodes separated by a thin potential barrier. The simplest case of tunneling through a 

potential barrier occurs for a particle in one dimension (1D), as shown in Fig. 2.  

 Figure 2. Schematic representation of the electron tunneling through a potential barrier (1D-case). 

Consider an electron with energy ܧ that is incident on a potential barrier ܷ such that

In the 1-dimensional case, the Schrödinger wave equation is given by 

− ħଶʹ݉ ݀ଶ߰݀𝑥ଶ + ܷሺzሻ߰ = ߰ߝ     ሺͳ.ʹሻ
where ߰ is the wave function, ħ the reduced Planck constant, ݉ the mass of the electron, ܷ
the time-independent potential and ߝ the energy of the particle.

The solutions to the Schrödinger equation for the wavefunction in the barrier region, in the 

case ܧ଴ < ܷ଴, are given by

߰ሺ𝑧ሻ =∝  ݁−௞𝑧 ,   ݇ = √ʹ݉ሺܷ଴ − ଴ሻܧ ħ⁄      ሺͳ.͵ሻ
where ͳ ݇⁄  is the lengthscale of the potential barrier at which tunneling can occur. The

vacuum potential barrier represents the energy needed to remove an electron from the 

ሺͳ.ͳሻ
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material, i.e. the work function. In the STM case, its typical value ranging from 3 to 5 eV. As a 

consequence, the typical tunneling lengthscale is ݇−ଵ~ Å.  

The probability that an electron passes through the potential barrier, having height ܷ଴ and 

thickness ݀, is given by 

|߰ሺ𝑧 = ݀ሻ|ଶ ∝  ݁−ଶ௞ௗ      ሺͳ.Ͷሻ 

As a result, the width of the potential barrier must be approximately ݀ ~ ݇−ଵ for electrons to 

tunnel across the barrier. For this reason, the STM tip must be near to the surface in order to 

measure a tunneling current. Moreover, the exponential dependence of (1.4) means that 

if ݇−ଵ~ ͳ Å, for ͳ Å change in vertical direction the tunneling probability increases by an order 

of magnitude.  

The tunneling probability in (1.4) is directly related to the tunneling current. As a consequence, 

as a first approximation, the tunneling current scales exponentially with the barrier width ݀.  

In the particular case of STM, the potential barrier lies between the tip and sample, which are 

located to a distance ݀. A schematic representation of the energetic landscape of an electron 

that moves along a metallic-substrate/insulator/metallic-tip tunneling junction is shown in Fig. 

3.[2] 

 

Figure 3. Energy profile the electrons moving along a tip-vacuum-sample junction. 𝑧 is the surface 

normal direction while ݏ is the tip-sample distance. 𝜙்,ௌ and ܧி் ,ௌ are the work functions and the Fermi 

levels of tip and sample, respectively. The gray boxes represent the Fermi-Dirac distribution at 0 K. (a) 

At equilibrium, a trapezoidal potential barrier is created between the two electrodes. (b) At positive 

and (c) negative sample bias, the electrons tunnel between the junction from the tip to the sample and 

vice versa, respectively. Figure adapted from [2].   
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At equilibrium, the tip and sample have the same Fermi level while their work functions, 𝜙்  

and 𝜙ௌ respectively, are generally different (i.e. different materials). As a result, a trapezoidal 

potential barrier between the two electrodes is created, which is higher than the typical 

thermal energy ሺܶܭሻ of the electrons. Although particles can pass through the tip-sample 

barrier for the quantum tunneling effect, in the absence of a voltage applied between the two 

electrodes there is no net charge flow, i.e. tunneling current, in a particular direction. 

Conversely, by applying a polarized (or bias) voltage between the tip and sample, and adopting 

the convention for which the voltage is applied to the sample while the tip is grounded, the 

Fermi level of the sample is shifted by −ܸ݁ and a net tunneling current occurs, whose direction 

depends on the sign of ܸ  (see Figure 3(b) and (c)). In the case ܸ > Ͳ, the electrons tunnel from 

occupied states of the tip into unoccupied states of the sample. As a consequence, imaging at 

positive bias allow investigating the conduction band, or the analogous Lowest Unoccupied 

Molecular Orbitals (LUMOs) in organic chemistry, of the sample. On the contrary, the valence 

band or the Highest Occupied Molecular Orbitals (HOMOs) of the sample can be investigated 

at negative bias, when the tunnelling current flows from the occupied states of the sample 

towards the empty ones of the tip. Clearly, electrons near the Fermi level have a higher 

probability to pass through the potential barrier.  

1.1.2 Bardeen approximation 

BaƌdeeŶ͛s ŵodel foƌ tuŶŶeliŶg iŶ metal-insulator-metal junctions[3,4] can be transferred to the 

STM case to gain the expression of the tunneling current 𝐼௧. The basic idea is to consider the 

electronic structure of the tip and sample separately, as an unperturbed system described by 

two stationary one-particle Schrödinger equations: ሺܶ + ௌܷሻ߰ఈ = ఈ߰ఈܧ      ሺͳ.ͷܽሻ ሺܶ + ்ܷሻ߯ఉ =  ఉ߯ఉ     ሺͳ.ͷܾሻܧ

where ܶ is the electron kinetic energy, ߰ఈ and ߯ ఉ the unperturbed wave functions, ௌܷ and ܷ ் 

the electron potentials and ܧఈ and ܧఉ the energy of the particles. 

The Fermi golden rule gives the transition probability per unit time ߱ఈఉ of an electron that 

passing from the sample state ߰ఈ to the tip state ߯ఉ 
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߱ఈఉ = ħߨʹ ఈܧ)ߜఈఉ|ଶܯ| − ఉ)     ሺͳ.͸ሻܧ
where ܯఈఉ is the matrix element

ఈఉܯ = ∫ ߯ఉ∗ ሺ𝒙ሻ ்ܷሺ𝒙ሻ߰ఈሺ𝒙ሻ݀ଷ𝒙     ሺͳ.͹ሻ
The total current will be given by the sum of ߱ఈఉ over all the possible tip and sample states,

multiplied for the electron charge ݁
𝐼௧ = ݁ ∙ ∑ ߱ఈఉఈ,ఉ      ሺͳ.ͺሻ

After introducing the density of states ߩሺߝሻ, the summation in (1.8) can be replaced by an

energy integral  

∑ ߱ఈఉఈ,ఉ → ʹ ∫ ݂ሺߝሻߩሺߝሻ݀ߝ     ሺͳ.ͻሻ
where the factor 2 accounts for the spin degeneracy, while f is the Fermi-Dirac distribution 

function,    

݂ሺܧሻ = ͳ݁ሺா−ாಷሻ⁄௞B் + ͳ     ሺͳ.ͳͲሻ
in which ܧி is the Fermi energy, ݇B the Boltzmann constant and ܶ the temperature. (1.10) 

takes iŶto aĐĐouŶt Pauli͛s eǆĐlusioŶ pƌiŶĐiple aŶd the eleĐtƌoŶiĐ state populatioŶ at 

fiŶite temperatures.  

Assuming that the matrix element does not depend strongly on two particular states (ܯఈఉ → ܯ), the total current can be written as

𝐼௧ = Ͷ݁ߨħ ∫ [்݂ ሺܧி் − ܸ݁ + ሻߝ − ௌ݂ሺܧிௌ + ி்ܧሺ்ߩ [ሻߝ − ܸ݁ + ிௌܧௌሺߩ ሻߝ + ∞+ሻߝ
−∞ ሺͳ.ͳͳሻ     ߝଶ݀|ܯ|

where ܧி is the Fermi energy and the indexes ܶ and ܵ refer to the tip and the sample,

respectively.  
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A more manageable expression of the tunneling current can be obtained in the low 

temperature limit ሺ݇ܶ ≪ ܸ݁ሻ, where the Fermi-Dirac distributions can be approximated by 

step functions. The resulting current became 

𝐼௧ = Ͷ݁ߨħ ∫ ி்ܧሺ்ߩ − ܸ݁ + ிௌܧௌሺߩሻߝ + ሻ௘𝑉ߝ
଴ ܸ ݂݅     ,ߝଶ݀|ܯ| > Ͳ     ሺͳ.ͳʹܽሻ 

𝐼௧ = Ͷ݁ߨħ ∫ ி்ܧሺ்ߩ − ܸ݁ + ிௌܧௌሺߩሻߝ + ሻ଴ߝ
−௘|𝑉| ܸ ݂݅     ,ߝଶ݀|ܯ| < Ͳ     ሺͳ.ͳʹܾሻ 

Despite this last consideration, the tunneling current expression is still not easy to solve 

because the calculation of the matrix elements is too complicated. However, a satisfactory 

approximation can be obtained by considering that the tunneling current flows only between 

the last atom of a perfectly sharp tip and the surface atom directly underneath, in the small 

bias voltage range (+-2V).[5] In this case, |ܯ|ଶ can be expressed by a simple one-dimensional 

WKB tunneling probability, while the probability ܦሺߝሻ that an electron with energy ߝ  tunnels 

through a potential barrier ܷሺ𝑧ሻ of arbitrary shape, in WKB approximation[6] is given by:  

ሻߝሺܦ = ݁𝑥݌ {− ħʹ ∫ √ʹ݉ሺܷሺ𝑧ሻ − ሻௗߝ
଴ ݀𝑧}     ሺͳ.ͳ͵ሻ 

Considering a squared barrier of average height rather than a trapezoidal one, as shown in           

Fig. 3, 

𝜙௘௙௙ሺܸሻ = ሺ𝜙் + 𝜙ௌ + ܸ݁ሻ ʹ⁄      ሺͳ.ͳͶሻ 

the (1.13) equation became 

ሻߝሺܦ = ݁𝑥݌ {−ʹ√ʹħ݉ଶ (𝜙௘௙௙ − {݀ (ߝ = ݁𝑥݌−ଶ௞ௗ     ሺͳ.ͳͷሻ 

The (1.15) relation shows as the actual probability that an electron pass through a potential 

barrier depends strongly on the distance between the tip and the sample. Due to this 

exponential dependence, small variations of distance ݀ (~0.1 nm) lead to large changes in the 

tunneling current (around one order of magnitude). This behavior evidences the high vertical 

resolution of STM. 
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The substitution of the tunneling probability for the squared matrix element in the total 

current expression ሺܸ > Ͳሻ leads to the relation 

𝐼௧ = Ͷ݁ߨħ ∫ ி்ܧሺ்ߩ − ܸ݁ + ிௌܧௌሺߩሻߝ + ሻ௘𝑉ߝ
଴ ݁−ଶ௞ௗ݀ߝ     ሺͳ.ͳ͸ሻ 

As shown in equation (1.16), the tunneling current strictly depends on the sample-tip 

distance ሺ݀ሻ, applied bias ሺܸሻ and the tip and sample density of states (்ߩ  and ߩௌ 

respectively). In particular, the density of states refer to the last atom of the tip and to the 

corresponding atom of the surface, in the Lang approximation.[5] As a consequence, ߩௌ can be 

referred to the local density of states (LDOS).  

1.1.3 STM imaging  

STM allows imaging at constant current and constant height modes. In the first case, the 

voltage applied on the z piezo-element is continuously adjusted through a feedback circuit, so 

that the tunneling current is set to the same value. During the scanning of the surface the tip-

sample distance changes in order to maintain a constant current value. This mode is the most 

frequently used. On the contrary, in the constant height mode the bias applied on the piezo 

along the z direction is kept constant, while the tunneling current variations are monitored. In 

this case, the tip-sample distance is kept constant while the current changes result from 

variations of the tip-sample distance. This imaging mode can be used only in very small areas 

and for flat samples, in order to avoid the tip crash on the sample. 

 

Figure 4. (a) Constant-current and (b) constant-height STM operating modes. Figure adapted from [7]. 
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1.2 Scanning Tunneling Spectroscopy (STS)  

Beyond imaging, STM allow gaining spectroscopic information on the local electronic 

properties of surfaces with high spatial resolution. The STM spectroscopic mode (STS) give 

access to both the occupied and non-occupied states of the sample by changing the polarity 

of the bias voltage. As a result, STS can be considered in this sense a complementary technique 

respect to the Ultraviolet Photoemission Spectroscopy (UPS), with the additional advantage to 

investigate the electronic properties of the surface at small scale. As shown in equation (1.16), 

the tunneling current only depends on the bias voltage ܸ and on the tip-sample distance ݀. 

This dependence can be used in a STS experiment, where the relation between two of these 

three parameters is measured while the remaining one is kept constant. As a result, three 

spectroscopic modes can be employed in an STS experiment: the 𝐼௧ሺܸሻ, 𝐼௧ሺݏሻ and ݏሺܸሻ 

spectroscopies. Among them, 𝐼௧ሺܸሻ spectroscopy is the most widely used spectroscopic mode 

because it provides information about the local density of states (DOS) of the sample. In this 

case, the tip-sample distance is kept constant (i.e. the feedback control is disabled) while the 

tunneling current is measured as a function of the bias voltage. The differential conductance 

for a positive sample bias is obtained by differentiating the total current 𝐼௧ (equation 1.16) at 

a constant tip-sample separation, as shown by (1.17)  

݀𝐼௧ሺܸሻܸ݀ ∝ ி்ܧሺ்ߩ ሻ ߩௌሺܧிௌ + ,ሺܸ݁ܦ ሻߝ ܸ, ݀ሻ + ∫ ி்ܧሺ்ߩ − ܸ݁ + ிௌܧௌሺߩ ሻߝ + ሻ௘𝑉ߝ
଴ ,ߝሺܦ߲ ܸ, ݀ሻ߲ܸ ߝ݀

+ ∫ ி்ܧሺ்ߩ݀ − ܸ݁ + ሻܸ݀ߝ ிௌܧௌሺߩ + ሻ௘𝑉ߝ
଴ ,ߝሺܦ  ܸ, ݀ሻ݀ߝ 

The ݀𝐼/ܸ݀ dependence on the sample local density of states (LDOS) in contained in the first 

term, while the other two terms show the voltage dependence of the transmission coefficient ܦ and the tip DOS ்ߩ, respectively. However, the equation ሺͳ.ͳ͹ሻ can be simplified by 

assuming small bias voltages and constant ்ߩ. In this case, the second term can be neglected 

while the third one vanishes, respectively. The resulting relation is given by    ݀𝐼௧ሺܸሻܸ݀ ∝ ிௌܧௌሺߩ + ,ሺܸ݁ܦ ሻߝ ܸ, ݀ሻ     ሺͳ.ͳͺሻ 

As a consequence, the differential conductance can be considered a good representation of 

the sample density of states (LDOS) under the assumption of small voltages and constant ்ߩ, 

because the monotonous dependence of ܦ on ܸ  ensures that any possible structure in ݀𝐼/ܸ݀ 
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is only due to the voltage dependence of ߩௌ. In the case of higher biases, the voltage 

dependence of ܦ cannot be neglected. In this case, the normalized differential conductivity, 

i.e. ሺ݀𝐼/ܸ݀ሻ/ሺ𝐼/ܸሻ, is a better representation of ߩௌ,[8] as both the numerator and 

denominator depend on the tunneling probability ܦ. Although this procedure lacks a robust 

mathematic base, a good experimental agreement is found between the sample LDOS and the 

normalized differential conductivity especially in the case of semiconductors.[9] 
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Part I: Molecular Self-Assembly  



Chapter 2 

STM and XPS investigation of ZnTPP adsorption on Au(111) surface: 

from monolayer to multilayer transition 

Bottom-up self-assemblies of organic molecules offer the most realistic solution toward the 

fabrication of next-generation functional materials and devices. In this chapter we present a 

focused investigation on the monolayer assemblies of a particular porphyrin, i.e. the zinc-

tetraphenylporphyrin (ZnTPP), on the Au(111) surface. A combined analysis of STM imaging 

and XPS measurements allows to gain fundamental information about the molecular packing, 

the molecules-substrate interaction as well as the intramolecular interaction. Furthermore, 

essential information are also gained by the formation of the molecular second layer, in terms 

of growth and molecular mobility of the second ZnTPP layer.        
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2.1 Introduction 

Assemblies of molecular architectures on metal surfaces are appealing systems due to the 

possibility of synthesizing advanced functional nanostructured materials and devices through 

molecular manipulation. The structure and stability of the well-ordered and two-dimensional 

molecular crystal grown is determined by the molecule-molecule and molecule-surface 

interactions. The resulting features of these materials significantly depend on the properties 

of the molecules-metal interface, which in turn are tightly connected to the interaction 

between the particular organic/inorganic components used. Molecules-surface interactions 

can in fact affect the shape of the adsorbed molecules[1] and their electronic structure[2-4] as 

well as their magnetic properties.[5,6] In particular, the deposition of electron donor or 

acceptor molecules allow to create interfaces with well-defined electronic properties, which 

can be employed in several fields.      

Among all organic compounds, porphyrins are a well-known and versatile popular class of 

molecules, which has attracted over the years the attention for their significant electronic, 

optical and biological properties exploitable in a wide range of emerging technologies 

including field-effect transistors,[7-10] dye-sensitized solar cells,[11-14] sensors,[15,16] organic light 

emitting diode[17-20] and synthetic bio-mimetic devices.[21,22] A noteworthy porphyrin 

derivative is tetraphenylporphyrin (TPP), which consists of a porphyrin macrocycle with four 

phenyl groups bound to the pyrrole subunits by a carbon bridge. TPP molecules, with or 

without the metal transition atom (Ni, Co, Fe, Zn, Cu) base at the center, exhibit a prominent 

self-assembling behavior on noble metal surfaces such as Au(111),[23-28] Ag(111),[29-34] and 

Cu(111)[35-37] as well as on TiO2
[38] even at room temperature. 

As a result of the adsorption, these molecules typically form a stable molecular packing driven 

by the interaction on the plane between the phenyl groups, and the resulting unit cell is 

typically nearly square, where the porphyrin macrocycle stays either flat and parallel or 

distorted on the metal surface.[35,39-44] The molecular arrangement and the adsorption 

geometry of these systems have been extensively studied in the last years by using Scanning 

Tunnelling Microscope (STM) and Near Edge X-Ray Absorption Fine Structure (NEXAFS) 

techniques. 

Bearing all this in mind, in this chapter, we investigate the adsorption of the Zinc(II) 

tetraphenylporphyrin (ZnTPP) (see molecular structure in Fig. 1) on the Au(111) substrate by 

using scanning tunneling microscopy (STM) and X-ray photoemission spectroscopy (XPS). 
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Although this system was already studied by means of STM,[23,24,26] a combined analysis of 

microscopic and electronic investigations is still lacking. STM and XPS measurements allow to 

gain essential information about the interaction between the ZnTPP molecules and Au(111) 

surface. In particular, STM imaging shows that the typical herringbone (HB) reconstruction of 

the Au(111) disappears when the molecular overlayer is present on the surface. This electronic 

rearrangement of the gold substrate, which can be seen in terms of anisotropic surface 

stress,[45] is in fact an obvious signal of the significant interaction between the molecules and 

substrate. XPS core level and valence band measurements also confirm this finding. The 

chemical shifts of the N1s and Zn3d core levels clearly indicate a considerable interaction of 

ZnTTP molecules on Au(111) in the few-layers regime, supporting as well the charge 

dishomogeneity revealed by the STM imaging, which also does not exclude an asymmetrical 

shape of the ZnTPP molecules on the gold substrate. In addition, the mono- to bi- layer 

transition is examined, which shows that the second layer was epitaxially formed on the ZnTPP 

monolayer. Furthermore, the molecular diffusion involving a partial coverage of second layer 

molecules was also investigated by STM at room temperature. To the best of our knowledge, 

these surface diffusion effects were never reported for this specific system. 

Figure 1. Molecular structure of the ZnTPP molecule, which exhibits the zinc at the center of the 

macrocycle and the four phenyl groups. 
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2.2 Experimental section 

All STM measurements were performed at ͞Laboratorio Idruri Metallici͟ (SPES Group,

Department of Physics, Università della Calabria, Italy) at room temperature and in UHV 

conditions (base pressure of 5x10-10 mbar) with an Aarhus SPM 150 equipped with 

KoliďƌiSeŶsoƌ™ fƌoŵ SPECS[46] and with a Nanonis Control system. The sharp STM W-tip was

cleaned in situ via Ar+-sputtering. In the STM images shown, the tunneling bias voltage (Ut) is 

referred to the sample and the tunneling current (It) is that collected by the tip. Photoemission 

measures were carried out at APE beamline of the Elettra synchrotron light source (Basovizza 

(TS), Italy). All XPS and valence band spectra were recorded at room temperature and in a 

normal emission geometry. A Shirley background was subtracted from all XPS spectra and the 

data were normalized to the photon flux. In addition, some STM measurements were also 

acquired at APE beamline, at room temperature and in UHV condition (base pressure of 1x10-

10 mbar), with a home-built STM. These measures were employed to confirm the molecular 

coverage related to the XPS core level measures. The Au(111) surface [Phasis, Au(111) on mica 

with 200 nm of thick gold layer, 99.99% purity], was cleaned by performing several cycles of 

argon ion sputtering (Is=ϲ μA foƌ ϮϬ ŵiŶͿ aŶd aŶŶealiŶg pƌoĐeduƌes ;Tann=450°C for 20 min).

After the cleanliness procedure, STM and XPS were used to confirm the quality of the pristine 

Au surface. ZnTPP molecules [Porphyrin Systems, Zn(II) meso-tetraphenylporphine >98% 

purity] were deposited at room temperature on Au(111) by organic molecular beam 

deposition (OMBD) in a high vacuum environment (base pressure of 3x10-8 mbar) using a 

home-built evaporator. The evaporation temperature ranging from 280°C to 300°C. Although 

a ZnTPP monolayer sublimated in UHV can also be prepared by a molecular multilayer 

deposition followed by a thermal annealing to desorb the thick molecular deposition and leave 

only the monolayer on the surface,[24] in this study a proper ZnTPP dose was deposited on the 

cleaned Au(111)/mica crystalline surfaces to have a molecular monolayer regime. Starting 

from the submonolayer regime, the ZnTPP coverage was estimated by measuring the intensity 

ratio of N 1s e Au 4f photoemission lines, through comparison with STM results at the 

monolayer regime. All STM images were processed using the WSxM software (8.3 version).[47] 
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2.3 Results and discussion 

2.3.1 STM investigation of ZnTPP self-assembly on Au(111) at Room Temperature 

Before deposition of ZnTPP molecules on Au(111), the pristine surface was extensively 

characterized by STM. Large and small scale STM images of the bare substrate were acquired 

(for further information see Appendix section, Fig. A1), which exhibit large terraces up to 200 

nm separated by monoatomic steps and the typical herringbone (HB) reconstruction with 

atomic resolution superimposed to it. 

In the monolayer regime, ZnTPP molecules form well-ordered and large domains on the 

Au(111) surface. In particular, three molecular rotational domains were found on the gold 

surface and each domain, which has the same molecular packing respect to the other two, is 

rotated of about 30°± 2° relative to one another, as shown in Fig. 2(a). The rotation angle 

between the domains clearly suggests that these different orientations are due to the 6-fold 

symmetry of the Au(111) surface.[48] 

Figure 2. (a) 85x58 nm2 room temperature STM image depicting three rotational domains of 
ZnTPP molecules on Au(111). Tunneling parameters: Ut=1.2 V , It=0.1 nA. (b) Fourier analysis of the 
image in (a) that clearly show the presence of the rotational islands.  

A representative high-resolution STM image of the ZnTPP molecular packing on Au(111) is 

shown in Fig. 3. Here the two evident brighter structures, circled by black dashed line, indicate 

molecules of the second layer, while the other molecules are representative of the first layer. 
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Figure 3. 12x12 nm2 room temperature STM image of ZnTPP on Au(111). Tunneling parameters:  Ut 

=0.9V, It=0.1 nA. a, b and θ are the unit cell parameters. Inset: FFT analysis of the STM acquisition; A, B

and θ are the lattice parameters in the reciprocal space. The relation between the parameters in the

real and reciprocal space is given by A=1/(a*sin θ), B=1/(b*sin θ).

Firstly, the ZnTPP arrangement within the molecular array is discussed. ZnTPP molecules self-

assemble in a stable molecular pattern and the measured nearly square unit cell, with lattice 

parameters a=14.0Å ± 0.1 Å, b= 13.6Å ± Ϭ.ϭÅ aŶd θ=ϴϵ.Ϭ°±Ϭ.ϴ°, is comparable with the related

literature data.[23,24,26] The resulting molecular density is 0.53 molecules/nm2. These values are 

the results of a wide statistical analysis performed on several filtered images, the so-called 

͞self-Đoƌƌelated͟ piĐtuƌes, as shoǁŶ iŶ Fig. ϰ.

Figure 4. (a) 20x20 nm2 room temperature STM image of ZnTPP on Au(111). Tunneling parameters:  Ut 

=0.9V, It=0.1 nA. (b) Filtered (i.e. self-correlated) image of the previous STM picture. The blue and green 

lines identify the directions of the unit cell parameters a and b, while the corresponding line profiles are 

represented in (b1) and (b2), respectively (see the dashed blue and green lines).     
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STM image in Fig. 3 shows ZnTPP molecules slightly darker at the center and with small 

protrusions at the corners. The faint darker spots, close to the center of the molecules, are 

related to the position of the Zinc atoms and can be explained, as already reported in 

literature,[24,26] by considering the electronic configuration of the Zinc ion and the relationship 

between its electronic configuration and the tunneling parameters used to acquire the 

images. In this case, the dark spot at the center of the macrocycle is due to the small 

contribution to the tunneling current of the Zn atom, which has a filled 3d10 orbital, for a +0.9V 

applied bias. The lower tunnel probability of the filled d orbital produces the same effect in 

other molecular self-assemblies, as NiTPP[25]  and metal phthalocyanines.[49,50]  

Fig. 3 also exhibits that the internal structure of the porphyrin ring, i.e. the Zn porphyrin 

macrocycle, is well-defined, while the four meso-phenyl groups can be associated to the 

protrusions below the ZnTPP core. However, the position of the ZnTPP phenyl groups is not 

well-defined as in previous literature data.[23,24] Furthermore, the molecules seem to have lost 

their typical four-fold structure, i.e. the D4h symmetry (see Fig. 1), after deposition on the 

Au(111) surface, which cannot exclude that the molecules could be distorted on the gold 

surface. 

In order to clarify these aspects concerning the molecular packing, a filtered STM image of the 

ZnTPP molecule is calculated, as shown in Fig. 5 (b). This last picture consists of identical 

porphyrin molecules, which were obtained by summing several ZnTPP one above the other 

starting from an acquired image. As a consequence, the noise reduction due to the summing 

procedure lead to a ŵoƌe Đleaƌ shape of the ͞aǀeƌaged͟ ŵoleĐule. This particular procedure, 

though unconventional in the STM analysis, is a useful tool in order to explain the molecular 

packing. Each pyrrolic group can be easily identified on the surface (see the superimposed 

molecular macrocycles in Fig. 5(b)) and these moieties could be not equivalent on the Au(111) 

surface. On the contrary, the phenyl groups do not appear so evident and not correspond to 

the typical position reported in literature[24] (see the red circles in Fig. 5(c)).  
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Figure 5. (a) 6x6 nm2 room temperature STM image of ZnTPP on Au(111). Tunneling parameters:             

Ut =0.9V, It=0.1 nA. The ZnTPP macrocycle structure is superimposed on the image. (b)-(c) Filtered 

molecular image on which only the ZnTPP macrocycle and the ZnTPP molecular model are 

superimposed, respectively. The red circles in (c) point out the impossibility to the phenyl groups to be 

located in the position indicated by the molecular model superimposed on the acquired picture.   

By considering the previous STM studies carried out on the ZnTPP deposition on the Au(111) 

surface,[23,24,26] they suggest that ZnTPP molecules lies flat on the gold substrate, with the 

porphyrin macrocycle parallel to the surface. The phenyl groups are instead rotated upon 

adsorption, which giving rise to the so-called T-shaped stacking, which is the most 

energetically favorable geometry involving the phenyl groups.[51] NEXAFS studies performed 

on similar systems, confirm the rotation of the phenyl groups of TPP molecules adsorbed on 

metallic surfaces.[30,41,43,52] However, low temperature STM (LT-STM) and NEXAFS studies 

performed on other TPP molecules deposited on Au(111) exhibit usually the reduced C2v 

symmetry, compared to the four-fold structure (i.e. D4h symmetry) of the free 

molecule.[35,39,40,41,44] This reduced symmetry of the porphyrin macrocycle arises from the 

molecules-surface bending and leads to the so-Đalled ͞saddle͟ geoŵetƌǇ, ǁhiĐh is theŶ 

induced by the adsorption. In this molecular conformation, the porphyrin ring is not flat but 

alternately pyrrolic units are bent upward and downward relative to the surface. Therefore, 

the interaction between the core and the metallic surface leads to the deformation of the 

porphyrin core. Moreover, although not experimentally measured, it can be assumed that the 

Zn2+ large ion can cause an inherent stress on the porphyrin core, which might lead to a 

modified adsorption of the TPP molecule on the surface.[53]  

The structural complexity of the ZnTPP molecule, in term of rotational degrees of freedom of 

the phenyl-groups and flexibility of the porphyrin macrocycle, can complicate the 

interpretation about the conformational adaptation of the molecule after the adsorption on 

the gold surface, by using only the STM investigation. In our study, if on one hand the STM 
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experimental results shows a unit cell comparable with the literature data, on the other side 

the loss of the four-fold symmetry, the unusual position of the phenyl groups as well as the 

assumed non-equivalence of the pyrrolic moieties not exclude a charge dishomogeneity 

present at surface, perhaps connected to a distorted ZnTPP molecules on the Au(111) surface. 

As a consequence, the T-stacking adsorption could not be confirmed in our case. Other 

information both regarding the adsorption sites of the molecules and the molecular 

orientation with respect to the high symmetry directions of the Au(111) surface cannot be 

gained.  

However, it is worth noting that the fundamental result of our STM investigation is that the 

gold herringbone (HB) reconstruction is no longer detected after the ZnTPP deposition (see 

Fig. 3 in the chapter and also Fig. S2 in the Appendix section). This behavior is not usual 

considering both the previous works of ZnTPP on Au(111)[23,24,26] rather that other organic self-

assembled monolayer adsorbed on Au(111),[44,54,55] even those in which the molecules show 

the saddle geometry.[35] The HB reconstruction is in fact usually observed beneath the adlayer, 

when the interaction between the molecules and surface is not strong enough to destroy or 

lift the electronic properties of the Au(111) surface. Here, as a result, the complete absence 

of gold HB reconstruction suggests that the interaction between the molecules and surface is 

not as weak as one could expect from this particular system.  

In another study of ZnTPP deposited on Au (111),[24] a relaxing effect of the herringbone was 

observed, but the gold superstructure is still revealed. That work reports that the Au(111) 

surface stress anisotropy between the [ͳ̅ͳ̅ʹ] and [ͳͳ̅Ͳ] directions is reduced by the ZnTPP 

molecular adsorbates. In their model, Ruggieri et al.[24] suppose that the anisotropic surface 

stress is most likely linked to the inequivalent pyrrole orientation with the result that the 

pyrrole groups closer to the surface Au atoms exert a force on these atoms, altering the 

pristine surface energetics. In our work, the total absence of HB reconstruction is instead 

ascribed to a considerable interaction between the porphyrin core and the gold surface. In 

other words, after the molecular deposition, a gold surface reorganization occurs. Charge 

transfer or charge redistribution between the adsorbate and substrate[45] and mechanical 

stress applied by the ZnTPP molecules on the Au substrate[56] are the main effects that can 

produce the surface reorganization, although they usually are not completely distinguished 

from each other. As a result, STM investigation shows a ZnTPP molecule considerable 

interacting with the Au(111) substrate on the Au(111).  
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In addition, STM investigation allows to gain essential information regarding the partial second 

layer array of ZnTPP molecules. The STM image and the corresponding FFT analysis, shown 

respectively in Fig. 6(a)-(b), confirm that the molecular lattice of the incomplete second layer, 

i.e. the brighter features in the image below, is the same of the first one (i.e. the dark pattern).

In particular, the well-defined spots of the Fourier analysis (see Fig. 6(b)) ensure that only one 

periodicity is present on the surface. In other words, the second layer is organized as the first 

one. Literature data also suggest that molecules can be absorbed on the Au(111) substrate in 

a layer-by-layer configuration, at least until the third layer.[23] This last phenomenon that leads 

to the formation of stacking layers of ZnTPP is considered a peculiar property of this molecule, 

in which a particular attractive intermolecular interaction between the stacked molecular 

plane can be supposed.[26] Furthermore, regarding the reciprocal position between the first 

and second layer molecules, STM measures show that the second layer was epitaxially formed 

on the first ZnTPP monolayer (see Fig. 6(c)). This results is also consistent with the literature 

data.[26]  

Figure 6. (a) 30x30nm2 and (c) 30x15 nm2 room temperature STM images of ZnTTP molecules on gold 
surface. The second layer molecules are clearly evidenced by the brighter features. (b) FFT analysis of 
the previous STM picture. Tunneling parameters: (a) Ut=1.1V, It=0.1 nA; (c) Ut=1 V, It= 0.1 nA.   
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2.3.2 XPS investigation of ZnTPP coverage dependence on Au(111) 

To shed light on the bonding between ZnTPP and Au(111), photoemission experiments on 

both core-levels and valence band as a function of molecular coverage were performed. In 

order to understand the adsorption mechanism in the few layers regime, photoemission 

measurements from sub-monolayer up to about 3 ML thickness are shown, monitoring 

binding energy shifts and line shape evolution of selected photoemission peaks.  

The N1s photoemission peak is very sensitive to the ZnTPP adsorption configuration, as four 

N atoms are bound both to the central metal atom and the carbon ring skeleton (see Fig. 1), 

thus revealing any asymmetry in the chemical bond due to the substrate. On the other hand, 

the ͞thiĐk͟ molecular film, where van der Waals forces acting between molecules are 

prevalent with respect to the substrate influence, can be assumed as reference of the ZnTPP 

gas-phase molecules.  

According to the literature, the gas-phase spectrum shows a single symmetric component of 

the N 1s photoemission peak, centered at about 398.5 eV of binding energy (B.E).[41] 

Deviations from the N 1s line shape of the gas-phase molecules can be inferred to chemical 

interaction and/or structural mismatch with the substrate.[35,41] In particular, the adsorption 

of 1ML ZnTPP molecules on the weakly interacting Ag(110) substrate gives a broad N 1s peak 

with high binding energy tail,[41] which has been fitted with two distinct components 

separated by only 0.37 eV. The double component has been ascribed either to a saddle-

distortion of the macrocycle or to a breaking of the D4h symmetry of the ZnTPP molecule, 

causing different adsorption sites for N atoms on the rectangular substrate. Further, it is worth 

noting that in metal free porphyrins two well resolved components of equal intensity 

separated by about 2 eV appear in the N 1s peak. The double-peak structure clearly indicates 

two types of nitrogen atoms equally distributed, namely aminic (-NH-) and iminic ones (=N-). 

This interpretation is in line with other photoemission experiments reporting a mixture of 

metal and metal-free TPP on different substrates, showing the convolution between 

corresponding components according to the degree of metalation.[57-60]  

Fig. 7(a) shows the N 1s photoemission peak as a function of the ZnTPP coverage on Au(111). 

Starting from the sub-monolayer regime (0.3 ML), the N 1s peak exhibits at least two main 

components with different intensity ratio. The separation between the two main components 

is within 2 eV, which is in between the cases above discussed.  
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The main component (see the blue filled in Fig. 7(a)), at lower binding energy, exhibits a 

forward shift by about 0.5 eV going to lower coverage, reaching 397.8 eV of B.E. at 0.3 ML. 

According to the literature, the shift of monolayer spectra has been assigned to a final state 

effect, specifically to an improved polarization screening of the core-hole driven by the 

substrate. The same shift was here observed for C 1s spectra (see Fig. A3 in Appendix section).  

By comparing the binding energy related to the gas-phase of ZnTPP molecules, centered at 

about 398.5 eV,[41] shown by the arrow in Fig.7(a), with that measured at 3.2 ML (i.e. the blue 

filled in Fig. 7(a)), we estimate in our system a few-layer regime rather than a multi-layer one.  

The broader minor component (see the red filled in Fig. 7(a)) at higher B.E. is centered at 

399.70 eV ± 0.20 eV regardless of the coverage. Unlike the low binding energy component, 

which increase with the coverage increasing, this last feature reaches a saturation intensity 

above 1 ML coverage, as shown in Fig. 7(b). The accuracy of the N 1s intensities analysis is 

confirmed by the fact that the N1s total intensity is linear with the molecular coverage (see 

Fig. 7(b).  

The chemical shift of the N 1s peak here reported and its evolution with the coverage suggests 

the coexistence of several different chemical environments of nitrogen atoms within the 

molecule. We deduce that the minor component is representative of the monolayer (ML) 

regime and it refers to an inhomogeneous charge distribution, which can be connected to the 

STM measurements. We point out that compared to Ag(110),[41] the N 1s peak on Au(111) 

here reported exhibits a high binding energy component further separated from the main 

peak, likely indicating either a stronger molecular distortion or a greater charge 

inhomogeneity. Moreover, the lack of a continuous shift together with a saturated intensity 

above 1ML suggests that this component is almost restricted to the sub- and monolayer 

regime.  

On the other hand, the main component here detected is likely due to nitrogen atoms in a 

chemical environment of flat (i.e. free) molecules. Indeed, the configuration of ZnTPP non 

interacting with the Au(111) substrate is prevalent above 1 ML, where the thick layer film 

approaches the gas-phase.  
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Figure 7. (a) N 1s photoemission peak as a function of the ZnTPP coverage on Au(111). Two distinct 

components are clearly evidenced. All XPS spectra were fitted by using Voigt profile shapes, after Shirley 

background subtraction. (b) Quantitative N1s intensities of the two component as a function of the 

molecular coverage.     

Additional information can also be obtained by the analysis of the Zn 3d photoemission peak 

as a function of the ZnTPP coverage on Au(111), as reported in Fig. 8. It is worth noting that, 

at odd with several studies where a single Zn 3d component has been reported,[61] here the 

Zn 3d peak can be fitted by two gaussian components, separated by about 0.9 eV. The 

chemical shift of Zn 3d here observed can be caused in principle by initial state effects, which 

are further influenced by relaxation shifts in a lower energy scale (within 0.5 eV).   

In the sub-monolayer regime just the low binding energy component, i.e. the red filled in Fig. 

8, is observed. This suggests that the low energy feature is essentially due to Zn atoms affected 

by the Au(111) substrate. As a consequence, in the sub- and monolayer regime Zn atoms have 

a single environment, due to the concurrent coordination of N atoms and to the interaction 

with the substrate. This hypothesis is further confirmed by the fact that the intensity of this 

feature increases more slowly compared to the other component, as coverage increases. 

Indeed, the second feature at higher B.E., i.e. the blue filled in Fig. 8, appears only above 1ML 

and keeps on increasing with the second and third layer population, in line with the results 

above discussed for the N 1s peak. We point out that while the Zn 3d peak exhibits a single 
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component in the sub- and monolayer regime, the N 1s one is instead chemically shifted from 

the first deposition. This difference most likely indicates that, starting from the submonolayer 

regime, the four N atoms within the molecule are unequally bound to the substrate. 

In summary, the chemical shift of both N 1s and Zn 3d peaks indicates a considerable 

interaction of ZnTTP molecules on Au(111) in the few-layers regime, supporting as well the 

charge dishomogeneity revealed by our STM findings. 

 

Figure 8. (a) Zn 3d photoemission peak as a function of the ZnTPP coverage on Au(111). Two distinct 

components are clearly evidenced over the ML coverage. All XPS spectra were fitted by using Voigt 

profile shapes, after Shirley background subtraction. (b) Quantitative Zn 3d intensities of the two 

component as a function of the molecular coverage. Once again, the accuracy of the Zn 3d intensities 

analysis is confirmed by the fact that the total intensity of Zn 3d is linear with the molecular coverage 

(see Fig. 7(b).   

In addition, the valence band spectra of clean and ZnTTP-covered Au(111) is reported in Fig. 

9(a). Here the coexistence of substrate-related features and molecular overlayer ones can be 

observed. The clean Au(111) spectrum (see the bottom curve of Fig. 9(a)) exhibits 5d related 

features in the region between 7 eV to 2 eV, while the Fermi level is mainly due to 6s related 

states. From an initial analysis of the valence band, it worth noting that the ZnTPP components 

are not well resolved due to their overlapping with gold ones. In fact, the only component 

which is strictly discernible is the Zn 3d photoemission peak, ranging from 10 eV to 11 eV. 
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Modification of the substrate-related features as a function of ZnTPP coverage are evident. 

In particular, the sharp Au feature centered at 2.7eV, as well as the band centered at 6 eV, 

show reduced intensities at increasing coverage, i.e. the gold 5d features are attenuated 

by the molecular overlayer, while the molecular components due to C and N states (s, p 

and sp hybridized states) fill this valence region.[61]  

However, further information can be obtained by subtracting the clean Au(111) spectrum to 

the ZnTPP/Au(111) ones at various coverages. This procedure allows to evidence the 

molecular states in the valence band, as shown in Fig. 9(b). Although the resulting spectra 

are quite noisy, the evidenced molecular features are compared to the ZnTPP states 

from literature.[29] The first two HOMO states near the Fermi level, i.e. at binding energy of 

about 2.3 eV and 4.0 eV, correspond to the values reported in literature (see the bottom 

black curve in Fig. 9(b)), while the farthest structures are not matching. Moreover, the 

Zn 3d peak is splitted at coverages above 1 ML and is found at lower binding energy 

compared to the calculated ZnTPP states.  

Figure 9. (a) Valence band spectra of clean and ZnTTP-covered Au(111) taken at 450 eV of photon 

energy. (b) Resulting XPS spectra subtracted the clean Au(111) spectrum at various coverages 

compared to ZnTPP DOS from literature.[29] The green dashed lines identify the molecular states from 

literature, while the black lines evidence the experimental electronic states obtained from experimental 

data.   
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In addition, the influence of the molecular deposition of ZnTPP on the Fermi level of Au(111) 

can also be evidenced. Fig. 10 shows the ratio between the Fermi level and the Au 5d states 

as a function of the ZnTPP coverage.  

Figure 10. Intensity ratio between the Fermi level and Au 5d states as a function of the ZnTPP coverage. 

The increase of the ratio over the ML coverage confirms the noticeable interaction between the 

molecular monolayer and the Au(111) surface.  

The Fermi egde/Au 5d peaks intensity ratio is roughly constant by comparing the case of 

pristine gold surface and submonolayer coverage, while it is drastically increasing by more 

than 25% over the ML coverage, and then remaining almost constant. This behavior still 

evidence the worthy interaction of the monolayer coverage on the gold surface.  

2.4 Surface diffusion of the ZnTPP 2nd layer 

Fig. 11 shows two consecutive STM images acquired on the same sample area. The ZnTPP 

coverage on the Au(111) is 1.3 ML. As mentioned before, brighter areas in each picture 

represent second layer molecules, while darker regions are first layer ones. Looking at these 

two pictures, it is worth noting that most of the second layer molecules remain in the same 

place in both scans, while some of them no longer occupy their initial position. In particular, 

molecules circled in blue solid line in Fig. 11(a) no longer occupy the same site in the successive 

image (see blue dashed line in Figure 11(b)), while molecules circled in black solid line in Fig. 

11(b) now occupy positions that were previously free (see black dashed line in Fig. 11(a)).  
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STM allows to directly measure the ZnTPP molecular diffusion of the second layer molecules, 

at room temperature. Although the diffusion phenomenon was and it is still today widely 

studied for organic molecules at metal surfaces,[62-64] to the best of our knowledge, it is the 

first time that the surface diffusion is directly observed for this particular system.   

In order to study the mobility of ZnTPP molecules, it is worth remembering that STM itself 

interacts with surface by means of a tunneling current, and this interaction could affect the 

recorded molecular mobility, especially at room temperature. In other words, STM tip should 

sweep away some molecules from their adsorbing sites. Tip-surface interactions can have in 

principle a key role in the diffusion phenomenon. Both theoretical and experimental works 

proved the influence of the tip-surface interaction on molecular diffusion.[65-71]  

However, this last consideration is fairly unlikely in our particular case. In fact, the tunneling 

parameters used during the STM acquisitions, i.e. Ut =1.1V and It=0.1nA, are such that they do 

not destabilize the molecular overlayer, because the interaction between the tip and surface 

is quite weak. In other words, the distance between the probe and the surface is quite large. 

This ensures that such effects may be considered negligible.[72] Moreover, the percentage of 

the second layer mobile molecules is fairly low (< 5%). This other aspect suggests that the 

molecular diffusion is almost related exclusively to the molecular mobility at room 

temperature. In fact, the interaction between the first and the second layer of ZnTPP 

molecules is a weak van der Waals bonding, and at room temperature the thermal energy 

contribution becomes important to lead to surface diffusion of the second layer molecules. 

When thermal energies are larger than the minimum energy difference between adjacent 

sites (i.e. migration energy barrier), the adsorbed molecules are not confined to specific sites 

but a continuous surface migration occurs, due to the continuous energy exchange between 

the adsorbate and substrate. 

Another important things to keep in mind is that while the first layer of molecules is complete 

and stable, as the intermolecular bonds on the plane are so stronger to ensure molecular 

stability, the second layer is incomplete. In fact only the 30% of the second layer surface is 

covered. The lacking of a complete second layer coverage facilitate the molecular diffusion, 

because some of these molecules are isolated, or at most they interacted with one or few 

other. For these molecules it is therefore easier to spread on the surface. 
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Figure 11. (a) and (b) 30x30nm2 and consecutive room temperature STM images of ZnTPP on 
Au(111). Tunneling parameters: Ut =1.1V ; It=0.1nA.

2.5 Conclusions 

In this chapter the adsorption of ZnTPP molecules on the Au(111) substrate was investigated 

by using a combination of STM imaging and XPS analysis. The considerable interaction 

between the ZnTPP molecules in the monolayer regime and Au(111) surface was evidenced 

by both techniques. In fact, the disappearance of the gold herringbone reconstruction 

after the molecular adsorption shown by STM imaging, combined with the chemical shifts of 

the N1s and Zn3d core levels as well as the valence band modification reported by XPS 

measurements, clearly indicates a considerable interaction, i.e. through chemical bonds, 

in the monolayer regime. 

In addition, the transition between the mono- and bi- layer coverage examined by STM 

shows that the second layer was epitaxially formed on the ZnTPP monolayer. 

Furthermore, the molecular diffusion was investigated by STM at room temperature. As 

a result, molecular mobility involving a partial coverage of second layer molecules is 

evidenced. To the best of our knowledge, these surface diffusion effects were never 

reported for this specific system. 
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[62] G. Antczak, W. Kaŵiński, A. Sabik, C. Zaum and K. Morgenstern, Journal of the American 

Chemical Society 137(47), 14920-14929 (2015). 

[63] J.V. Barth, J. Weckesser, G. Trimarchi, M. Vladimirova, A. De Vita, A., C. Cai, H. Brune, P. 

Günter and K. Kern, Journal of the American Chemical Society 124(27), 7991-8000 (2002). 

[64] J. Weckesser, J.V. Barth and K. Kern, The Journal of Chemical Physics 110(11), 5351-5354 

(1999).  

[65] I. Brihuega, O. Custance and J.M. Gómez-Rodríguez, Physical Review B 70(16) (2004): 

165410.  

[66] J.M. Carpinelli and B.S. Swartzentruber, Physical Review B 58(20), R13423 (1998). 

[67] J. Li, R. Berndt, W.D. Schneider, Physical Review Letters 76(11), 1888 (1996). 

[68] M.R. Sørensen, K.W. Jacobsen and H. Jónsson, Physical Review Letters 77(25) (1996): 

5067.  

[69] M. Bott, M. Hohage, M. Morgenstern, T. Michely and G. Comsa, Physical Review Letters 

76(8) (1996): 1304.  

[70] Y. W. Mo, Physical Review Letters 71(18) (1993): 2923.  

[71] P. Ebert, M.G. Lagally and K. Urban, Physical Review Letters 70(10) (1993): 1437. 

[72] P. Grütter, W. Hofer and F. Rosei, eds., 2006. Properties of single organic molecules on 

crystal surfaces. World Scientific.  

  



Chapter 2. STM and XPS investigation of ZnTPP on Au(111) 

41 

2.6 Appendix Section 

A1. Pristine Au(111) surface 

Figure A1. (a) 200x200 nm2 and (b) 18x18 nm2 room temperature STM images of Au(111) surface. 
Tunneling parameters: (a)-(b) Ut=0.25V, It=0.32nA. 

Large and small scale STM images of the bare substrate are shown in Fig. A1. Au(111) surface 

exhibits large terraces up to 200 nm wide separated by monoatomic steps (Fig. A1(a)). The 

apparent height of the Au steps is about 2.3 Å, consistent with previous literature values for 

the corresponding steps on Au(111) single-crystal (i.e. 2.4 Å).[A1] Fig. A1(b) shows the typical 

herringbone (HB) reconstruction of a clean Au(111) surface, with atomic resolution 

superimposed on it. The face-centered cubic (fcc) and hexagonal close-packed (hcp) atomic 

sites are separated by bright areas oriented in the [ͳ̅ͳ̅ʹ] directions, the so-called soliton walls 

or discommensuration lines. The lattice periodicity of the gold unit cell, 2.90 Å ± 0.05 Å, and 

the typical periodicity of the HB reconstruction measured in the Au [ͳͳ̅Ͳ] direction, i.e. 65±4 

Å, are consistent with their respective literature values.[A1,A3]  
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A2. ZnTPP monolayer on Au(111) 

 

Figure A2. 27x27 nm2 STM image. Tunneling parameters: (a) U=0.9 V, I=0.3 nA. 

A3. XPS C1s spectra 

 

Figure A3. C 1s photoemission spectra at various coverages. 
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Chapter 3 

Investigation of Nile Red self-assembled monolayer on 

Au(111) 

Self-assembled monolayers (SAMs) on metal surfaces provide the possibility to control the 

functionality of the substrates. In this chapter, Nile red molecules were deposited on Au(111)  

substrate, from sub- to mono- layer coverages. STM imaging and semi-empirical calculations 

performed on this system allow to gain fundamental information about the molecular packing, 

substrate-molecules interaction as well as intermolecular bonding.        
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3.1 Introduction

As reported in Chapter 2, self-assembled monolayer (SAMs) of organic molecules provide a 

convenient and simple method to tailor interfacial properties of metal surfaces. In this 

chapter, self-assembly of a polar molecule, i.e. the Nile Red, were investigated on the Au(111) 

surface (for further information about the molecule see the Experimental section below). 

Literature data report a huge amounts of studies of molecular networks of polar molecules 

self-assembled on metal surfaces.[1- 3] However, these works exclusively regards thiols 

molecules adsorbed on noble metal surfaces forming a covalent bond with the substrate.[4]  

Conversely, Nile red molecule is a polar compound without anchoring groups to the surface. 

To the best of our knowledge, it is the first time that Nile Red self-assembled monolayer were 

experimentally observed on Au(111) surface. STM investigation combined with semi-empirical 

calculations allow to gain fundamental information on the molecular packing formed by 

molecules on the gold surface. Furthermore, the resulting interaction between the molecular 

assembly and the gold substrate is relatively weak as confirmed by STM analysis, while the 

intermolecular bond is characterized by the formation of hydrogen bonds. This study 

represents a preliminary analysis that pave the way to investigation of further polar 

compounds on metal surfaces that are weakly interacting with the substrate.    

3.2 Experimental section 

All STM measurements were performed at ͞Laboratorio Idruri Metallici͟ (SPES Group, 

Department of Physics, Università della Calabria, Italy) at room temperature and in UHV 

conditions (base pressure of 5x10-10 mbar) with an Aarhus SPM 150 equipped with 

KoliďƌiSeŶsoƌ™ fƌoŵ SPECS[5] and with a Nanonis Control system. The sharp STM W-tip was 

cleaned in situ via Ar+-sputtering. In the STM images shown, the tunneling bias voltage (Ut) is 

referred to the sample while the tunneling current (It) is that collected by the tip.  

The Au(111) surface [Phasis, Au(111) on mica with 200 nm of thick gold layer, 99.99% purity], 

was cleaned by sputtering (Isp=ϲ μA foƌ ϮϬ ŵiŶͿ and annealing (Tann=450°C for 20 min) cycles. 

After the cleanlining procedure, STM was used to confirm the quality of the pristine Au 

surface. Nile red molecules [from Sigma Aldrich] were deposited at room temperature on 

Au(111) by organic molecular beam deposition (OMBD) in a high vacuum environment (base 

pressure of 2x10-8 mbar) using a home-built evaporator, at a temperature T=160 °C ± 5°C.  
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After a proper calibration of the evaporator, the submonolayer coverages, i.e ~0.1ML and ~0.5ML of molecules, were obtained by way of brief and distinct molecular doses deposited 

at a fixed temperature (i.e. same deposition rate) on the Au(111) surface. The molecular 

monolayer regime was also obtained directly depositing a single dose of Nile red molecules 

on the clean gold substrate. STM measurements were taken after each dosage to determine 

the  molecular coverage and to study the self-assembly behaviouƌ of Nile Red ŵoleĐules oŶ 

͞as deposited͟ saŵples. AŶ alteƌŶate ŵethod foƌ suď- and mono- layer preparation used in 

this study starts by depositing the same molecular doses followed by mild annealing 

procedures of the samples at a temperature below the sublimation one (Tann=120°C). 

At annealing temperature over 170°C Nile red molecules desorb from the substrate. 

The thermal treatments of the samples performed at Tann=120°C influence the Nile 

red molecular assembly. All STM images were processed using the WSxM software.[6] 

Nile red molecule 

Nile red (9-diethylamino-5H-benzo[α]phenoxazine-5-one) is a benzophenoxazone dye 

intensely fluorescent in all organic solvents and hydrophobic lipids.[7,8] It consists of a flat 

aromatic core connected to CH3-CH2 terminal groups, as shown in Fig. 1(a). A distinctive 

feature of the molecule is its strong dipole moment, which is a consequence of a large charge 

transfer between the donor (diethyl amino) and acceptor (carbonyl oxygen) moieties of Nile 

Red (see Fig. 1(b)).  

Figure 1. (a) Molecular structure of the Nile Red molecule, which exhibits the flat aromatic core 

connected to the CH3-CH2 groups. (b) Donor and acceptor moieties of Nile Red molecule. Figure adapted 

from [9].  

By depending upon the relative hydrophobicity of the solvent, Nile Red fluorescence can vary 

over a range of 60nm, i.e. its color is ranging from golden yellow to deep red.[8] Moreover, Nile 
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red exhibits a large red shift in both its absorption and emission spectra as solvent polarity is 

increased.[9] This solvent effect is known as solvatochromism and it is connected with high 

dipole moment µg of the molecule in the ground state.[10] 

 

Figure 2. Nile red at daylight (top row) and UV-light (366nm, second row) in different solvents. From 

left to right: water, methanol, ethanol, acetonitrile, dimethylformamide, acetone, ethyl acetate, 

dichloromethane, n-hexane, methyl-tert-butylether, cyclohexane, toluene. Figure adapted from [11]. 

The solǀeŶt seŶsitiǀitǇ of Nile Red is due to a sigŶifiĐaŶt increase in dipole moment from the 

ground to the excited state, which is a consequence of a large charge transfer between the 

donor (diethyl amino) and acceptor (carbonyl oxygen) moieties of Nile Red (see Fig. 1(b)).[9] 

The effect of solvent polarity on the electronic transitions of Nile Red molecules were recently 

calculated by Tuck et al.[9]  The Nile Red ability to change the colour it fluoresces, depending 

upon the nature of its environment, makes this compound so useful in biological studies in 

order to detect and quantify lipids in various biological systems.[12, 13] 

Moreover, in recent years, Nile Red dye was also used as cyclometalated ligand for the 

preparation of Pd(II) and Pt(II) metallomesogens.[14] Discotic mesophases were observed for 

these organometallic complexes, which were attributed to the assembly through π-π 

columnar stacking of disk shape dimers of the compounds. The hydrogen bond network was 

hypothesized between two adjacent Nile Red fragments and further confirmed by theoretical 

calculations performed on a semi-empirical calculation.[15] In addition, X-ray crystal structure 

performed on a single crystal of Nile Red has also been resolved and confirmed in the solid 

state such dimeric conformation.[16] (see Fig. 3) The dimeric form of Nile red seems to be the 
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most stable assembly between the molecules. This result can also be corroborated by the fact 

that all the hydrogen bond distances, in the X-ray crystal structure, ranging between 2.33-2.35 

Å (see Fig. 3(b)), thus showing according to Jeffrey classification of H bonds[17] a strong and 

mostly covalent character that in turn renders such dimer highly stable.  

Figure 3. (a) Theoretical and (b) X-ray crystal structure of the Nile Red molecule. Hydrogen bonds 

distances: d1: 2.347 Å, d2: 2.337 Å, d3: 2.363 Å, d4: 2.364 Å, d5: 2.342 Å, d6: 2.349 Å.     

Taking into accounts all these considerations, the present investigation represent an ideal 

study to shed light on the stable dimeric form of Nile red molecular packing. Moreover, the 

solvatochromic properties of the dye, which can be explained essentially by the feature of the 

monomer species, can also be questioned.  

3.3 Results and discussion 

3.3.1 Nile Red assembly at submonolayer coverage 

An STM image of the Au(111) surface after a low-dose (∼0.1 ML coverage) exposure to Nile 

red molecules is shown in Fig. 4. The image exhibits four small terraces separated by three 

monoatomic steps. The gold HB reconstruction is barely detected, while the small structures 

evidenced close to the steps are the Nile red molecules, which are bound to the step edges. 

Moreover,some molecules are also bound between them,always close to the monoatomic 

steps. As a result, at low coverages, Nile red molecules assembles at the preferential 

adsorption site of the step edges. Furthermore, the observation of attenuated and rather 
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͞ŶoisǇ͟ HB ƌeĐoŶstƌuĐtioŶ oŶ the gold terraces suggests that the molecules are highly mobile

(i.e. they are not imaged by STM) and in any case weakly interacting with the Au(111) surface. 

Figure 4. 80x80nm2 room temperature STM image of Nile red on Au(111) at low coverage (~0.1ML).

Tunneling parameters: Ut=0.3V, It=0.1nA.  

After the low coverage case, the Au(111) surface was exposed to a total coverage of ∼0.5 ML.

As mentioned in the experimental part, two set of samples were prepared. The first one was 

mild annealed (Tann=120°C) before the STM investigation, while the second one was measured 

without thermal treatments. The features of these two set of samples were evidenced in Fig. 

5, where two representative STM images are shown. The sample measured ͞as deposited͟ 

(see Fig. 5(a)), i.e. without mild annealing after deposition, consists of well-defined regions 

containing highly ordered array of small features, i.e. the Nile red molecules. In particular, two 

distinct molecular packings were ideŶtified: the laďeled ͞A͟ islaŶds ĐoŶsist of a ŵoƌe deŶse 

molecular assembly, i.e. the ͞deŶse ĐhaiŶs͟ stƌuĐtuƌe, ǁhile ͞B͟ doŵaiŶs shoǁ a diffeƌeŶt 

ŵoleĐulaƌ paĐkiŶg, less deŶse thaŶ the pƌeǀious oŶe, Đalled ͞four-leaf clover͟ stƌuĐtuƌe. 

Clearly, the remaining regions are not covered by molecules. Further information on these 

two molecular networks will be gained below, in the monolayer case. On the contrary, the 

saŵple ŵild aŶŶealed afteƌ depositioŶ shoǁ oŶlǇ the ͞A͟ ŵoleĐulaƌ doŵaiŶ aŶd Ŷeǀeƌ shoǁ 

the ͞B͟ islands (see Fig. 5(b)), i.e. only the ͞dense chains͟ network. The thermal treatment

would seem to reorganize the molecular packing towards the more densely molecular 

paĐkiŶg, i.e. the ͞A͟ stƌuĐtuƌe. As ŵeŶtioŶed ďefoƌe, this ďehaǀioƌ is ǁell-explained below, in

the monolayer case. In the sub-monolayer regime, it is worth noting that, as coverage 



Chapter 3. Investigation of Nile Red self-assembled monolayer on Au(111) 

49 

increases, the formation of molecular islands is observed. Moreover, the Au surface continue 

to show the typical HB reconstruction, both on the bare Au surface and on the covered 

regions. This suggests that the molecules-substrate interaction is not strong enough to lift the 

HB reconstruction.   

Figure 5. ;aͿ ͞As deposited͟ aŶd ;ďͿ ͞ŵild aŶŶealed͟ 80x80nm2 room temperature STM images of Nile 
red on Au(111) at intermediate sub-monolayer coverage (~0.5 ML). Tunneling parameters: (a) Ut= 
0.7V, It=0.1 nA; (b) Ut= 0.4V, It= 0.15nA.  

Although previous studies performed with low-temperature STM (LT-STM) on organic self-

assembly on Au(111) surface evidenced the elbow sites as preferential nucleation sites,[18-21] 

in this study no preferential sites of Nile red molecules were found at sub-monolayer 

coverages above 0.1 ML. Moreover, as shown in more details below in the monolayer case, 

molecular packings are oriented randomly with respect to the Au(111) surface. These results 

confirm again the weak bonding between the molecules and the gold substrate.  

Briefly summarizing, at low coverages Nile red molecules decorate the high coordination step 

edge sites. By increasing the coverage, islands of ordered molecules are formed on the gold 

substrate, but not in preferential sites of the Au(111) surface. Moreover, the presence of 

mobile molecules during the scanning procedure at room temperature is evidenced by the 

faĐt that the Au;ϭϭϭͿ suƌfaĐe appeaƌs a little ďit ͞diƌtǇ͟ iŶ presence of molecular islands. The 

HB reconstruction is still visible indicating that the molecule−substrate interaction is not 

strong enough to destroy the electronic properties of the substrate. Furthermore, Nile red 

are always observed in molecular islaŶds Đoŵposed ďǇ ͞deŶse ĐhaiŶs͟ oƌ ͞four-leaf clover͟ 
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structures on gold terraces, and never as isolated molecules, implying that the 

molecule−molecule stabilization is stronger than the diffusion barrier at the surface. In 

addition, the Nile red self-assembly have no preferential directions on the Au(111) surface. 

This clearly point out that the interaction between the molecular-array and the substrate do 

not play an important role in establishing the equilibrium surface morphology. 

3.3.2 Monolayer Regime of Nile Red on Au(111) 

Nile Red self-assembly after the thermal treatment  

In the monolayer regime, Nile red molecules self-assemble on the Au(111) surface by forming 

molecular islands that have the same molecular packing, but several rotational domains, as 

shown in Fig. 6. As mentioned for the sub-monolayer case, the Nile red self-assembly after the 

mild annealing of the samples is only the more dense molecular packing, the so-Đalled ͞deŶse 

ĐhaiŶs͟ stƌuĐtuƌe. The ƌotatioŶal doŵaiŶs do Ŷot folloǁ the 6-fold symmetry of the gold 

surface. As also shown in the sub-monolayer coverages, the gold herringbone (HB) 

reconstruction is still observed beneath the monolayer molecular adlayer (see Fig. 6(a)-(b)). 

As reported in literature for several metal/organic interfaces,[22-24] this behaviour suggests 

that the interaction between molecules and Au(111) is weak enough to not change 

significantly the electronic properties of the substrate. As a consequence, the Nile red islands, 

which have lateral dimension of tens of nm, are randomly oriented both to each other (see 

Figs. 6(a1)-(a3)) and respect to the underneath Au(111) herringbone reconstruction (see Fig. 

6(b)). In addition, the regions between the molecular islands are characterized by the 

presence of isolated (i.e. free) molecules, which sometimes are clearly observed.  
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Figure 6. (a) 100x100 nm2 room temperature STM image of Nile red monolayer on Au(111). Several 

rotational domains were found on the gold surface (see black borders). (b) 70x70 nm2 room 

temperature STM image where the gold herringbone reconstruction (HB) is detected. The gold HB does 

not influence the orientation of the overlying molecular islands. (a1)-(a3) Fourier analysis of the 

moleculaƌ islaŶds laďeled iŶ ;aͿ as ͞1͟-͞Ϯ͟-͞ϯ͟ show that their different orientation on the Au(111)

surface. Tunneling parameters: (a) Ut= 0.7V, It=0.1 nA; (b) Ut= 0.4V, It= 0.15nA. 

STM imaging at smaller scale gives further information about the molecular assembly. Nile 

red molecules self-assemble in a dense molecular packing where the identified unit 

cell is described by considering a and b as parameters. The molecular cell consists of two 

molecules per unit cell and the Nile Red density is of 0.93 molecules/nm2. Inside the 

molecular cell, the nearest neighbours of each molecule can be identified by the a and c 

parameters. The analysis performed by means of STM points out that the aromatic core of 

Nile Red molecules is flat lying on the gold surface, while the CH3-CH2 groups are free to 

rotate in all directions.  
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Figure 7. (a) 15x15 nm2 and (b) 8x8 nm2 room temperature STM images of Nile red monolayer on 

Au(111). a, b, θab are the parameters of the molecular unit cell, while a, c and θac identify the first 

neighbors of each molecule inside the molecular cell (see the dashed arrows in (b)). (c) FFT analysis of 

the image deposited in (a); the well-defined spots in the reciprocal space allow to reconstruct the 

molecular lattice in the real space (see image (d)). Tunneling parameters: (a)-(b) Ut= 0.1V, It=0.1 nA. 

In order to determine the parameters of the identified molecular cell, the Fourier analysis of 

the acquired STM images have to be considered. These parameters can be directly calculated 

both from the reciprocal space and from the subsequent reconstruction of the molecular 

lattice, the latter still performed starting from the FFT analysis. The Fourier investigation and 

the resulting molecular pattern of the previous STM image (i.e. Fig. 7(a)) are depicted in Figs. 

7(c) and (d), respectively.  

The measured lattice parameters are summarized in the table below:  

a (nm) b (nm) c (nm) θab θac 

0.92±0.01 3.02±0.01 1.16±0.02 55.0°±1.0° 50.5°±0.5° 

Table 1. Experimental parameters of the molecular cell.  
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These values are the results of a wide statistical analysis performed on several filtered images 

gained from the reconstruction of the real molecular lattice (see Fig. 7(d)).  

In order to find a molecular model to the Nile red self-assembly, theoretical semi-empirical 

calculations (PM3, Parametrized model number 3)[15] were performed. By considering only the 

steric effects and interactions between the atoms of the molecules, and by neglecting the Nile 

red dipole moment, calculations were made on a molecular tetramer that was left free to 

arrange itself during the optimization. The resulting model exhibits four Nile Red molecules 

that lie flat on the Au(111) surface, with the CH2-CH3 terminal groups rotating in the free 

space. As shown in Fig. 8(a), this model consists of a network that involves four molecules 

bonded by six H-O bonding. The calculated tetramer seems to adapt with the experimental 

measurements, as shown in the Fig. 8(b).   

 

Figure 8. (a) Bonding lengths and distance between the terminal groups calculated by semi-empirical 

calculation. (b) Best superimposition of the molecular model on the acquired image.     

As mentioned above, this semi-empirical calculation in vacuum does not take into account the 

intrinsic molecular dipole and interactions between Nile red and the substrate. However, the 

approximations used into the theoretical model are quite consistent with the real case. In fact, 

firstly, the applied model neglects the molecules-gold interaction; similarly, the STM 

investigation shows that the molecules substrate interaction is weak, i.e. determined by van 

der Waals bonding. Secondly, the semi-empirical model also neglects the molecular dipole; 

once again, the experimental data show that the Nile red dipole seems to be compensated 

and almost neutralized by the gold surface.  In other words, the Nile red polar molecules 

induce a dipole moment on the gold surface such that, in the in the normal direction respect 

to the surface the total dipole moment is zero and it survives the remaining quadrupole 
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interaction. As a result, the proposed model based on semi-empirical calculations, fits quite 

well the real case.  

Nile Red self-asseŵbly iŶvestigatioŶ of the ͞as deposited͟ saŵples

As already mentioned in the sub-monolayer case (i.e. 0.5ML), the Nile Red molecules show 

tǁo distiŶĐt ŵoleĐulaƌ paĐkiŶgs, ǁheŶ the saŵples aƌe iŶǀestigated ͞as deposited͟, i.e. 

without mild annealing procedure after deposition. Fig. 9(a) exhibits a large scale STM image 

in which three molecular islaŶds of ͞four-leaf clover͟ stƌuĐtuƌe ;laďeled as ͞B͟Ϳ aŶd tǁo 

islaŶds of the ŵoƌe deŶse paĐkiŶg ;laďeled as ͞A͟Ϳ aƌe eǀideŶĐed iŶ the ŵoŶolaǇeƌ 

Đase. The occurrence of both molecular packings is around 50% for each one. Each 

molecular island is characterized by different rotational domains for both molecular 

packings (FFT analysis not shown). The gold HB reconstruction is always shown beneath 

the molecular adlayer and the Nile Red domains are randomly oriented with respect to 

the gold surface reconstruction as well as between them.   

Figure 9. (a) 70x70nm2 and (b) 40x40m2 room temperature STM images of Nile Red on Au(111) at 

monolayer coverage. Tunneling parameters: (a) Ut=1.4V, It=0.3nA ; (b) Ut=1.0V, It=0.1nA. Molecular 

islands of ďoth ŵoleĐulaƌ paĐkiŶgs, laďeled as ͞A͟ aŶd ͞B͟, aƌe eǀideŶĐed iŶ ;aͿ. Thƌee distinct

molecular islands are shown in (b). (b1) and (b2) are the corresponding FTTs of the ͞leaf-clover 
stƌuĐtuƌe͟, i.e. the ͞B͟ ŵoleĐulaƌ paĐkiŶg, ǁhile ;ďϯͿ is the Fouƌieƌ aŶalǇsis of the ͞deŶse ĐhaiŶs͟ 
stƌuĐtuƌe ;͞A͟ paĐkiŶgͿ.
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High-resolution STM images allows to study in detail the ͞ fouƌ-leaf Đloǀeƌ͟ packing; Figs. 10(a)-

(b) show this peculiar molecular assembly. In this case, Nile Red molecules exhibit molecular

tetramers that interacting between them in such a way as to form molecular rows of 

tetramers. The molecular unit cell can be identified by a and b parameters (see Fig. 10(b)) and 

shows four molecules for unit cell. The Nile Red density is about 0.58 molecules/nm2. Once 

again, Nile red molecular core appear flat lying on the Au(111) surface, while the CH3-CH2 

groups are free to rotate in all directions.   

Figure 10. (a) 25x25 nm2 and (b) 12x12 nm2 room temperature STM images of Nile red ͞ fouƌ-leaf Đloǀeƌ͟
self-assembled monolayer on Au(111). Tunneling parameters: (a) Ut=1.4V, It=0.3nA. a, b and θab are the

parameters of the unit cell. (c) FFT analysis of the image depicted in (a); (d) the well-defined spots in 

the reciprocal space (see (d)) allow to reconstruct the molecular lattice in the real space.  

The measured lattice parameters are summarized in the table below: 

a (nm) b (nm) θab

2.37±0.05 3.31±0.11 62.2°±1.6° 

Table 2. Unit cell parameters of the ͞fouƌ-leaf Đloǀeƌ͟ ŵoleĐulaƌ paĐkiŶg. 
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As for the previous case, these values resulting from a wide statistical analysis performed on 

several filtered images gained from the reconstruction of the real molecular lattice (see Fig. 

10(d)).  

Currently, semi-empirical theoretical calculation are in progress. Once again, the theoretical 

model is carried out by neglecting the molecular polarity and by considering only the 

interaction between the atoms of the Nile red molecules, inside the tetramer structure. 

Nevertheless, a possible molecular model can be proposed starting from the experimental 

result, as shown in Fig. 11.  

Figure 11. (a) 15x15nm2 STM image of ͞fouƌ-leaf Đloǀeƌ͟ ŵoleĐulaƌ paĐkiŶg upoŶ ǁhiĐh the pƌoposed 
molecular model is superimposed. (b) Proposed molecular model structure by considering the 

interaction between the molecules inside the Nile Red tetramer. Tunneling parameters: (a) Ut=1.4V, 

It=0.3nA. 

Unlike the samples thermally treated after deposition, the Nile red self-assembled monolayer 

oŶ Au;ϭϭϭͿ iŶǀestigated ďǇ STM ͞as deposited͟ shoǁ tǁo distiŶĐt ŵoleĐulaƌ paĐkiŶgs oŶ the

substrate, which are present in the same probability on the gold surface. These two self-

assembly structures are characterized by a molecular packing that involves hydrogen bonds 

between the molecules. However, the most obvious evidence is the different molecular 

density between them, i.e. 0.93 and 0.58 molecules/nm2, respectively. As mentioned above, 

oŶlǇ the deŶser paĐkiŶg suƌǀiǀes afteƌ the theƌŵal aŶŶealiŶg, i.e. the ͞fouƌ-leaf Đloǀeƌ͟ 

structure is reorganized in the ͞dense chains͟ packing. As a consequence, a small amounts of 

thermal energy provided to the system allow to tune the molecular order of Nile Red. This 

property turns out to be very interesting regarding the possibility to modify the 2D 

supramolecular order after molecular deposition. In other words, this allows to create
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controlled SAMs structure only depending by the thermal treatments. Previous 

studies performed on other organic molecules[25-28] also considering the possibility to 

control the SAMs ordering by investigating the effect of solvent on the two-

dimensional (2D) supramolecular self-assemblies at the liquid-solid interface. However, the 

possibility to tune the molecular ordering by simply heating the sample, without using 

any solvent, is more beneficial in order to use the polymorphic properties of the 

supramolecular interface in devices.   

STS investigation of the Nile Red self-assembly 

In order to gain further information on the Nile Red monolayer self-assembly on 

Au(111) surface, a scanning tunneling spectroscopy (STS) investigation at room 

temperature was performed. A typical STS spectrum of the ZnTPP monolayer regime on 

Au(111) is shown in Fig. 12. 

Figure 12. Representative STS spectrum of the Nile red monolayer coverage on Au(111). The spectrum 

was acquired at room temperature. Blue dotted line represents the I/V acquired data, while the black 

line is the fitting curve to the experimental data. The red line represents the LDOS, i.e. the dI/dV curve, 

of molecular assembly.   

The main molecular states that are found around -0.4 V can be ascribed to the Nile Red highest 

occupied molecular orbitals (HOMOs), while the unoccupied states around +0.35 V 

correspond to the Nile Red lowest unoccupied molecular orbitals (LUMOs). As a result, the 

HOMO-LUMO gap is of about 0.75eV. Literature data only report ab initio and semi-empirical 

calculations carried out for the Nile Red molecules that evidence UV/visible electron band 
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transitions between the HOMO-LUMO bands.[9,29] In our case, the measured local density of 

states (LDOS) near the Fermi level corroborates the hypothesis of weak interaction between 

the molecular superstructure and the Au(111) surface (no detectable Fermi level shift) and 

moreover also allow to experimentally detect the first HOMO and LUMO states near the Fermi 

level. Further investigation involving Ultraviolet photoelectron spectroscopy (UPS) and 

Inverse photoemission spectroscopy (IPS) will permit to obtain additional information on the 

HOMO and LUMO states of Nile red assembly. 

3.3.3 Nile Red mobility 

As mentioned above, Nile Red 2D molecular network on Au(111) is characterized by a weak 

interaction between the molecular coverage and the gold substrate, i.e. van der Waals bond. 

This behaviour is confirmed by the fact that the gold HB reconstruction is always detected 

beneath the molecular adlayer. Moreover, the random orientation of molecular islands with 

respect to the gold surface as well as between them provide further evidence of the weak 

substrate-adlayer interaction. In addition, the high mobility of Nile red molecules at gold 

terraces is reflected by the fact that only molecular islands and not isolated molecule are 

detected on the surface.  

A further evidence of Nile Red weak interaction with gold surface is emphasized by the 

molecular mobility induced by the STM tip on the Nile Red sub-monolayer coverage. Fig. 13 

shows three consecutive images acquired by STM on the same region. The first one, i.e. Fig. 

ϭϯ;aͿ, eǆhiďits a sŵall Au;ϭϭϭͿ suƌfaĐe alŵost ĐoŵpletelǇ Đoǀeƌed ďǇ the ͞deŶse ĐhaiŶs͟ Nile 

Red ŵoleĐulaƌ paĐkiŶg. IŶdeed, oŶlǇ a sŵall ƌegioŶ of the depiĐted suƌfaĐe ;i.e. the ͞ŶoisǇ͟ 

area) is uncovered and further characterized by some mobile molecules on the gold substrate. 

The successive image depicted in Fig. 13(b) shows an area less covered with molecules; the 

coverage, compared to the previous case, fall down from about 0.90 ML to 0.60 ML. As a 

consequence, the simple interaction between the STM tip and the sample surface induces 

molecular mobility. In other words, Nile Red molecules at the borders of molecular islands, 

i.e. which are not surrounded by other molecules, are induced to molecular mobility by the 

simple tunnelling current of the STM tip. Fig. 13(c), i.e. the third successive STM image of the 

same area, show the same gold surface almost totally uncovered. STM tip sent away all the 

molecules. The tunnelling parameters of the three image are the same. Obviously, in the 

monolayer case, i.e. where the molecules are locked in the H-bond assembly, the network is 
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mobility effects. 

Figure 13. (a)-(c) Three successive 23x23 nm2 room temperature STM images of Nile red assembly on 

Au(111). STM tip interaction with the surface covered by Nile Red molecules lead to molecular 

mobility. Tunneling parameters: (a)-(b)-(c) Ut=0.4V, It=0.15nA. 

3.4 Conclusions 

In this chapter, Nile Red self-assembly on Au(111) surface was investigated by STM imaging 

and semi-empirical calculations. To the best of our knowledge, is the first time that this 

molecular self-assembly was experimentally observed by STM. As a consequence, 

fundamental information were gained on the Nile Red molecular packing, on the interaction 

between the substrate and molecular adlayer as well as on the intermolecular interaction.  

Samples resulting from deposition of Nile red molecules in UHV conditions at room 

temperature without thermal treatments show two distinct two-dimensional molecular 

packings, a dense one (0.93 molecules/nm2Ϳ, i.e. the ͞deŶse ĐhaiŶs͟ stƌuĐtuƌe, aŶd the less 

dense, i.e. the so-called ͞fouƌ-leaf Đloǀeƌ͟ network (0.58 molecules/nm2). Conversely, samples 

thermally threated after molecular deposition reveal only the denser molecular packing. As a 

results, the molecular packing reorganizes itself after the mild thermal treatment, that is, in 

other words, there is the possibility to tune the molecular packing of the self-assembly by 

simply giving thermal energy to the sample. Other essential information can be obtained on 

the interaction between the molecular assembly and the substrate. This last interaction is 

relatively weak, i.e. van der Waals bond, as clearly confirmed by the fact that the gold HB 

reconstruction is always seen beneath the molecular adlayer. In addition to this, molecular 

islands are randomly oriented respect to the gold substrate as well as with between them, as 

a further evidence of the fact that the Au(111) surface does not influence the Nile Red

59 



Chapter 3. Investigation of Nile Red self-assembled monolayer on Au(111) 

60 

molecular packing but it acts only as an inert template. The molecular packings shown a 

pattern that can be explained by only considering the hydrogen bonds between the atomic 

moieties, completely neglecting the polarity of the molecules. Our hypothesis considers the 

possibility that the Nile red molecules induce a dipole moment on the gold surface such that 

the total dipole moment is zero in the direction normal to the surface, while it survives only 

the remaining quadrupole interaction in the horizontal direction. The preliminary results 

here obtained pave the way to further Nile Red polar compounds that can be investigated by 

STM imaging and semi-empirical calculation. In order to gain more quantitative information 

about the molecules-substrates interaction and the geometry of adsorption of Nile Red on 

Au(111), further investigation involving Ultraviolet and X-Ray photoelectron 

spectroscopy (UPS and XPS, respectively), Inverse photoemission spectroscopy (IPS) and 

Near edge X-ray absorption fine structure (NEXAFS) are in progress. 
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Chapter 4  

TMA and TPA self-assemblies on graphene  

The ability to control the transition from a two-dimensional (2D) monolayer to the three-

dimensional (3D) molecular structure in the growth of organic layers on surfaces is essential 

for the production of functional thin films and devices. This has, however, proved to be 

extremely challenging, starting from the currently limited ability to attain a molecular scale 

characterization of this transition. Here, through innovative application of low-dose electron 

diffraction and aberration-corrected transmission electron microscopy (acTEM), combined 

with scanning tunneling microscopy (STM), we reveal the structural changes occurring as film 

thickness is increased from monolayer to tens of nanometers for supramolecular assembly of 

two prototypical benzenecarboxylic acids – terephthalic acid (TPA) and trimesic acid (TMA) – 

on graphene. The intermolecular hydrogen bonding in these molecules is similar and both 

form well-ordered monolayers on graphene, but their structural transitions with film thickness 

are very different. While the structure of TPA thin films varies continuously towards the 3D 

lattice, TMA retains its planar monolayer structure up to a critical thickness, after which a 

transition to a polycrystalline film occurs. These distinctive structural evolutions can be 

rationalized in terms of the topological differences in the 3D crystallography of the two 

molecules. The templated 2D structure of TPA can smoothly map to its 3D structure through 

continuous molecular tilting within the unit cell, whilst the 3D structure of TMA is topologically 

distinct from its 2D form, so that only an abrupt transition is possible. The concept of 

topological protection of the 2D structure gives a new tool for the molecular design of 

nanostructured films. 
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4.1 Introduction 

Supramolecular assembly is a well-established route for the controlled synthesis of 

nanomaterials, utilizing non-covalent forces to direct the assembly of complex nanostructures 

from functional molecular precursors that can be precisely tuned through chemical design. 

Assembly on surfaces can result in well-ordered two-dimensional (2D) molecular crystals, with 

interactions with the surface stabilizing the molecular overlayer and influencing the nanoscale 

organization and crystallography.[1-3] These structures can be further used to direct the 

assembly of ͚host͛ molecules, acting as templates or traps for the formation of ordered arrays 

of molecules in subsequent layers.[4-7] Such templated growth shows promise for creating 

nanostructured films for applications such as organic electronics and optoelectronics,[8] or to 

control surface reactivity.[2-9-10] The structure of the 2D molecular crystal, influenced by its 

interaction with the surface, usually differs from the preferred 3D molecular crystallography 

although, with increasing thickness, a molecular film will eventually adopt the 3D crystalline 

structure. Understanding how this transition occurs, and at what thickness, is essential since 

most applications of functional organic layers (e.g. in organic electronics, organic 

photovoltaics, sensors, etc.) rely on films with thicknesses that fall precisely into this transition 

regime. On the other hand, studying the 2D–3D evolution is particularly challenging because 

high-resolution analytical techniques that are traditionally used are optimized either for near 

monolayers (scanning tunneling microscopy, STM) or for thicker films (X-ray diffraction). 

Supramolecular self-assembly at surfaces has been extensively investigated on single crystal 

metal substrates and highly oriented pyrolytic graphite (HOPG),[3-11] although more recently 

the study of molecular assembly on crystalline 2D materials, such as graphene[12-14] and 

hexagonal boron nitride (hBN),[15] has become increasingly important. For example, non-

covalent molecular functionalization has been widely explored as a means to controllably alter 

the electronic properties of graphene,[16,17] either for electronic doping[18,19] or in search of a 

usable electronic band gap.[20,21] Alternatively, graphene has been proposed as an electrode 

material in organic electronics,[22] with the ability to control molecular assembly to increase 

the crystallinity and define the orientation of the organic thin film, hence improving its 

electrical properties.[8, 23-25] 

STM has been the method of choice for resolving the 2D structure of the molecular overlayer 

as it allows direct, nondestructive imaging with sub-molecular resolution.[2] However, it is 

limited to monolayer (or close-to-monolayer) films and is unable to resolve the 
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crystallographic order in multilayer structures. Early studies used transmission electron 

microscope (TEM) based electron diffraction to probe the structure of self-assembled 

monolayers and free standing ultrathin molecular films, forming the basis of our 

understanding of structural transitions from monolayer to multilayer crystalline films.[26-28] 

These studies were technically challenging: supramolecular assemblies are rapidly damaged 

by the electron beam, are extremely thin, and are typically carbon-based making it difficult to 

acquire TEM data with acceptable signal to noise levels. In addition, studying assembly on 

surfaces required fabrication of electron transparent single crystal TEM supports[26] which was 

both time consuming and complicated. On the other hand, analysis in the TEM through 

combined diffraction and imaging experiments has in principle the potential to resolve organic 

structures with sub-molecular resolution.[29,30] Recent technical advances in TEM, such as 

aberration correction for sub-angstrom resolution imaging and single electron detection 

cameras for low noise acquisition, are opening up new possibilities for studying molecular 

systems at even higher resolution.[31] For TEM, graphene is a particularly exciting and relevant 

substrate as it is almost perfectly electron transparent, conductive, crystalline, strong, and 

stable.[32] When grown on metal substrates, it is often atomically smooth and hence also well-

suited for STM imaging, enabling direct comparison between the two techniques. 

In this chapter, we study supramolecular assembly on highly ordered pyrolytic graphite 

(HOPG) and graphene of benzene-1,4-dicarboxylic acid (terephthalic acid, TPA) and benzene-

1,3,5-tricarboxylic acid (trimesic acid, TMA), two molecules with planar phenyl cores that can 

form intermolecular hydrogen bonds through their carboxylic moieties. Both molecules have 

been intensively studied as prototypical systems for 2D supramolecular assembly on graphitic 

substrates.[13,33-38]  

After evaluating the monolayer supramolecular assembly on HOPG, as a preliminary result, 

we find that both molecules self-assemble on graphene to form well-ordered crystals from a 

2D monolayer to thin films of several nanometer thickness. Combining STM, electron 

diffraction and acTEM imaging, we identify a structural transition that occurs as molecular 

deposition proceeds, and determine the critical thickness beyond which the film structure is 

no longer defined by the molecular 2D crystal at the substrate surface. We demonstrate that, 

despite the chemical similarity between the two molecules, their monolayer-to-thin-film 

transitions are dramatically different. These results have important implications for how 

supramolecular self-assembly can be used to design molecular structures grown from surfaces 
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(from thin films to macroscopic crystals), and demonstrate how recent advances in TEM make 

it a powerful tool for studying surface-driven supramolecular self-assembly.  

4.2 Experimental section 

Graphene growth 

Graphene was grown on low cost copper foils via low pressure CVD using methane as a carbon 

source.[39] First, the copper foils were electropolished in a solution containing orthophosphoric 

acid and urea (5 V, 1.5 A).[40] After rinsing off the electrolyte with deionized water and 

isopropanol, the polished foils were sonicated in acetone, and then rinsed again with 

isopropanol and dried with nitrogen. Afterwards they were loaded into a quartz tube in a tube 

furnace, which was pumped to vacuum below 1 × 10–3 mbar. Hydrogen was flowed at 10 

standard cubic centimeters per minute (sccm), raising the pressure to 1 × 10–2 mbar. The 

furnace was heated to 1000 °C, and left to anneal for 20 min. Methane was then added at 3 

sccm for 30 min. This yields copper foils that are >99% covered with predominantly single layer 

graphene of high-quality.[41] Under these growth conditions, the typical graphene grain size is 

found to be ∼20 μm.  

Graphene TEM grid fabrication 

To transfer graphene to TEM grids, the graphene-coated foils were first spin-coated with 

formvar (3.4 mg mL−1) using spin speed 3000 rpm, ramp 0.1 s, and dwell 45 s. The coated foils 

were then placed into ammonia persulphate to etch away the copper overnight. Once the 

copper was removed, the foils were transferred to five successive beakers of deionized water, 

to remove any remaining etchant. The floating stack was then scooped using SiN TEM supports 

(from Silson) and left to dry in air. The grids were then placed in chloroform for 10 min to 

remove the formvar. They were then transferred to acetone, and then to a critical point dryer, 

to dry without surface tension breaking the films. Finally, the TEM grids were further cleaned 

by heating on a hotplate at 200 °C for 2 h. 

Molecular deposition 

TPA or TMA molecules (Sigma Aldrich: TMA 1,3,5 benzenetricarboxylic acid, 95% purity, CAS 

554-95-0 and TPA teraphtalic acid, 98% purity, CAS 100-21-0) were deposited by OMBD in a 

chamber with a base pressure <10−5 mbar, with source deposition temperatures of ∼265 °C 
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and ∼230 °C for TMA and TPA, respectively, with the substrates at ambient temperature. The 

deposition rate was monitored by quartz microbalance, and the film thickness was measured 

by AFM after deposition (see below and Appendix section A1). Molecules were deposited 

simultaneously on different substrates: graphene-on-TEM grids, graphene-on-copper, and 

HOPG. 

Scanning tunnelling microscopy (STM) 

STM images were acquired under ambient conditions at the liquid–solid interface under a 

drop of heptanoic acid with a Veeco STM with Nanoscope E controller and an A-type scanner, 

using mechanically-sheared Pt/Ir (90/10) tip. Typical tunneling parameters were 80 pA and −1 

to −1.5 V for molecular imaging and 800 pA and −0.1 V for atomic resolution imaging of the 

underlying graphene. Negative bias, here 

applied to the sample, corresponds to filled state imaging. STM images were drift-corrected 

by using the graphene atomic lattice as a reference. All STM images were processed using the 

WSxM software.[42] 

Atomic force microscopy (AFM) 

An Asylum Research MFP3D-SA was used in AC-mode (or tapping mode) for topographic 

imaging and combined AC mode and contact mode for thickness measurements, as 

described in Appendix section A1. 

Transmission electron microscopy (TEM) 

For electron diffraction, a JEOL 2100 TEM was used, operating at 200 kV: the selected area 

aperture acquired signal from circular areas 3 μm in diameter. (Note that concomitant with 

the ∼20 μm graphene grain size, only one graphene orientation is present in each TEM image 

or diffraction pattern presented here.) All angles measured from the SAED patterns were 

averaged across all relevant diffraction peaks and the uncertainties calculated from the 

standard error of these values. The dose was estimated by measuring the current draining to 

earth from the phosphor screen when illuminated by the electron beam. This was adjusted to 

≈5 e− Å−2 s−1 for diffraction. For acTEM, a JEOL ARM 200F was used, operating at 80 kV, with 

CEOS probe and image aberration correction. Again, the dose was measured through the 

screen and was adjusted to ≈100 e− Å−2 s−1 for high-resolution imaging. 
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4.3 Results and discussion  

4.3.1 Monolayer structure of TMA and TPA on HOPG and graphene 

TMA and TPA were deposited onto HOPG and chemical vapor deposition (CVD) grown 

graphene-on-copper foils by organic molecular beam deposition (OMBD) and imaged in 

ambient conditions by STM at the liquid–solid interface under a drop of heptanoic acid. The 

preliminary analysis performed on the HOPG surface was a starting point that paved the way 

to the investigation of the molecular self-assemblies on the most fascinating graphene 

surface.  

Both molecules are simple aromatic compounds characterized by a planar structure and 

carboxylic groups, three for TMA and two corresponding moieties for TPA, connected to a 

central benzene ring (see Fig. 1).  

 

Figure 1.  Molecular structure and ball and stick model of (a) TMA and (b) TPA molecules. 

The presence of the carboxylic moieties ensure the formation of intramolecular hydrogen 

bonds that lead to extended supramolecular networks. Unlike the intermolecular bonding, the 

interaction between the molecules and the typical inert substrates, as noble metal and 

gƌaphitiĐ suƌfaĐes, is the π- π ďoŶdiŶg, ǁhiĐh iŶǀolǀes the Đoƌe ƌiŶg eleĐtƌoŶiĐ oƌďitals. 

Although self-assemblies of both molecules are stable on the surfaces, TMA networks are 

often more stable than the TPA ones. In fact, the higher number of H-bonds formed by TMA 

in the supramolecular network ensures this behavior. 
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Fig. 2(a) shows a well ordered self-assembly of TPA molecules that completely cover the HOPG 

surface.  

 

Figure 2. (a) 8x8 nm2 STM image of TPA on HOPG. Tunneling parameters: Ut=-1 V, It=0.08 nA. A 

molecular model is superimposed on the image, which is not drift-corrected. (b) ͞half aŶd half͟ STM 
image of TPA on HOPG. The proposed brickwork assembly of TPA is overlapped on the molecular side. 

Tunneling parameter: (top half, molecular resolution) Ut=-1 V; It=0.08 nA; (bottom half, atomic 

resolution) Ut =-0.08 V; It =ϭ ŶA. ;ĐͿ SĐale dƌaǁiŶg of the pƌoposed ŵoleĐulaƌ ŵodel, ǁheƌe a, ď aŶd γ 
are the TPA unit cell parameters. 

The apparent size and shape of TPA molecules in the STM topography confirm that the 

molecules adsorb with their molecular plane parallel to the substrate (see the molecular 

model overlapped in Fig. 2(a)). This adsorption geometry is usual for planar aromatic 

molecules on inert substrates.[43] Furthermore, only a single supramolecular packing of TPA 

molecules was observed on HOPG, in agreement with the previous literature data.[44]  

In order to estimate the unit cell parameters of TPA on HOPG, it is worth noting that STM 

measurements acquired at room temperature are usually affected by thermal drift. This last 

effect can hinder the correct determining of the molecular unit cell. However, the acquisition 

of STM images with both molecular and substrate atomic resolution allows the images to be 

rescaled based on the known lattice periodicity of HOPG or graphene. Once the correct unit 

cell of the molecular assembly has been determined, other images showing only molecular 

resolution can be rescaled accordingly. This procedure was carried out for each measure 

reported in this work. An example of these so-Đalled ͞half aŶd half͟ images, for the case of 

TPA on HOPG, is shown in Fig. 2(b). 

The resulting TPA supramolecular structure is the characteristic brickwork assembly, with 

lattice parameters a=9.79 Å±0.08 Å, b=7.79 Å ±0.51 Å, θ=49°±5° (see Fig. 2(c) for the molecular 

model). This is the energetically favoured 2D structure of TPA on HOPG. The TPA unit cell 

parameters on HOPG can be compared to values for TPA monolayer on graphite,[44] as well as 
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on Au(111)[45] and Ag(111).[46] As shown in Fig. 2(a)-(c), TPA molecules form long molecular 

chains on HOPG characterized by the dimeric hydrogen bonding between carboxylate groups, 

along the ܽ⃗ direction. Since the molecule length is of 7 Å, the unit cell vector along the TPA 

chain suggests a hydrogen bonding distance of about 2.79 Å, which is in agreement with the 

distance reported for bulk TPA crystals.[47] TPA chains also interact with each other through 

secondary hydrogen bonds between the oxygen and the aromatic hydrogen atoms; this 

ensure a stable molecular packing. In principle, isolated TPA molecules can move on the HOPG 

surface making the STM probing difficult due to the π- π ďoŶdiŶg ďetǁeeŶ the ŵoleĐules aŶd 

substrate. Nevertheless, once locked in the H-bond assembly, the network is stable enough to 

allow STM imaging for long period.    

TMA molecules, as well as TPA ones, completely cover the HOPG substrate and form well-

ordered islands, but unlike TPA, can form several supramolecular structures on the HOPG 

surface. Although new supramolecular phases were recently reported,[48] the most common 

ones, i.e. the so-Đalled ͞ĐhiĐkeŶ-ǁiƌe͟ aŶd ͞floǁeƌ͟ stƌuĐtuƌes, ǁeƌe ŵeasuƌed ďǇ STM oŶ 

HOPG, as shown in Fig. 3 and Fig. 4. Unit cell parameters for the hexagonal chicken-wire 

assembly and for the more compounded flower structure are a=1.64Å±0.05 Å, b=1.67 Å ±0.08 

Å, γ=ϱϵ°±Ϯ°, aŶd a=Ϯ.ϲϰ Å ±Ϭ.Ϭϰ Å, ď= Ϯ.ϳϵ Å ±Ϭ.ϭϯ Å, γ=ϱϱ°±ϰ° ƌespeĐtiǀelǇ. These aƌe 

consistent with the values reported for the corresponding deposition of TMA on HOPG.[33-35]   

 

Figure 3. a) 12x12 nm2 STM image of TMA chicken-wire self-assembly on HOPG. Tunneling parameters: 

Ut =-1.2 V, It =0.05 nA. The molecular structures is overlapped on the STM acquisition. b) Structural 

model of the TMA chicken-ǁiƌe phase, iŶ ǁhiĐh a, ď aŶd γ aƌe the uŶit cell parameters.  
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Figure 4. (a)-(b) 12x12 nm2 STM images of TMA flower phase on HOPG. The different imaging of the 

same supramolecular structure is only due to the STM tip imaging. Tunneling parameters: (a): Ut=-1.2 

V; It=0.05 nA, (b): Ut =-1.6 V; It =0.05 nA. (c) Structural model of the TMA flower structure, in which a, b 

aŶd γ aƌe the uŶit Đell paƌaŵeteƌs.  

STM images of TMA on Gr–Cu, as in Fig. 5(a), show a hexagonal lattice, consistent with a 

monolayer of ͚chicken-wire͛ TMA structure (shown in (b)), with lattice parameters a = b = 1.65 

± 0.06 nm and γ = 60 ± 1°. These are consistent with the values previously reported for TMA 

deposited on HOPG[33-35] and on graphene. [13,49] Although other types of TMA assemblies have 

been reported on various graphite and graphene substrates,[34,35,48,49] iŶĐludiŶg the ͞floǁeƌ͟ 

structure shown above for the HOPG, we only observed the chicken-wire packing on Gr–Cu, 

as also described by MacLeod et al.[13] We note that the absence of other assemblies, such as 

the flower structure reported for TMA on HOPG, might be due to the deposition conditions 

used here. 

By contrast TPA packs more densely; Fig. 5(d) shows the characteristic brickwork arrangement 

of TPA molecules, with lattice parameters a = 0.95 ± 0.02 nm, b = 0.75 ± 0.06 nm, and γ = 53 ± 

3°, consistent with previous reports for TPA deposited onto graphene on Pt(111),[37] as well as 

with measurements performed on HOPG.[44] For both TPA and TMA, the supramolecular 

assembly on Gr–Cu is thus similar to that previously found for other graphitic samples. 

As noted above, the difference in the 2D supramolecular packing between TMA and TPA is 

driven by the difference in their chemical structure. The 3-fold symmetric carboxylic acid 

moieties of TMA lead to hexagonal assembly, whilst dimeric hydrogen bonding between the 

two linearly-aligned carboxylic acid groups in TPA creates strongly bonded molecular rows 

with a weak interaction between them (Fig. 5(b) and (e)). The changes in packing are even 

more profound in their 3D bulk crystalline structures,[50,51] as shown in Fig. 5(c) and (f). While 

TMA forms crystals of interweaving planes of TMA molecules that are hydrogen bonded in 

small units of the chicken-wire structure, for TPA the bulk structure is formed of tilted 

hydrogen bonded lamellar rows, that resemble quite closely the monolayer structure. 
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Although the molecular packing is denser in the 3D structure, its projected view (Fig. 5(f)) is 

very similar to the 2D structure shown in Fig. 5(e). 

 

Figure 5.  STM images of TMA (a) and TPA (d) on Gr–Cu. (Tunneling parameters: (a) Ut = −ϭ.ϯ V, It = 

0.05 nA, (d) Ut = −ϭ.ϱ V, It = 0.08 nA.) The insets show enlarged regions with superposed molecular 

models. Schematics of the 2D chicken-wire structure for TMA (b) and brickwork structure for TPA (e), 

and of the 3D structures for TMA (c) and TPA (f). 

4.3.2 Resolving the structure of TMA thin-films 

TEM analysis of TMA deposited on freestanding graphene was used to reveal the structural 

changes that occur as film thickness increases. Monolayer graphene membranes were 

fabricated by removing graphene from its copper growth substrate and transferring to TEM 

support grids, as described in the experimental section. TMA and TPA were deposited by 

OMBD directly onto these membranes, and the structure of the resultant films was 

characterized by TEM imaging and diffraction. Simultaneously, the films were deposited on 

as-grown Gr–Cu for comparative topographic imaging and film thickness measurements by 

atomic force microscopy (AFM), see Appendix section A1.   

Fig. 6(a)–(d) show low-magnification TEM images and corresponding selected area electron 

diffraction (SAED) patterns of TMA on graphene with increasing deposition time: (a) 15 

seconds (measured film thickness of 2.1 ± 0.2 nm, equivalent to ∼6 monolayers, ML), (b) 1 

minute (5.5 ± 0.2 nm, ∼15 ML), (c) 6 minutes (16 ± 2 nm, ∼45 ML), and (d) 18 minutes (60 ± 

10 nm, ∼170 ML). For all deposition times less than 18 minutes, the TEM images show uniform 

contrast and the only obvious features can be attributed to residue from the transfer process 
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used to make the graphene membranes, suggesting the TMA is deposited as a uniform thin 

film, as also confirmed by AFM topography images (see Appendix section A1). For the 18 

minutes deposition, there are clear variations in TEM contrast, with features of ∼100 nm, as 

also seen by AFM (see Appendix section A1), suggesting a granular structure and 

polycrystalline film. 

Despite TEM images showing little contrast, SAED reveals the molecular ordering in TMA 

layers and their orientation relative to the free-standing graphene substrate. For all films 

except the 18 minutes deposition, sharp diffraction spots are seen with spacings and (three-

fold) symmetry consistent with the 2D chicken-wire TMA structure, as observed by STM, 

mirrored relative to the graphene lattice (see Appendix section A2). TMA lattice parameters 

calculated from these diffractions spots are given in Table 1: using the graphene diffraction 

spots to calibrate the diffraction patterns[52] allows the TMA lattice parameters to be easily 

measured from the electron diffractions spots to a significantly higher accuracy and precision 

than those obtained from STM images. 

 

Figure 6. TEM analysis of thin films of TMA deposited onto freestanding graphene. (a1) to (d1), 

Brightfield TEM images of TMA thin films of increasing deposition time as marked, with corresponding 

SAED patterns (a2) to (d2) on which graphene and TMA diffraction peaks are labelled. (e) TMA film 

thickness, as measured by AFM, with deposition time.     (f) Azimuthal line profiles of the diffraction 

intensity through the TMA {11} diffraction peaks, as labelled by the dashed arc on (b2); here 0° is 

defined by the graphene {01} spots. (g) Modulation of diffraction intensity, ΔI/I0 along TMA {11} 

azimuths, as a function of film thickness. 
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Table 1. Film thicknesses (determined by AFM), lattice parameters and characteristic dose calculated 

for the monolayer and thin films of TMA. For the 18 min deposition, the angle γ is measured from 2D 

Fourier transforms of acTEM images (see Appendix section A9). 

Two distinct orientations of the chicken wire lattice are observed, equally spaced 6.8° ± 0.1° 

either side of the graphene orientation, indicating an epitaxial relationship between the TMA 

and graphene lattices. We also observed two orientations of the TMA chicken-wire 

superstructure in STM images of monolayer TMA on Gr–Cu (see Appendix section A2). The 

STM measured angles of 7 ± 1° relative to the graphene lattice are consistent with the electron 

diffraction results. Macleod et al.[13] studied supramolecular assembly of monolayer TMA on 

graphite and graphene by STM, finding similar lattice parameters to those measured here also 

by STM, and deduced the following epitaxy matrix relating the TMA lattice vectors, ்ܽ⃗ெ஺, to 

those of graphene, ܽ⃗ீ௥: 

 

This relationship predicts the TMA lattice parameter to be √Ͷ͵ times the graphene lattice 

constant, i.e. ܽ = ܾ = √Ͷ͵ × Ͳ.ʹͶ͸ͳ ݊݉ = ͳ.͸ͳͶ ݊݉ and the angle between the TMA and 

the graphene lattice to be ܿݏ݋−ଵ ቀ ଵଷ√ଵ7ଶቁ = ͹.ͷͺͻ°. Although the STM results are consistent, 

within uncertainties, with these values, the higher accuracy and precision of the SAED 

measurements reveals that, for the films analyzed in Fig. 6, the relationship between TMA and 

graphene lattices is not exactly described by such an epitaxy matrix.  

This typifies van der Waals epitaxy.[53] Due to the weak van der Waals interactions between 

surface and molecular overlayer, the 2D molecular structure is not constrained to exactly 

follow the lattice parameters of the surface but is relaxed and unstrained, allowing lattice 

mismatch and differences in symmetry between surface and overlayer. Despite this, the 2D 

molecular layer is epitaxial (though incommensurate) to the graphene one, in that the 

orientation of the TMA lattice is defined relative to the graphene lattice. This conclusion is 

also in agreement with very recent results obtained by analyzing the Moiré patterns formed 

by TMA deposited on HOPG.[54] 
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For thick films, this epitaxial relationship no longer holds. Electron diffraction from 9 minutes 

(∼95 ML) and 12 minutes (∼110 ML) films (see Appendix section A3) show many distinct TMA 

orientations, while the 18 minutes (∼170 ML) TMA deposition shows rings rather than spots, 

as shown in Fig. 6(d2), though with similar spacings, indicating a polycrystalline film with 

random in-plane orientation relative to the graphene. 

The SAED patterns can be analyzed to give a more quantitative insight into the degree of order 

in the thin films.[28] Fig. 6(f) shows azimuthal line profiles through the {11} TMA diffraction 

peaks; here 0° is defined by the graphene {01} spots. The two peaks corresponding to the two 

orientations of TMA are readily apparent for all but the 18 min deposition. Defining I0 as the 

average intensity and ΔI as the difference between maximum and average intensity, the 

intensity modulation ΔI/I0 along the arcs gives a relative measure of the order within the film 

and is plotted in Fig. 6(g) as a function of film thickness. The apparent order increases up to a 

maximum at ∼20 nm, due to the diffraction peak intensity increasing relative to the local 

background. Beyond this critical thickness, the intensity modulation (I0) decays rapidly as more 

TMA orientations appear, indicating a transition to a rotationally disordered phase with 

textured but randomly oriented grains. 

We note that, as expected, the thin films of TMA rapidly degraded upon exposure to the 

electron beam. For such materials, structural analysis should be performed with low levels of 

exposure to the electron beam, below the ͚characteristic dose͛.[55] As described in Appendix 

section A4, the characteristic dose was calculated for each film by measuring the decay in 

intensity of diffraction spots with exposure time. All diffraction results were acquired under 

low dose conditions with total doses less than this characteristic dose, and so are 

representative of the film structure after assembly. 

Electron diffraction reveals the spatially averaged crystal structure of TMA on suspended 

graphene, but leaves important questions open. Are the two orientations within the TMA thin 

films separated into domains (as suggested by STM in the monolayer), or stacked one on the 

other? If in domains, what is the domain size? Similarly for the thicker, polycrystalline film, 

what is the grain size and do they persist through the film thickness? Here we address these 

questions by directly imaging the TMA layers with acTEM. All images were acquired such that 

the total exposure was less than the characteristic dose, as measured from the diffraction 

patterns, to ensure that the observed structure was typical of the as-deposited film (see 

Appendix section A5 for a description of the low-dose acquisition protocol). An example image 
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from a 1 minute TMA deposition on graphene is shown in Fig. 7(a); although there are no 

immediately obvious features, a 2D fast Fourier transform (FFT, inset in top right corner) 

shows clear spots and closely resembles the SAED patterns in Fig. 6. This FFT of the whole 

image is consistent with the expected 2D TMA structure with two orientations, labelled by red 

and blue circles in the FFT (henceforth orientation 1 and 2). Selecting smaller areas of the 

image, FFTs corresponding to only one orientation are found, as shown in Fig. 7(b1) and (b2) 

taken from the dashed boxes 1 and 2 in Fig. 7(a). By analyzing the relative intensity of these 

two orientations in selected area FFTs (see Appendix section A6), a map of the local TMA 

orientation can be constructed, as shown in Fig. 7(c). Here, the intensity of red gives the 

intensity of orientation 1 and, correspondingly, the intensity of blue gives that of orientation 

2. This color map thus shows that the two orientations are distinct – i.e. they are separated 

into domains, with stacked layers of the same orientation in each domain – and reveals that 

the average domain size is ∼40 nm. 

 

Figure 7. acTEM of TMA (1 minute deposition) on graphene. (a) Brightfield TEM image with 

corresponding FFTs of selected region 1 (b1) and 2 (b2): spots due to TMA are circled in red/blue 

showing the two different TMA orientations present. (c) Color map of TMA orientations, formed from 

processing the image in panel (a); the red intensity corresponds to the intensity of orientation 1 and, 

correspondingly, the blue intensity is due to orientation 2. 

Unlike the diffraction patterns, the Fourier transform operation generates both amplitude and 

phase information which, when recombined, can be used to reconstruct a real space image. 

Fig. 8(b) is a reconstructed TEM image of the TMA film (1 minute deposition), taking the 

amplitude and phase from the peaks in the FFT out to 7 nm−1 (for further details see Appendix 
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section A8). This image is consistent with a multislice image simulation,[56] Fig. 4(a) assuming 

a stacked molecular structure, as shown in the molecular models in Fig. (c) and (d), but not 

with structures that do not assume direct molecular stacking (see Appendix section A7). 

acTEM imaging thus proves that the TMA molecules are stacked vertically one on another, 

consistent with density function theory (DFT) calculations of the most energetically favorable 

stacking geometry,[57] and hence that initially TMA film growth proceeds via a layer-by-layer, 

or Frank–van der Merwe, growth mode.[58] Significantly, this stacking is expected to create 

well-ordered arrays of high-aspect ratio nanopores, around 1.5 nm in diameter and up to 20 

nm deep, open at the top and reaching the pristine graphene surface at the bottom.  

For films beyond the critical thickness, where SAED shows polycrystalline rings, high-

resolution imaging shows a small grain size (<30 nm) with evidence that the grains do not 

normally persist through the film (see Appendix section A9), again indicative of a 

polycrystalline film. 

 

Figure 8. High resolution reconstruction of the TMA film structure. (a) Reconstructed high-resolution 

image of the TMA structure from the acTEM image data in Fig. 3. (b) Multislice image simulation from 

the molecular model shown in plan view in (c) and perspective view in (d). 
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4.3.3 Structural transition in TPA thin-films 

We used a similar methodology to study structural transitions in TPA thin films on graphene. 

Fig. 9(a)–(d) show brightfield TEM images and corresponding SAED patterns of TPA thin films 

with increasing deposition times as marked. The film thickness was again measured by AFM 

(see Appendix section A1). The TEM images show a strikingly different trend to that observed 

for TMA: fiber-like features ∼100 nm in length are apparent from 1 minute and persist at 

longer deposition times, suggesting that TPA forms 3D islands from an early stage. These 

features are also clearly visible in AFM images (see Appendix section A1). Such topographical 

changes, combined with STM evidence for an initial wetting monolayer, suggest that TPA on 

graphene is following a layer-plus-island, or Stranski–Krastanov, growth mode.[58] 

The corresponding SAED patterns also show behavior distinct to that observed for TMA. For 

the 15 s deposition, clear diffraction spots are apparent which are consistent with the 

brickwork 2D lattice observed for the monolayer by STM, with 6 distinct orientations 

symmetrically arranged relative to the graphene lattice (see Appendix section A10). As the 

deposition time increases, although the graphene diffraction spots are still as clear and well-

defined as before, SAED from the TPA thin films gives short arcs rather than sharp spots. 

Azimuthal line profiles through the TPA {01} arcs are shown in Fig. 9(f) with the corresponding 

ΔI/I shown in Fig. 9(g). The line profiles are roughly symmetric relative to the graphene {01}, 

indicating that van der Waals epitaxy still plays an important role in defining the growth 

orientations. Both the width of the TPA {01} diffraction peaks and ΔI/I increase with deposition 

time. However, careful analysis of the positions of these diffraction arcs shows an important 

difference compared to TMA: the electron diffraction spacings, and hence the 2D projection 

of the lattice parameters, change with deposition time. This is also observed in FFTs of high-

resolution images (see Appendix section A11) which show the same lattice parameters as the 

corresponding diffraction patterns. Interestingly, these FFTs show distinct spots rather than 

arcs, indicating that the SAED diffraction arcs are due to small changes in orientation between 

grains rather than molecular tilting within grains.[59] The sharp spots in the FFTs enable 

accurate measurements of the angle between lattice vectors, as presented in Table 2. The 

high-resolution images also show that the crystalline grain size here is ∼20 nm (see Appendix 

section A7), consistent with the width of the fibers in the low magnification brightfield images. 
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Figure 9. TEM analysis of thin films of TPA on graphene. (a1) to (d1), Brightfield TEM images of TPA 

thin films of increasing deposition time (15 s, 1 min,6 min, and 18 min), with corresponding electron 

diffraction patterns (a2) to (d2) on which graphene and TPA diffraction peaks are labelled. (e) TPA film 

thickness, as measured by AFM, as a function of deposition time. (f) Azimuthal line profiles of the 

diffraction intensity through the TPA {01} diffraction peaks; 0° is defined by the graphene {10} spots. 

(g) Modulation of diffraction intensity, ΔI/I0 along TPA {11} azimuths, as a function of film thickness. 

 

Table2. Film thickness, lattice parameters and characteristic dose for TPA on graphene. Also shown are 

the lattice projections looking down the c-axis of the reported TPA bulk structure.[51] Note that the exact 

3D crystallographic orientation of the thicker films here is not known. 

The key result from TEM analysis of TPA films on graphene is the change in projected lattice 

parameters with deposition time, as summarized in Table 2. The reduction in both a and b 

lattice parameters, and the subsequent contraction of the unit cell area, is consistent with the 

molecules tilting with respect to the graphene surface and hence packing more densely, as in 

the bulk structure. The gradual change observed here reflects the smooth transition that can 

occur from the 2D, flat, structure to the 3D, tilted, structure. 
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The differences between the TMA and TPA film deposition are intriguing. TMA deposition 

results in layer-by-layer growth, templating the 2D structure upwards and creating open 

nanopores up to ∼20 nm deep and ∼1.5 nm wide, until, after a critical thickness of >20 nm, 

the film abruptly becomes polycrystalline with random in-plane orientations. By contrast, TPA 

rapidly forms fiber-like islands after the first 2D molecular overlayer and its lattice parameters 

gradually reduce from those of the 2D structure, smoothly becoming more consistent with the 

bulk structure.  

We speculate on the origin of these differences through inspection of their 2D structure 

relative to their 3D crystallography. Energetically, the 2D structure is stabilized by interactions 

with the surface whilst the 3D crystallography is determined only by the intermolecular 

interactions; although the dominant forces driving the transition from 2D to 3D are not 

obvious and are worthy of future study, the differences in 3D structure between TMA and TPA 

give insight into their contrasting behaviour. The TPA bulk structure is characterized by parallel 

hydrogen-bonded lamellar rows and its (001) plane displays a structural similarity with the 2D 

lattice of TPA-ongraphene (the main difference being a contracted lattice parameter in 3D, 

through tilting of the molecule towards the [223] direction). As the film thickness increases, 

surface-interactions become less significant and the intermolecular interactions are expected 

to increasingly dominate. This explains the observed behavior of TPA; the 2D structure is a 

distorted (strained) component of the 3D structure and hence a smooth transition can occur. 

This also explains the formation of crystallites (here fiber-like) to reduce strain.[60] 

However, the 3D crystal structure of TMA is composed by interpenetrating non-planar 

chicken-wire frameworks and is thus very different and, crucially, topologically distinct from 

the planar 2D molecular lattice of the monolayer. As a result, the 2D layer cannot be thought 

of as a strained component of the 3D structure, and no smooth transition is possible. Hence, 

the TMA templates from the initial 2D layer until an abrupt transition to a polycrystalline 

phase; the 2D structure is topologically protected against transitions to the 3D structure.  
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4.4 Conclusions 

We demonstrate fundamentally new insight into the growth of supramolecular thin films on 

surfaces through a detailed study into the structural evolution of layers of prototypical 

benzenecarboxylic acids. To achieve this, we have used an innovative combination of low-dose 

acTEM and STM to accurately determine molecular-resolution structural information on films 

of increasing thickness from monolayer through to tens of nanometers, a precision and range 

that is difficult to attain by other analytical techniques. Although this approach will not be 

applicable to all supramolecular assembly problems as it requires atomically thin substrates 

and comparatively stable molecular assemblies for acTEM, it has the potential to provide sub-

nanometre resolution structural information on complex molecular thin films, as 

demonstrated here for the prototypical systems of TMA and TPA on graphene. For both, the 

structure and orientation of the first molecular overlayer are dictated by the comparatively 

strong hydrogen bonding between molecules and the interactions with the graphene surface 

that determine a weak van der Waals epitaxial relationship. As the film thickness increases 

beyond a monolayer, however, TMA and TPA display distinctly different behaviors, despite 

their chemical similarities. TMA templates from the 2D structure, stacking molecular layers 

directly on top of each other until, above a certain thickness, the film transitions to a 

polycrystalline phase with random in-plane orientations. By contrast, TPA forms fiber-like 

islands and the in-plane lattice parameters change continuously with thickness, smoothly 

becoming more consistent with the bulk structure. We propose that these differences in 

behavior can be understood through comparison between the 2D and 3D structures of the 

two molecules: the bulk structure of TMA is topologically distinct from the monolayer 

structure with no possible smooth transition between the two, whereas, for TPA, tilting of the 

molecules with respect to the surface gives a continuous transition from 2D to 3D structures. 

As a result, the 2D TMA structure is topologically protected and templates through the initial 

film growth. This new concept of topological protection of the 2D monolayer structure is 

expected to play an important role in the design of functional thin films by controlled 

supramolecular assembly. 
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4.5 Appendix section 

A1: Atomic force microscopy (AFM) of TMA and TPA thin films on graphene 

 

Figure A1a. Tapping mode AFM images of TMA, (a) and (c), and TPA films, (b) and (d), on graphene on 

copper for 6 minute depositions. 

The topography of TMA and TPA films was studied using AFM. Figure A1a shows tapping mode 

images of 6 minute deposition films for TMA (a,c) and TPA (c,d). The TMA and TPA films 

themselves appear in stark contrast to each other; TMA shows a flat, continuous thin film 

whereas TPA appears to grow in small lozenge-shaped crystallites. This is in agreement with 

the structures studied using TEM. 

The thicknesses of TMA and TPA films were also measured using AFM. Figure A1b shows 

measurements of film thickness for the TMA and TPA depositions onto graphene on copper. 

Panel (a) is a tapping mode AFM topography image of an 18 minute-deposition film of TPA on 

graphene on copper after a trench has been scratched through the film. The trench is 

scratched by repeatedly scanning a small region in contact mode. Panel (b) is an averaged line 

profile from the white dashed rectangle in (a), from which the film thickness was measured. 
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Figure A1b. AFM film thickness measurement. Panel (a) shows an AFM image of an 18-minute 

deposition of TPA on graphene on copper, after a trench has been scratched using contact mode. Panel 

(b) is an average line profile, from the dashed rectangle in (a), from which the film thickness is 

measured.   

A2: Two orientations of TMA on graphene observed by SAED and STM 

 

Figure A2a. SAED simulations of TMA on graphene. (a) Simulated SAED of a TMA monolayer. (b) 

Simulated SAED of a TMA monolayer rotated 13.6º relative to (a). (c) Addition of SAED simulations 

presented in (a) and (b) showing close similarity to experimental SAED image presented in (d). The 

green dashed line in (c) and (d) shows the orientation of graphene reflections which the two TMA grains 

are oriented with respect to. Simulations were performed using clTEM, an open-source multislice 

simulation package (M. A. Dyson, clTEM: OpenCL TEM/STEM simulation code, URL ۃhttp://github. 

com/ADyson/clTEM2014 ,ۄ). 

Analysis of SAED simulation patterns from TMA reveals how two distinct orientations of the 

chicken-wire superstructure arise in the experimental SAED patterns through addition of 

individual SAED patterns from separate TMA grains. Combining individual SAED simulation 

patterns of TMA monolayers rotated 13.6° relative with respect to each other reveals a SAED 

pattern similar to the experimental images. 
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Figure A2b. STM of TMA on graphene. (a) Large scale STM image (100×100 nm2) of a TMA monolayer 

at the interface between heptanoic acid and graphene on copper. Tunneling parameters: Ut = -1.3 V,    

It = 0.05 nA. Inset: FFT of the whole image indicating the presence of two distinct orientations of the 

TMA chicken-wire lattice. (a1) and (a2) are magnified views of the regions in (a) labelled as 1 and 2, 

respectively. (b1) and (b2) are the corresponding FFTs. (a1) and (a2) images have been drift-corrected 

by using atomic resolution images of the graphene substrate. 

Analysis of STM images from TMA on Gr-Cu shows two distinct orientations of the chicken-wire 

superstructure with respect to the underlying graphene lattice. Figure A2b (a) shows a large-scale STM 

image with TMA molecules completely covering the graphene surface and the inset displays its fast 

Fourier transform (FFT). Two different rotational domains (relative angle of 14° ± 2°) can be identified 

in the FFT for the TMA chicken-wire structure, and are indicated by green and blue circles, respectively. 

Figures A2b (a1) and (a2) show magnified images of the two distinct sub-regions marked by dotted 

squares in Figure A2b (a). The corresponding FFTs are shown in Figures A2b (b1) and (b2), respectively, 

and display only one orientation each. STM images were drift-corrected by using the graphene atomic 

lattice as a reference. In particular, the acquisition of STM images with both molecular and substrate 

atomic resolution allows the images to be rescaled based on the known lattice periodicity of graphene. 

Once the correct unit cell of the molecular assembly has been determined, other images showing only 

molecular resolution can be rescaled accordingly. 
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A3: Film thickness dependence of diffraction from TMA on graphene 

 

Figure A3. Electron diffraction patterns from TMA thin films of increasing thickness on graphene. Two 

distinct orientations are visible until 6 min; longer depositions show increasing amounts of orientational 

disorder. 

A4: Measuring the characteristic dose of TMA on graphene 

The use of electron microscopy to study organic thin films is restricted by the lifetime of the 

organic molecules, and their supramolecular structure, under the electron beam. To quantify 

this lifetime, diffraction patterns from organic thin films can be analyzed to find the 

characteristic dose ܥܦ – defined as the dose after which the diffraction spot intensity has been 

reduced by a factor 1/e, and after which the structure is believed to have been significantly 

damaged:[A1] ܿݐܦ = ܿܦ 
where ܦ is the electron dosing rate of the electron beam at the sample plane and ܿݐ is the 

time after which the diffraction spot intensity has been reduced by a factor 1/e (characteristic 

time). Figure A4 (a) to (d) show four images from a sequence of diffraction patterns that were 

recorded continuously over 38 seconds, with a diffraction pattern acquired every 0.3 seconds, 

from a 1 minute-deposition of TMA on graphene. Throughout the exposure, the dosing rate 

was kept constant at (1.3±0.3) e-Å-2s-1. The spots attributed to TMA are clear, as are those 

from the graphene substrate. From the series it is apparent that the TMA diffraction spots 

reduce in intensity with increasing exposure time, and are not visible after 33 seconds, whilst 

the graphene spots remain constant. 

The intensity in a diffraction peak can be quantified by summing the intensity in a small area 

around its maximum, and then subtracting this value by the average background intensity 
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summed over an equivalent area. This is repeated for each image in the sequence. Three 

diffraction peaks for the TMA are chosen, one from each order of the diffraction pattern, and 

one diffraction peak for the graphene. The resulting intensities are plotted against exposure 

time in Figure A4 (e). 

 

Figure A4. Measuring the critical electron dose for TMA thin films. (a)-(d) show diffraction patterns 

from a series taken from the same area with increasing exposure time. The time of each image is 

indicated in the bottom left corner. Plotting the intensity of the diffraction spots, (e), shows exponential 

decays, caused by the damage from the electron beam. The characteristic dose of the decay is plotted 

for the 1, 6 and 18 minute-depositions in (f). 

For the graphene diffraction spot, the intensity remains constant throughout the exposure, 

suggesting only negligible damage to the graphene lattice. On the other hand, for all the TMA 

diffraction peaks there is an exponential decrease in intensity. This demonstrates a disruption 

to the crystal structure of the TMA layer. After a long exposure, there are no diffraction spots, 

consistent with a disordered material. The weak bonding, poor conductance, and large 

population of light atoms present in organic molecular systems such as TMA result in rapid 

damage when subject to the TEM beam. High energy electrons act to break bonds between 

atoms as well as intermolecular bonds, leaving collections of atoms and free radicals which 

can desorb from the crystal or attack neighboring molecules, resulting in further damage. 

These areas rapidly become amorphous, losing all crystallinity, and no longer contribute to 

the diffraction reflections for the remaining crystal. The damaged areas continue to grow, with 
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undamaged crystalline areas decaying in proportion, until the molecular crystal is fully 

amorphous.[1-3] 

A5: Low dose acTEM image acquisition protocol 

 

Figure A5. Schematic of the low dose acquisition procedure. 

The low dose image acquisition protocol implemented for this work takes advantage of the 

regularly spaced holes in the TEM supports, and of the fact that the molecular film covers the 

holes uniformly. First, the microscope conditions (focus and astigmatism) are set using part of 

the film that has already been damaged by the electron beam. The beam is then shifted away 

from the sample and the stage moved by a known distance to another hole. After that, and 

allowing time for the stage drift to settle, the beam is shifted back and images are captured 

instantly. 
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A6: Mapping the orientation of domains in the TMA thin film 

 

Figure A6. acTEM gƌaiŶ oƌieŶtatioŶ ŵaps foƌ diffeƌeŶt thiĐkŶess TMA. Red/CǇaŶ ͚piǆels͛ aƌe oǀeƌlaid oŶ 
the original acTEM image to indicate regions with one preferential grain orientation. (a1, a2) 1 minute 

deposition without/with grain overlay. (b1, b2) 6 minutes deposition without/with grain overlay. (c1, 

c2) 18 minutes deposition without/with grain overlay. 

For 15s TMA deposition, only a single orientation was visible in acTEM imaging mode, 

indicating that the domain sizes can exceed 150x150 nm2 (the area visible to the CCD at the 

magnification used). For 1, 6 and 18 minute depositions two grains of different orientation 

relative to the underlying graphene were visible. The typical domain size for each film 

thickness is summarized below: 

 

Table A1. acTEM grain orientation map sizes for different thickness TMA. Width and height of grains 
were measured directly from overlaid grain maps. 
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A7: Mapping the orientation of grains in the TPA thin films 

 

Figure A7. acTEM grain orientation maps for differeŶt thiĐkŶess TPA. DiffeƌeŶt Đolouƌed ͚piǆels͛ aƌe 
overlaid on the original acTEM image to indicate regions with one preferential grain orientation. 

Regions of white present in the 6 minute film indicate approximately equal contributions from all 

orientations. 

S8: Multislice acTEM image simulations of TMA thin films 

 

Figure A8a. TMA acTEM reconstructed image (a) and multislice image simulations for direct stacking 

(b) and offset stacking models (c) for 1 minute deposition thickness. Molecular models for direct 

stacking (d) and offset stacking (e) used for the multislice simulations. Multislice simulations were 

performed using spherical aberration −1ʅm and defocus 40nm (as measured for imaging). Simulations 

were performed using clTEM, an open-source multislice simulation package (M. A. Dyson, clTEM: 

OpenCL TEM/STEM simulation code, URL ۃhttp://github.com/ADyson/clTEM2014 ,ۄ). 
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The simulated image assuming direct stacking (AA stacking) is clearly more consistent with the 

reconstructed one, than the simulated image based on an offset model (AB stacking). acTEM 

imaging thus proves that the TMA is stacking in a direct (AA) fashion, creating nanopores. 

TEM image reconstruction background 

For an electron wavefunction propagating through a unit cell with ܰ atoms located at 

positions 𝒂݆ , where ݆ = ϭ, … , ܰ, the electrostatic potential ߮(𝒓) felt by the electron at a 

point 𝒓 may be determined through a summation of all potentials at point 𝒓: 

 

Here, ݆߮ are the individual potentials of each atom. The potential (𝒓) is a continuous real 

space function. The Fourier components (𝒖) of potential (𝒓) are related by: 

 

 

Figure A6b. Reconstruction theory model. Atoms with electrostatic potentials ߮1,2,3,4 are located at coordinates 𝒂1,2,3,4 

These (𝒖) are related to the structure factor F(𝒖) by a scaling factor: 

 

where the structure factor (𝒖) is defined as a discrete sum of structure factor amplitudes |݆ܨ 

(𝒖)| and phases ݁݅2(𝒖∙𝒂݆) for each atom in the unit cell: 
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Individual structure factor amplitudes and phases are measured in a Fourier transform (power 

spectrum) of an image of a unit cell or multiple unit cells (these appear as the lattice spots in 

the power spectrum). The original unit cell potential (𝒓) is therefore related to the structure 

factor (𝒖) for the unit cell through a scaled inverse Fourier transform: 

 

Truncating this series to some finite order of 𝒖 gives an approximation to the unit cell potential 

(𝒓): 

 

This truncation results in a loss of resolution, resulting from the limited resolving power of the 

microscope and finite number of structure factors present in the image Fourier transform.  

Notes on application to real acTEM images: For a acTEM image, image interpretation is 

difficult due to the effect of lens aberrations on the final image. In addition, multiple scattering 

occurring due to the large interaction between the incident electrons and sample atoms 

results in the final image not being a faithful representation of the sample electrostatic 

potential. Instead, the final image represents the exit-wave of the incident electron beam, 

convoluted with the various lens aberrations present.[4] These lens aberrations arise due to 

imperfections in the imaging optics, and may be represented in the form of a contrast transfer 

function with which the exit wave is convoluted: 

 

where 𝐼 is the final image, ܧ is the exit wave and ܨܶܥ is the contrast transfer function. For 

particularly thin samples (few atom thick), the exit-wave may be approximated to the 

projected potential. 
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A9: acTEM imaging of polycrystalline nature of thicker TMA films 

 

Figure A9. acTEM of the 18 minute-deposition of TMA. The image (a) and the FFT (b) from the large 

white box demonstrate the polycrystalline nature of the TMA at this thickness. 1,2, and 3 are FFTS from 

the boxes as labelled in (a). 

Figure A9(a) shows an acTEM image of an 18 minute-deposition of TMA on graphene. Periodic 

features are apparent, as also observed for thinner films, resulting in clear spots in the FFT (b) 

of the large white box in (a). The FFT shows spots that have the same spacings as seen for 

lower coverage, suggesting the presence of TMA in a chicken-wire structure. However, there 

are now several hexagonal arrays present, indicating multiple in-plane orientations, in 

agreement with diffraction patterns from the same films. 

Selected area FFTs can help revealing the structure at smaller lengthscales. In the FFT of region 

1, a single set of hexagonal spots is clear, but with another orientation weakly present. This 

suggests that the templated structure is still dominant in some small regions. However, in 

most places more than one orientation is visible, as demonstrated by FFTs in regions 2 and 3. 

The two preferred orientations (6.8±0.1° either side of the graphene orientation) are not 

dominantly visible in the diffraction patterns of the 18 minute-deposition film. As shown in 

Figure A3, this suggests that somewhere between the 6 and 9 minute-deposition point, new 

and random in-plane orientations appear in small domains, rather than just a continuation of 

the templating of the original orientations. These new orientations also appear to template 

upwards, as shown by the presence of discrete spots in the FFTs of the 18 minute-deposition: 
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a nontemplated polycrystalline film would present itself as rings or arcs in the acTEM image 

FFTs. 

A10: Demonstration of the 6 orientations of TPA apparent by SAED 

 

Figure A10. Comparison between simulated diffraction patterns and experimental measurements for 

15s TPA deposition. Simulated electron diffraction patterns, assuming the 2D brickwork structure, are 

shown at six different orientations as labelled. The sum of these simulations is presented in (a) and 

shows good correspondence with the experimental pattern shown in (b). This indicates the presence of 

six TPA grains within the selected area used for diffraction. Simulations were performed using clTEM, 

an open-source multislice simulation package (M. A. Dyson, clTEM: OpenCL TEM/STEM simulation 

code, URL ۃhttp://github.com/ADyson/clTEM2014 ,ۄ). 
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A11: acTEM imaging of TPA thin films 

 

Figure A11a. acTEM of the 1 minute-deposition of TPA. Brightfield image, (a), and corresponding FFTs 

from the large dashed box, (b), and the smaller dashed boxes 1, 2 and 3 as labelled. 

 

Figure A11b. acTEM of the 18 minute-deposition of TPA. Brightfield image, (a), and corresponding 

FFTs from the large dashed box, (b), and the smaller dashed boxes 1, 2 and 3 as labelled. 

Figures A11a and A11b show acTEM images of 1 minute and 18 minute-depositions of TPA on 

graphene respectively. The spacings of peaks in the FFT are consistent with the corresponding 

diffraction patterns shown in Figure 5 of the main article. FFTs of smaller subregions show the 

ordering across the film, demonstrating that the 18 minute deposition is polycrystalline as 

opposed to forming large single-crystal domains. The angle γ reported in Table 2 is measured 

from FFTs such as these. 
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Chapter 5 

TCNQ physisorption on the Bi2Se3 Topological Insulator 

Topological insulators are promising candidates for spintronic applications due to their 

topologically protected, spin-momentum locked and gapless surface states. The breaking of 

the time-reversal symmetry after the introduction of magnetic impurities, such as metal 

atoms embedded in two-dimensional molecular networks, could lead to several phenomena 

interesting for device fabrication. The first step towards the fabrication of metal-organic 

coordination networks on the surface of a topological insulator is to investigate the adsorption 

of the pure molecular layer, which is the aim of this study. In this chapter, the effect of the 

deposition of the electron acceptor 7,7,8,8-tetracyanoquinodimethane (TCNQ) molecules on 

the surface of a prototypical topological insulator, bismuth selenide (Bi2Se3), is investigated. 

Scanning tunnelling microscope images at low-temperature reveal the formation of a highly 

ordered two-dimensional molecular network. The essentially unperturbed electronic 

structure of the topological insulator observed by photoemission spectroscopy measurements 

demonstrates a negligible charge transfer between the molecular layer and the substrate. 

Density functional theory calculations confirm the picture of a weakly interacting adsorbed 

molecular layer. These results reveal significant potential of TCNQ for the realization of 

ferromagnetic metal-organic coordination networks on the topological insulator surface. 
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5.1 Introduction  

Topological insulators (TIs) are a class of materials potentially interesting for applications in 

the field of optoelectronics and spintronics,[1,2] due to their uncommon electronic structure. 

TIs are characterised by an insulating bulk state and by a surface state (TSS) which presents a 

Dirac-cone-like dispersion located at the centre of the Brillouin zone.[3-5] The spin and 

momentum degrees of freedom of the TSS are locked[3] and the electrons are topologically 

protected from elastic backscattering on defects by time-reversal symmetry.[6] This property 

leads to a variety of fascinating processes,[7-12] such as nearly dissipationless currents.[7,8,12] 

The stability of these effects against local magnetic perturbations, which break time-reversal 

symmetry, is a prerequisite for the realization of spintronic devices based on TI material.[6,13] 

On the other hand, the breaking of the time-reversal symmetry and the opening of an energy 

gap at the Dirac point of the TSS leads to a different class of phenomena,[14] such as the 

anomalous quantum Hall effect,[15,16] with a potential interest for the possible fabrication of 

low-power consumption electronics.[17] 

The effects of impurity doping on the electronic and magnetic properties of TIs have been 

under debate in the last years and seem to strongly depend on the presence of intrinsic 

defects of the pristine crystals,[18] on the chemical nature of the magnetic impurities,[19, 20] on 

the type of doping (surface or bulk),[11, 14, 19-24] on the possible clustering of impurities,[19, 25-28] 

and, in the specific case of surface doping, on the adsorption sites[19, 20] and on the orientation 

of the magnetic easy axis with respect to the surface plane.[14, 19, 20]  

An interesting proposal to avoid clustering and obtain ordered and equivalent adsorption sites 

for surface magnetic impurities, is the use of highly-ordered two-dimensional (2D) metal-

organic  coordination networks (MOCNs), formed by co-depositing strong electron acceptor 

molecules (such as tetracyanoethylene (TCNE, C6H4) or tetracyanoquinodimethane (TCNQ, 

C12H4N4)) together with the magnetic impurities (e.g. Fe, Co, Ni) on the surface of Tis.[25] 

Interestingly, these MOCNs can even show ferromagnetic order in some cases, as reported on 

metal surfaces.[29-35] In particular, X-ray magnetic circular dichroism (XMCD) measurements[36] 

showed that Ni adatoms assume a spin-quenched configuration when deposited on their own 

on Ag(100) and Au(111) surfaces, whereas exhibit an out of plane ferromagnetic ordering 

when coordinated to TCNQ ligands into a MOCN. Similar networks may be also realised on TI 

surfaces and could be used to induce a magnetic perturbation of the TSS. Recent 
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calculations[25] indicate that such MOCNs could display an out-of-plane magnetic anisotropy 

on Bi2Se3, break the time-reversal symmetry and induce the opening of an energy gap at the 

Dirac point of the TSS. The first step towards the fabrication of this type of networks is to 

investigate the adsorption of a pure layer of electron acceptor molecules and to verify that, 

on their own, they do not induce a significant modification or disruption of the TSS Dirac cone, 

as observed for other molecular species on Tis[37-42] or for similar molecular species on 

graphene.[43]  

To this aim, we investigated the deposition of the strong acceptor TCNQ molecules on a 

pristine Bi2Se3 surface by means of scanning tunnelling microscopy (STM), angle-resolved 

photoemission spectroscopy (ARPES), X-ray photoemission spectroscopy (XPS) measurements 

and Density Functional Theory (DFT) calculations. Low-temperature STM measurements 

reveal the formation of a highly ordered H-bonded organic network of TCNQ molecules on the 

Bi2Se3 surface, while photoemission spectroscopy investigations evidence a nearly 

unperturbed electronic states of the topological insulator. These findings are supported by 

DFT simulations and strongly suggest a rather weak TCNQ-Bi2Se3 interaction. 

5.2 Experimental section 

The Bi2Se3 samples used are (0001) oriented single crystals grown by the modified Bridgman 

method. These samples have been previously characterized by X-ray diffraction, low-energy 

electron diffraction and Auger electron spectroscopy.[44-46] Samples were cleaved in-situ in 

ultra-high vacuum (UHV) conditions at a base pressure of low 10-9 mbar. TCNQ molecules 

(purchased from Sigma Aldrich, no further treatment) were evaporated onto the Bi2Se3 sample 

held at room temperature (RT). STM measurements were performed at 77K and 100K in two 

different UHV chambers (base pressures of low 10-10 mbar), with typical tunnelling current of 

few tens of pA up to hundred pA. XPS and ARPES investigations were carried out at RT at the 

APE and VUV end-stations (base pressures of low 10-10 mbar) at the ELETTRA synchrotron by 

depositing increasing amounts of TCNQ molecules on a freshly cleaved Bi2Se3 surface.  

Theoretical methods  

First principles density functional theory calculations (DFT)[44,47] have been performed using 

the Vienna Ab initio Simulation Package (VASP) that is a plane wave based code.[47-49] We have 

used the GGA-PBE approximation to treat exchange and correlation,[50] as well as van der 
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Waals corrections within the vdW-DFT[51,52] approach to give an adequate description of an 

individual TCNQ molecule on the Bi2Se3 surface. For a description of the TCNQ-Bi2Se3 

interaction we used a quintuple layer thick slab, whose crystal structure was obtained from 

the experimental data.[45] Concerning the lateral extension of the surface supercell, it is 

enough to use a rectangular ʹ√͵ × ʹ supercell that contains eight atoms in each layer. The 

sufficiency of the lateral separation between the molecules located in the neighbouring cells 

(4.04 Å in this case) was confirmed on the basis of a test calculation that revealed essentially 

no changes in the unsupported molecule density of states with the increase of separation. The 

k-point sampling of the two-dimensional Brillouin zone was chosen to be 591 and the 

energy cut-off for the plane wave expansion was set to 400 eV.  

5.3 Results and discussion 

Pristine Bi2Se3 surfaces were prepared by cleavage before every molecular deposition 

experiment resulting in atomically flat (0001) oriented substrates (Fig. 1). These are 

characterised by terraces typically larger than 100 nm (Fig. 1(a)). The deposition of TCNQ 

molecules resulted in the formation of extended and ordered 2D islands, as demonstrated by 

the STM image in Fig. 2(b). Molecules interact through H-bonds and arrange in a typical 

brickwork manner (Fig. 2(c)), as also reported for the deposition of TCNQ on Au(111).[53] 

Within the H-bonded islands, each TCNQ binds to other four molecules, with the four 

hydrogens of the central ring of one molecule interacting with the electronegative nitrogen 

atoms of the neighbouring molecules. This results in a rhombic unit cell for the supramolecular 

structure (see Fig. 3(b)), with dimension: a1=(7.7±0.1) Å, a2=(8.6±0.1) Å, α=(94±2)°, compatible 

with what found for TCNQ on Au(111).[54] These values of the lattice parameters are smaller 

than those obtained in DFT calculations for the TCNQ free-standing monolayer (see Fig. A2.1 

in the Appendix section), demonstrating the relevance of the adsorption potential exerted on 

the molecules by the Bi2Se3 substrate. Atomic resolution images reveal that the molecules are 

aligned along the crystallographic directions of the substrate.  

The bias voltage dependence STM imaging of TCNQ molecules on Bi2Se3 is reported in Figs. 

3(a) and (b). At negative voltage (occupied sample states imaging), TCNQ molecules appear as 

elliptic protrusions. Instead, at positive voltage (empty sample states), the images of the 

molecules show a close similarity to the shape of the DFT-calculated isosurface for the lowest 
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unoccupied molecular orbital (LUMO) of the free-standing TCNQ monolayer. In fact, the 

characteristic nodal central plane separates two symmetric U-like protrusions and circular 

protrusions appear in the middle of the dicyanomethylene groups. 

The resemblance of the empty sample states STM  images of TCNQ with the DTF-calculated 

LUMO strongly suggests negligible charge transfer, similarly to what reported for TCNQ on 

Au(111)[53,54] and on graphene on Ir(111).[55] This assumption is further supported by the 

observed H-bond brickwork assembly of TCNQ that has been reported only for TCNQ 

interacting weakly with the underneath substrate and in the absence of charge transfer.[53,55] 

The brickwork structure does indeed correspond to the lowest energy configuration that is 

obtained for the assembly of an isolated planar sheet of TCNQ molecules in the gas phase (for 

further information see Fig. A2.1 in the Appendix section). 

 

Figure 1. (a) STM images showing a pristine cleaved Bi2Se3 surface and (b, c) corresponding zoom-in 

images at increasing magnification.  

 

Figure 2. (a) Chemical structure of a TCNQ molecule. Black atoms correspond to carbon, dark blue to 

nitrogen and white to hydrogen. (b, c) STM images showing the supramolecular assembly resulting 

from the deposition of TCNQ on the Bi2Se3 surface.  
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Figure 3. (a) and (b) high magnification STM images acquired on a TCNQ island at negative (occupied 

sample states) and positive (empty sample states) bias voltages, respectively. Structural models are 

superposed in (a) as a guide for the eye. (c) and (d) DFT calculated isosurfaces of the HOMO and LUMO 

for a free standing TCNQ monolayer, respectively.  

The electronic band structure of Bi2Se3 measured by ARPES before and after the deposition of 

(2.5 ± 0.5) ML of TCNQ is reported in Fig. 4(a) and (b), respectively. The topological surface 

state of the pristine sample displays sharp and well-defined Dirac cone close to the Fermi level, 

with a Dirac point energy of 0.32 eV below EF, in agreement with previous studies (Fig. 

4(a)).[44,56] No eǆtƌa eleĐtƌoŶiĐ states due to ͞agiŶg effeĐts͟ ĐaŶ ďe oďseƌǀed,[57,58] implying a 

negligible amount of contaminants of the Bi2Se3 sample. 

The adsorption of TCNQ leads to a considerable broadening of the Dirac surface state (Fig. 

4(b)), potentially due to a partial disorder of the molecular overlayer. However, the adsorbed 

TCNQ does not strongly affect the Bi2Se3 electronic structure otherwise. In particular, ARPES 

data do not show the appearance of any additional electronic states in the valence or 

conduction bands or significant (>100 meV) upward shifts of the Dirac cone, in contrast to 

what observed for the adsorption of contaminants and atomic dopants on the same 

surface.[57-60] We consider these findings a further evidence of the relatively weak TCNQ-Bi2Se3 

interaction (as also suggested by the XPS measurements reported in the Appendix section).  
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Figure 4. ARPES spectra (a) before and (b) and after deposition of 2.5 ML of TCNQ on the Bi2Se3 surface. 

Spectra have been collected with 50 eV photon energy. 

All the experimental evidence clearly points to a neutral state for TCNQ adsorbed on Bi2Se3: 

STM measurements performed in the sub-monolayer regime evidence an unoccupied LUMO 

peak and a H-bond assembly, energetically favourable for neutral species,[53] whereas ARPES 

and XPS data in the multi-layer coverage range display an almost unperturbed Bi2Se3 

electronic structure.  Hence, despite the common charging behaviour observed for TCNQ on 

a number of more reactive surfaces,[61,62-66] on Bi2Se3 TCNQ adsorbs as a neutral species 

forming characteristic hydrogen bonded networks, similarly to what observed on other inert 

surfaces.[53,61]  

To get a better insight into the adsorption and electronic properties of the TCNQ/Bi2Se3 system 

we have performed ab initio calculations. Since the H-bonded molecular TCNQ layer studied 

here is not commensurate with the substrate, the calculations have been performed for a 

single TCNQ molecule adsorbed on the Bi2Se3 surface. Fig. 5(a) shows the dependence of the 

total energy on the adsorption distance calculated for two different lateral locations of the 

TCNQ monomer with respect to the substrate (shown in Figs. 5(c)-(d)). It can be seen that both 

registries yield an equilibrium distance of 3.4 Å that corresponds to the physisorption of TCNQ 

on Bi2Se3(0001). The densities of states projected onto different atomic orbitals of TCNQ and 

Bi2Se3 are shown in Fig. 5(b) for the two registries at the equilibrium adsorption distance. It is 

clear from Fig. 5(b) that the interaction between an individual TCNQ molecule and the Bi2Se3 

surface is independent of the registry and is very weak, because there is neither charge 

transfer nor any significant hybridization between the HOMO/LUMO of TCNQ and the Bi2Se3 

substrate. Since the TCNQ monomer is expected to be equally or possibly even more reactive 
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than the H-bonded TCNQ network, these results point towards a weak interaction of the H-

bonded network with Bi2Se3(0001), in agreement with the STM and photoemission results. 

 

Figure 5. (a) Total energy as a function of the TCNQ monomer vertical distance to Bi2Se3(0001) for the 

two different registries shown in panels (c) and (d). (b) Projected densities of states onto TCNQ and 

Bi2Se3 orbitals at the equilibrium adsorption distance (3.4 Å). The Bi2Se3 DOS corresponds to the one 

calculated for the adsorption configuration shown in (c). That for the adsorption configuration in (d) is 

not presented since the differences between the two are marginal. 

5.4 Conclusions 

By performing detailed STM investigations we provide evidence that a TCNQ molecules arrange 

themselves in an ordered H-bonded organic network on the Bi2Se3 surface. The presented results 

strongly suggest a physisorbed TCNQ on Bi2Se3 surface, with negligible charge transfer, in agreement 

with DFT calculations. Additionally, ARPES and XPS measurements performed on multilayer 

TCNQ/Bi2Se3 confirm a nearly unperturbed topological surface state and no significant modifications 

of the topological electronic structure. This type of organic network represents the first step towards 

the realization of an ordered array of local magnetic moments on a TI surface and, possibly, drive the 

system to novel and relevant phenomena as predicted by theory.[25]   
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5.5 Appendix section 

A1. XPS measurements 

The X-ray photoemission spectra (XPS) performed on 2.5ML of TCNQ on Bi2Se3 are presented 

in Fig. A1.1. The lineshape of the C1s and N1s peaks is similar to that reported for TCNQ on 

weakly interacting substrates[A1-A3] thus suggesting the absence of any chemical interaction 

between TCNQ molecules and the substrate.  

 

Figure A1.1. XPS spectra of (a) C1s and (b) N1s core levels for 2.5 ML TCNQ deposition on Bi2Se3, 

collected with 600 eV photon energy.   

 

Figure A1.2. XPS spectra of (a) Bi4f and (b) Se3d core level spectra for pristine (black curve) and 2.5ML 

(red) of TCNQ on Bi2Se3, collected with 600 eV photon energy at normal emission.   
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In Fig. A1.2 we report the XPS spectra of Bi 4f and Se 3d states before and after deposition of 

2.5 ML of TCNQ. The pristine sample exhibits both Bi 4f and Se 3d states split by spin-orbit 

interaction into the doublets 4f5/2, 4f7/2 and 3d3/2, 3d5/2 at 162.50 eV, 157.19 eV and 53.50 eV, 

52.68 eV binding energy, respectively, in agreement with earlier studies.[A4,A5] The adsorbed 

TCNQ does not significantly modify neither the line-shape nor the binding energy (within 50 

meV) of the Bi 4f and Se 3d states. 

The molecular coverage of TCNQ was carefully evaluated by considering the attenuation of 

the measured photoelectron intensity of the Bi 4f and Se 3d states prior and after molecular 

deposition.[A6] The formula used to estimate the coverage is: 

𝐴௣௘௔௞௔ௗ௦𝐴௣௘௔௞௖௟௘௔௡ = (ͳ − ܵ + ܵ ∗ ݁−ሺௗ೅𝐶𝑁𝑄−ೄ೐1 ௖௢௦𝜃ሻ/𝜆ಶ𝑘𝑎೏𝑠⁄ ) ∗ ݁−ሺே∗ௗ೅𝐶𝑁𝑄−ೄ೐1 ௖௢௦𝜃ሻ/𝜆ಶ𝑘𝑎೏𝑠⁄      ሺͳሻ 

where 𝐴௣௘௔௞ is the experimental XPS area of the peak of interest (Bi 4f or Se 3d states) 

measured prior (𝐴௣௘௔௞௖௟௘௔௡) or after (𝐴௣௘௔௞௔ௗ௦ ) molecular deposition; N is the number of layer 

completely covered by molecules; S is the partial coverage of the upper layer, ்݀஼ே𝑄−ௌ௘ଵ is 

the adsorption distance between TCNQ and the surface Se layer, ߣா௞௔ௗ௦ is the inelastic mean 

free path of photoelectron with kinetic energy Ek inside the adsorbate, ߠ is the emission angle.  

Equation (1) is valid under the assumption of a layer-by-layer growth and the accuracy of the 

value is limited by the uncertainties in the electron mean free paths in organic layers,[A7] and 

by the value used for the adsorption distance.  

We considered an electron mean free path of 14.57 Å at 440eV Ek and 17.04 Å at 550eV Ek,[A8] ்݀஼ே𝑄−ௌ௘ଵ equal to 3.4 Å (as computed by DTF calculatioŶs, see ŵaiŶ papeƌͿ, aŶd θ eƋuals to 

0° (normal emission).  

Molecular coverage and its error (2.5 ± 0.5) ML for the spectra reported above have been set 

equal to the mean value and half of the difference between the values estimated by using 

equation (1) for the Bi 4f and Se 3d states. 
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A2. DFT measurements - Free-standing TCNQ monolayer 

 

Figure A2.1. ;aͿ DFT ĐalĐulated eŶeƌgǇ laŶdsĐape E;a,αͿ of the plaŶaƌ TCNQ fƌee-standing monolayer 

shoǁiŶg a ŵiŶiŵuŵ at a = ϵ.Ϭϲϰ Å aŶd α= ϵϲ°. ;ďͿ Top ǀieǁ of the optimized planar TCNQ hydrogen 

bonded network. 
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Part II: CVD graphene on Cu foil



 
 

Chapter 6 

Coupled and freestanding behaviour of monolayer graphene 

deposited by low pressure CVD (LP-CVD) on Cu foil   

The growth of graphene on copper foil has been performed, following the consolidate low-

pressure chemical vapour (LP-CVD) procedure. The as-deposited monolayer graphene clearly 

exhibits two different states of coupling to the metal substrate, as demonstrated by visual 

microscopic investigation, Scanning Electron Microscopy (SEM), micro-Raman spectroscopy 

and Scanning Tunneling Microscopy (STM). The single graphene sheet shows indeed both 

large areas where it is coupled to the metal surface and others where it exhibits freestanding-

like features. This phenomenology appears to be related to some oxidation of the metal 

substrate to Cu2O. In addition, we demonstrate the possibility to induce a variation of the 

coupling state by visible-light irradiation above a proper power threshold. The resulting 

change of the coupling with the metal substrate is associated to a localized work function 

variation. Applications in high-performance electronic devices can be suitably tailored by 

optiĐal ŵethods aŶd, iŶ pƌiŶĐiple, ďǇ aŶǇ loĐal pƌoďe pƌoduĐiŶg ͞hot spots͟ suĐh as STM tips 

and electron beams. 
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6.1 Introduction 

The experimental discovery of graphene[1-3] opened the doors to the world of nanomaterials. 

Thanks to its extraordinary properties, graphene and its derivatives will play a critical role in 

nanotechnology in the future across various technological domains.[4] A large number of 

techniques for the production of graphene were developed over the years, including epitaxial 

growth,[5] mechanical[6] and chemical exfoliation,[7] as well as chemical vapor deposition 

(CVD).[8-10] Graphene grown on metal surfaces can interact strongly or weakly with the 

underlying substrate; in particular, a strong coupling is reported for Ru(0001),[11,12] 

Rh(111)[13,14] and Ni,[15,16] while a weak interaction involves Pt(111),[17,18] Ir(111)[5,19] and Cu 

[20,21] surfaces.  

The ability to synthetize high quality graphene on non-interacting substrates would allow 

pƌeseƌǀiŶg the gƌapheŶe͛s iŶtƌiŶsiĐ pƌopeƌties, ǁhiĐh is a fuŶdaŵeŶtal pƌeƌeƋuisite foƌ 

graphene electronic devices (i.e. graphene directly deposited on a dielectric surface). 

Unfortunately, this route has not been developed yet. Direct growth of freestanding graphene 

on a surface would eliminate the transfer step on a nearly non-interacting substrate.[22] This 

last consolidate transfer procedure usually involves the PMMA/PVA methods to transfer 

graphene on the inert Si/SiO2 surface.[23-26] A good alternative proposed to this purpose is to 

grown graphene directly on the metal oxides surfaces.[27] As reported by Gottardi et al.[28] 

high-quality monolayer graphene can be grown on a pre-oxidized Cu(111) surface, which is 

effectively decoupled from the underlying substrate (i.e. freestanding like). Another change 

to realize freestanding graphene is to grown it on metal surfaces and after to intercalate an 

oxygen layer in the graphene/metal interface.  In fact, as reported by Voloshina et al.,[29] the 

strong-coupled graphene/Ru(0001) interface was successfully decoupled by the intercalation 

of an oxygen layer.   

Taking into account all these factors, in this chapter, monolayer graphene films were obtained 

on copper (Cu) foil by the consolidate Chemical Vapor Deposition at low-pressure conditions 

(LP-CVD). The coexistence of two kinds of monolayer graphene, in terms of coupling with the 

underlying metal surface, is evidenced by optical and electronic microscopy as well as micro-

Raman mapping and STM investigation. These two distinct regions clearly show a monolayer 

graphene coupled and freestanding-like with respect to the copper surface, respectively. This 

phenomenon appears to be related to partial oxidation of the metal substrate (i.e. presence 

of Cu2O). 
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The possibility to induce on a microscopic scale a transition from the coupled to freestanding-

like graphene via visible-light irradiation above a proper power threshold is evidenced. The 

resulting change of the coupling with the metal substrate is also associated to a localized work 

function variation. Applications in high-performance electronic devices can be suitably 

tailored by optical methods and, in principle, by any local probe produciŶg ͞hot spots͟ suĐh 

as STM tips and electron beams. In fact, such evidences open the doors to creation several 

graphene-based electronic devices, like gas sensors,[30,31] solar cells,[32,33] and field 

emitters.[34,35]  

6.2 Experimental section 

Graphene samples were grown on a thin copper foil (25 µm thickness, 99.999% purity, ESPI 

Metals). The growth took place in a quartz-tube vacuum furnace where the base pressure was 

about 10−5 mbar.[36] The Cu surface was prepared by etching with H2SO4 0.25M for 5 minutes 

and subsequently rinsed in milli-Q water. The samples were rinsed in ethanol and dried with 

argon, before being placed in the furnace. To avoid the formation of native oxide on the Cu 

surface, the samples were annealed at a temperature ranging between 907 and 977°C in 

hydrogen flow (0.5 mbar). Subsequently, the samples were exposed to a mixture of hydrogen 

(0.5 mbar, MesserGas, purity 99.999%) and methane (0.5 mbar, MesserGas, purity 99.995%) 

for a time ranging between 2 and 4 minutes.[21] Then the samples were cooled down in argon 

atmosphere (99.999% purity, MesserGas, pressure 0.1 mbar) with an initial rate of 10°C/min 

(in the range 927-477°C) and, later, with a rate of 5°C/minute (in the range 477-77°C).[37] 

A systematic characterization of different samples was carried out to investigate their 

structural, morphological and electronic properties, by Scanning Electron Microscopy (SEM) 

and Raman spectroscopy. Scanning electron images were recorded using a Quanta FEG 400 

(FEI) scanning electron microscope (SEM). All SEM images were collected by using an electron 

beam of 15 keV on areas ranging from 25 µm2 up to 250 µm2 and magnification in the order 

of 10000X. Micro-Raman spectra were collected by Horiba-Jobin Yvon apparatus, model 

LabRam HR, consisting of a single spectrograph equipped with: an objective 80X, a holographic 

grating (600 lines/mm) and a He-Ne laser. The maximum laser power flux impinging the 

samples is about of 109 W/m2; it can be reduced by using neutral filters of optical density (OD) 

ranging from 0.3 up to 4. 
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6.3 Results and discussion 

6.3.1 Monolayer graphene coupling on Cu foil   

Optical images of graphene grown on copper foil by LP-CVD are shown in Fig. 1. Here, the 

typical grain structure of Cu substrate, which appears as a mosaic, is due to the annealing 

procedure during the CVD growth, while the diagonal stripes are representative of the 

synthesis process of the metal foil. A different optical contrast is also pointed out by the visual 

analysis, which show a surface with large brighter and darker areas, regardless of the size and 

structure of the single copper grains.  

 

Figure 1. (a)-(b), Optical images of graphene grown on Cu foil. The typical mosaic structure of the 
copper substrate is evident.    

Fig. 2(a) shows a large-scale SEM image of graphene on Cu substrate where the Cu grains are 

clearly visible on the surface. The different shades of gray that appear in this last SEM 

acquisition can be related to the different optical contrast shown both in Fig. 1 and in Fig. 2(b), 

where the last picture was collected by optical microscope of the Raman apparatus. 

 

Figure 2. (a) SEM image of graphene on Cu surface acquired oŶ aŶ aƌea of aďout ϮϭϬǆϭϴϬ ʅŵ2. (b) 

Optical image collected by the microscope of the Raman apparatus, with the objective 80X. The area 

heƌe ƌepƌeseŶted is appƌoǆiŵatelǇ ϵϬǆϳϬ ʅŵ2. The spot circled in white near the center is the focus of 

the attenuated laser beam (OD4). 
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Generally, in systems where graphene covers partially or entirely the whole surface, different 

shades of grey in SEM acquisitions can be observed. One possible explanation involves the 

different graphene film thickness:[38-40] lighter areas correspond to graphene thin films (e.g. 

monolayer graphene) while darker regions represent more substantial depositions. Zhou et 

al.[39] clearly pointed out that secondary electron (SE) contrast of SEM acquisitions is strictly 

related to work function changes, depending on the number of graphene layers. In particular, 

they show that graphene work function rises as the thickness increases. However, other 

explanations are possible. Graphene work function also depends both on the chemical 

composition and morphology[18,41,42] of the substrate. Moreover, the specific crystalline 

surface[41] and graphene/surface reciprocal orientation[43] can also influence the graphene 

work function.  

The lower work function, associated to the shinier areas, can also be explained in terms of 

variation of the graphene-to-metal surface distance. DFT calculation performed by 

Giovannetti et al.[44] show that the work function of the graphene layer on copper substrate 

shows an estimated shift of 0.55 eV by passing from the equilibrium separation (ca. 3.3 Å) to 

a larger distance (greater than 4.2 Å), when it assumes the freestanding-like value. This is due 

to the graphene/metal electron transfer resulting from the chemical interaction. In our case, 

as confirmed below by Raman analysis, the different shade of grey in SEM analysis, i.e. the 

local work function variation of graphene, is related to the different coupling between the 

single-layer graphene and the Cu surface.  

Color differences appear also in the optical images as shown in Fig. 2(b). In particular, the 

ƌegioŶs that pƌeseƌǀiŶg Đoloƌ aŶd ƌefleĐtiǀitǇ of the ĐleaŶ Cu suƌfaĐe aƌe laďeled as ͞ďƌight͟, 

ǁhile the aƌeas appeaƌ ďƌoǁŶ Đoloƌed, shoǁiŶg deĐƌeased ƌefleĐtiǀitǇ aŶd aƌe laďeled ͞daƌk͟ 

ones. The size of both regions is comparable. Micro-Raman spectroscopy is among the most 

effective techniques to characterize these areas with different optical contrast[45,46] and, in 

fact, they reveal significant differences in their Raman spectra, as reported in details below.  

SuŵŵaƌiziŶg, ͞ďƌight͟ ƌegioŶs iŶ optiĐal iŵages ĐoƌƌespoŶd to ŵoŶolaǇeƌ gƌapheŶe iŶ Đlose 

ĐoŶtaĐt ǁith Đoppeƌ suďstƌate, ǁhile the ͞daƌk͟ oŶes aƌe the regions of graphene decoupled 

from the metal surface (Fig. 2(b)). A consistent description for the SEM evidences and micro-

Raman data from areas of different color, on similar scale, can be given by supposing that the 

contrast is reversed: i.e. the regions of low SE emission in electronic microscopy appear 

͞ďƌight͟ at the optiĐal ŵiĐƌosĐope. TakiŶg iŶto aĐĐount the spatial resolution of micro-Raman 
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analysis (~ϭ μŵͿ ǁe Đould asseƌt to get adeƋuate phǇsiĐal iŶfoƌŵatioŶ aďout the appaƌeŶt 

contrast. Two representative spectra from these different regions are shown in Fig. 3. Raman 

speĐtƌa of the ͞ďƌight͟ regions exhibit, in general, a very weak signal, but the intensity ratio 

between the G band and the overtone 2D is consistent with graphene monolayer 

formation.[9,45,46] This layer appears also highly ordered, being the D band absent or very weak. 

It is interesting to note that the G band falls at about 1600 cm-1, a frequency value higher than 

usual.[47,48] When the G band exhibits this high frequency value, the 2D overtone is centered 

at about 2660 cm-1. These evidences indicate an appreciable coupling between graphene and 

ŵetal suďstƌate. IŶ the ͞daƌk͟ ƌegioŶs, oŶ the ĐoŶtƌaƌǇ, all the RaŵaŶ ďaŶds aƌe stƌoŶgeƌ, 

while the intensity ratio 2D/G remarkably increases, being the shape of 2D band still well 

represented by a single mode curve. 

 

Figure 3. Representative Raman spectra from optically appearing different areas of CVD graphene on 

Cu foil, collected by the apparatus described in the text, with 633nm excitation. The left spectrum is 

ĐolleĐted oŶ a ͞ďƌight͟ ƌegioŶ, aŶd is aŵplified ďǇ a faĐtoƌ ϯ foƌ ĐoŵpaƌisoŶ puƌposes with the near 

oŶe, ĐoŵiŶg fƌoŵ a ͞daƌk͟ ƌegioŶ. 

These findings are neither compatible with the formation of multilayer graphene having 

typical Bernal stacking[45,46] or with turbostratic multilayer.[49] Moreover, the G and the 2D 

bands shift to lower frequency at about 1572 cm-1 and 2630 cm-1, respectively, which are 

tǇpiĐal of ͞fƌeestaŶdiŶg-like gƌapheŶe͟;[45,46,50] finally, the rising of D band reveals some 

amount of disorder.[51] To complete the analysis, measurements in the low frequency region 

of the Raman spectra reveals no signifiĐaŶt peaks foƌ the ͞ ďƌight͟ ƌegioŶs, while typical Raman 

bands of Cu2O[52-56] at 145 cm-1  and 215 cm-1  are found iŶ all the ͞daƌk͟ aƌeas ;Fig. ϰ). This 

result, confirming the previous one of Cermak,[53] suggests that the decoupled configuration 
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of monolayer graphene is associated to the oxidation of the copper substrate, which inhibits 

the graphene-metal electron exchange, inducing changes in the graphene work function.  

 

Figure 4. RepƌeseŶtatiǀe RaŵaŶ speĐtƌa at the loǁ fƌeƋueŶĐǇ ƌegioŶ fƌoŵ ͞ďƌight͟ aŶd ͞daƌk͟ ƌegioŶs 
of CVD gƌapheŶe oŶ Đoppeƌ foil. The speĐtƌuŵ ĐolleĐted oŶ the ͞daƌk͟ ƌegioŶ ;solid liŶeͿ shoǁs tǁo 
structures at about 145 cm-1 and 215 cm-1, typical of Cu2O. Conversely, Raman acquisition performed 

oŶ the ͞ďƌight͟ ƌegioŶ (empty circles) does not show these Cu2O bands. 

Further investigations of the sample were performed by means of AFM (Atomic Force 

Microscopy) and STM (Scanning Tunneling Microscope). Wide AFM scans simply point out the 

three-dimensional topography of the graphene/Cu surfaces (see Fig. 5), where a micro-

terraced structure of the Cu substrate is evident. Copper terraces are devoid of impurities and 

contaminations and can achieve micrometric dimensions. However, the graphene islands are 

not readily evident in the AFM topography images, because the surface roughness far exceeds 

the thickness of a graphene sheet.[57] 

 

Figure 5. ;aͿ ϰǆϰ ʅŵ2 aŶd ;ďͿ ϭǆϭ ʅŵ2 AFM topography images of graphene on Cu foil. 
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A deeper investigation on nanometer scale carried out by STM corroborates the Raman and 

SEM results previously reported. In fact, the wide microscopic statistical analysis performed 

allows identifying two distinct kind of graphene on the copper surface, in terms of coupling 

with the substrate. The first one is the graphene layer coupled with Cu surface (see Fig. 6(a) 

below). In this case, the presence of the Moiré superstructure, which arises from the 

mismatching between the graphene and the Cu surfaces, ensure the coupling between the 

tǁo lattiĐes. These aƌeas of gƌapheŶe ĐaŶ ďe ĐoŶŶeĐted to the optiĐal ͞ďƌight͟ ƌegioŶ ǁell-

characterized by Raman spectroscopy.      

Moiré pattern is commonly observed when graphene is grown on metal surfaces, regardless 

of whether the metal-surface interaction is stronger[12,14] or weaker.[18,58] In both cases, the 

difference between the lattice constants and the relative rotation of the graphene layer 

respect to the metal surfaces are responsible for its appearance. In the case of graphene 

grown on Cu(111), the lattice mismatch between the overlayer and the copper surface is 

3.906%, and the Moiré pattern appears, as well as in the of graphene grown on 4d and 5d 

metals, in which the mismatch is higher than this value. Indeed, the resulting structure of 

graphene grown on Ni(111) and Co(0001) is commensurate, because the lattice difference is 

lower than the 2%.[59]   

The seĐoŶd kiŶd of gƌapheŶe is ĐoŵpletelǇ deĐoupled fƌoŵ the Cu suƌfaĐe, as a ͞fƌee-standing 

like͟ gƌapheŶe (see Fig. 9 below). This is confirmed by the absence of Moiré superstructure. 

These graphene areas are related to the deĐoupled ƌegioŶ ;͞daƌk ƌegioŶ͟Ϳ ĐhaƌaĐteƌized ďǇ 

Raman spectroscopy. A recent work of Gottardi et al.[28] reports the case of graphene growth 

on bare Cu(111) and Cu(111) oxidized surfaces. The STM images collected on these two 

samples are quite similar to our acquisitions: the coupled graphene shows the Moiré pattern, 

while graphene growth on the oxidized Cu surface is free from this superstructure. In that 

case, in fact, the interaction between the substrate and the over-layer is mediated by the Cu2O 

formation. Similarly, Voloshina et al.[29] shows that intercalation of oxygen in graphene grown 

on Ru(0001) can allows to obtain a decoupled graphene layer on the surface. 

As reported above, the STM measures are in agreement with the SEM and Raman 

investigation. However, a more complete description of STM analysis performed on this 

sample is given below, which permits to achieve additional information about this system. 

A representative STM image of the coupled graphene on the Cu surface is shown in Fig. 6(a). 

This last picture exhibits the atomic resolution of graphene on which the Moiré superlattice is 
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superimposed. As mentioned above, this typical superstructure arises from the interference 

pattern caused by the misalignment between the graphene and copper periodic lattices, and 

clearly indicate that the graphene is coupled to the substrate.   

The Fast Fourier Trasform (FFT) analysis performed on the last morphological STM acquisition, 

allows to gain significant information about graphene deposited on the Cu surface. In Fig. 6(b), 

the outer and inner spots arranged at the vertices of two hexagons represent the graphene 

and Moiré lattices in the reciprocal space, respectively. The hexagonal symmetry of the Moiré 

structure clearly shows that the Cu surface geometry is hexagonal, compatible with the 

Cu(111) facets. The well-defined spots of the FFT image also indicate a well-ordered surface. 

The graphene and Moiré lattice periodicities calculated from the FFT analysis are equal to 

2.46Å ± 0.01Å and 1.20nm ± 0.02nm, respectively. In order to better visualize the honeycomb 

and Moiré lattices, Figs. 6(c)-(d) show their reconstructions gained by Fourier filtering.  

 

Figure 6. (a) 10x10nm2 STM topography image of graphene surface in which Moiré pattern is 

superimposed to the atomic resolution. Tunneling parameters: Ut=-0.05mV, It=1nA. (b) Fourier analysis 

of the STM acquisition. (c)-(d) Reconstruction of graphene lattice and Moiré pattern, respectively. 

Insets: line profile along graphene and Moiré reconstructed networks, respectively. 

To the best of our knowledge, the 1.20x1.20 nm2 Moiré cell is the smallest experimental 

graphene superlattice reported on Cu (111) so far. This new Moiré phase is also the only 
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observed on the sample. This suggests that graphene could have preferred orientations with 

the underlying Cu(111). 

Fourier analysis performed on the acquired image allows also reconstructing the STM real 

space image from the FFT filtering. The well-defined picture (see Fig. 7(a)) exhibits the filtered 

graphene image on which the Moiré phase is superimposed.  

The corresponding angle between the graphene and Cu(111) surface can be calculated 

starting from the Moiré periodicity. Following the mathematical calculation performed on 

graphene grown on hexagonal boron nitride (h-BN),[60] the Moiré pattern in real space has a 

wavelength  

ܮ = ሺͳ − ሻߤ ∙ ܽ஼௨√ʹ ∙ ሺͳ − ሻሺͳߤ − ሻ߮ݏ݋ܿ − ଶߤ = ܽ௚௥√ʹ ∙ ሺͳ − ሻሺͳߤ − ሻ߮ݏ݋ܿ − ଶߤ           ሺͳሻ 

where ܽ௚௥ is the graphene lattice periodicity, while ߤ and ߮ are the lattice mismatch and the 

misorientation angle between graphene and the Cu(111) surface, respectively. Clearly, from 

this last equation is easy to determine the relation for the ߮ angle   

߮ = cos−ଵ [ ͳʹ ∙ ሺߤ − ͳሻ ቆܽ௚௥ଶܮଶ − ଶߤ + ߤʹ − ʹቇ]          ሺʹሻ 

In our case, the superlattice periodicity of 1.20 nm give us a misoriented angle of                             

ϕ= 11.8°±0.4°, and the simulated Moiré pattern is reported in Fig. 7(b).  

 

Figure 7. (a) Reconstructed STM image of coupled graphene on Cu(111) from Fourier analysis. The 

Moiré unit cell is superimposed on the picture. (b) Simulated Moiré pattern of graphene on Cu(111). 
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Previously, several Moiré periodicities of graphene grown on Cu(111) were reported in 

literature. The most common results are summarized in Table 1, which includes both 

experimental, STM and LEED, than theoretical (CMD) data.  

Table 1. (a) Experimental and (b) theoretical Moiré superstructure periodicities reported in literature. 

As shown in Table 1, the periodicity ܮ of Moiré pattern decreases with increasing 

misorientation angle ߮. In particular, the largest superstructure lattice occurs when the 

rotation angle between is 0°, that is when the lattice orientation of graphene is aligned with 

the Cu(111) lattice. As said before, the experimental smallest lattice periodicity is here 

reported for the first time.   

As reported by the theoretical work of Smirman et al.[67] (see Fig. 8(a)), the Moiré pattern 

periodicity also depends on the ratio between the adhesion and elastic energies per unit area 

(W/K). In other words, as also reported by Zeller et al.[65] (see Fig. 8(b)), the strain of graphene 

deposited oŶ Cu suƌfaĐe ĐaŶ iŶflueŶĐe the ͞theoƌetiĐal͟ Moiƌé peƌiodiĐitǇ at a ĐeƌtaiŶ aŶgle. 

In particular, the superlattice wavelength increases with larger W/F (see Fig. 8(a)). The 

increase in ܮ with respect to W/K occurs since when the adhesion force is stronger, the 

commensurate regions between the two lattices are larger. As a result, the Moiré periodicity 

is larger. Equation (1) reported above can be considerate as a simple mathematical relation at 

the limit of W/F=0, i.e. without strain effects. However, as shown by simulations in Fig. 8, the 

dependence is noteworthy only for small angle. 



Chapter 6. Coupled and freestanding behaviour of monolayer graphene on Cu foil 

126 

Figure 8.  (a) Siŵulated peƌiodiĐitǇ of Moiƌé patteƌŶs as a fuŶĐtioŶ of θ foƌ gƌapheŶe/Cu;ϭϭϭͿ] where 
the ďlue, gƌeeŶ, aŶd ƌed solid poiŶts ĐoƌƌespoŶd to W/K = Ϭ.ϳϮ × ϭϬ−ϯ, Ϭ.ϰϯ × ϭϬ−ϯ, aŶd Ϭ.Ϯϵ × ϭϬ−ϯ, 
respectively. The solid black line corresponds to the W/K = 0 limit. Image adapted from [67]. (b)-(c) 

Predicted Moiré length L and rotation Moiré angle ߮ for graphene on Cu(111). The displayed curves 

relate to a ±0.5% strained graphene layer. Image adapted from [65]. 

Furthermore, Fourier analysis allows also calculating the lattice mismatch between graphene 

and Moiré superstructure. In fact, the misalignment between the two hexagons in Fig. 6(b) 

represents the orientation angle between graphene and Moiré lattices. The analysis 

performed on Fig. 6(b), shoǁs aŶ aŶgle ďetǁeeŶ the tǁo heǆagoŶs eƋual to θexp=23.3°±0.8°.

However, this angle can also be determined theoretically, using the following mathematical 

relation 

௧ℎߠ = tan−ଵ ( sin ߮cos ߮ + ߤ − ͳ)  ሺ͵ሻ 

This last eƋuatioŶ ƌetuƌŶ the ǀalue of θth=85.0°± 4.0°. Although this predicted angle θth appears

iŶ disagƌeeŵeŶt ǁith the aŶalogous ŵeasuƌeŵeŶt deƌiǀed fƌoŵ the FFT aŶalǇsis, i.e. θexp,

actually the two measures are consistent, because the angle reported by the Equation (3) is 

shifted by 60° for symmetry considerations. In fact, owing to six-fold symmetry in the lattice 

of both graphene and Cu(111), Moiré pattern from graphene/Cu(111) stacking produces a 

periodicity of 60° in their twisted angle.[60] As a result, the misorientation angles between 

graphene lattice and Moiré superstructure measuƌed ďǇ ďoth ŵethods aƌe θexp =23.3°±0.8°

aŶd θth=25.0°± 4.0°, respectively.

As mentioned above, the Moiré pattern ensure a coupling between the graphene and copper 

surface, which is the Cu(111) facets. However, other regions of the sample investigated by 

STM show atomic resolution of graphene resolved without Moiré pattern, as clearly visible 

from the lattice image and the corresponding Fourier Transform in Fig. 9. In the last case, the 
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absence of the Moiré superstructure clearly indicate a decoupled graphene with respect to 

the surface.   

 

Figure 9. (a) 5x5nm2 STM image of graphene surface on Cu foil. No Moirè pattern is observed. (b) 

Fourier transform of the previous scan shows only the graphene spots. 
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6.3.2 Laser-induced transition from coupled- to freestanding- graphene  

Further investigation on this particular system, in which graphene is differently coupled with 

the Cu surface, were performed by Raman spectroscopy. In particular the transition from 

coupled- to freestanding graphene (i.e. from bright to dark regions), can be induced by a 

proper amount of laser irradiation. To provide more detailed evidences about that, a 

controlled experiment has been carried out, as described below. 

 

Figure 10. (a) Strongly attenuated laser beam pointing out the irradiated spot. (b) Same image of 

graphene surface without laser beam: observe the bright coloration. (c) First small change in coloration 

(see green circle) after increased laser irradiation (50% full power). d) Final greater change after full 

power irradiation (see green circle). 
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Figure 11. Spectral evolution of the laser irradiated spot (the intensity scale has been properly adjusted 

for easy comparison of the three spectra): (a) First spectrum, collected with low intensity (25% full 

power). (b) Second spectrum, collected with higher laser power (50% full power). (c) Spectrum collected 

with low intensity, but after irradiation at full power. 

A Raman spectrum has been collected by using the laser source at 25% of the full power, on a 

͞ďƌight͟ ƌegioŶ, ;see Figs. ϭϬ;aͿ-(b)). This spectrum, shown in Fig. 11(a), indicates a well 

ordered graphene sheet (non-detectable D band) closely coupled with the copper substrate 

(very weak Raman signal in general), while the G band is peaked at 1605 cm-1 and the 2D 

overtone at 2664 cm-1, typical of the bright regions (see Fig. 2). Another spectrum, collected 

from the same spot by using an increased laser power (50% of the full power for 600s), is 

reported in Fig. 11(b), and exhibits some minor but interesting changes. The D band is peaked 

at 1331 cm-1, the G band slightly downshifts from 1605 cm-1 to 1599 cm-1 and the 2D overtone 

from 2664 cm-1 to 2658 cm-1, while the intensity ratio 2D/G does not change appreciably. 

These variations could be explained even as a simple thermal effect of the increased laser 

power. It is interesting to note a very little change of the color for the irradiated spot, after 

exposure to this higher laser power (Fig. 10(c)).  



Chapter 6. Coupled and freestanding behaviour of monolayer graphene on Cu foil 

130 
 

Finally, the same region previously investigated was exposed to the full power of the laser 

source for 600 s. This treatment induced a stronger and irreversible change of the optical color 

(see Fig. 10(d)), clearly related to a different interaction with the substrate. A new spectrum 

is ĐolleĐted fƌoŵ that spot, afteƌ the stƌoŶg iƌƌadiatioŶ, iŶ the saŵe ͞ŶoŶ-pertuƌďatiǀe͟ 

conditions of the first spectrum (25% full laser power): it reveals appreciable spectral changes 

(see Fig. 11(c)). The D band increases in intensity, and downshifts to 1320 cm-1, while the G 

and 2D bands downshifts to 1586 cm-1and to 2633 cm-1, respectively. As a result, the Raman 

features of this irradiated region assumed the typical values of the dark regions. Moreover, 

the Raman signal is generally higher, as revealed by the increased signal to noise ratio. In fact, 

the intensity ratio 2D/G shows an appreciable increase, confirming once again that such 

Raman spectrum is due to a graphene monolayer region and not to a turbostratic multilayer 

accumulation,[49] which is, in any case, very difficult to invoke as explanation of those changes, 

because only a local thermal treatment in air has been performed on the sample. 

Furthermore, the shape of the 2D band still corresponds to single-layer graphene rather than 

bilayer and few-layers ones.[68-70] Clearly all these changes cannot be due to a thermal effect 

during the measurement, because we are using the same low power of the spectrum shown 

in Fig. 11(a). Another possible explanation for the spectral modifications could be, in principle, 

a thermal oxidation for the pure graphene monolayer under the previous strong laser 

irradiation. However, a previous study,[71] carried out to obtain purposely the oxidation by 

thermal treatment of exfoliated 1-L graphene on Si/SiO2, shows a quite different evolution of 

the Raman spectral parameters. In fact, the frequencies of G band as well as those of the 2D 

overtone were remarkably up-shifted upon graphene thermal oxidation, while in our case we 

observe the opposite trend. Another experiment[72] investigated the evolution of monolayer 

graphene, deposited on insulating substrate Si/SiO2, under laser irradiation, for impinging 

powers comparable to those employed in Raman measurements. Once again, the resulting 

changes of the Raman bands do not correspond to our results. In that case, the G band 

frequency appears insensitive to the laser irradiation, while in our study we observe a 

remarkable softening.  

In summary, we suggest that our observed Raman spectral changes are mainly due to the 

decoupling of the monolayer graphene from the metal substrate, because of the growth of a 

metal oxide layer in between, favored probably by the thermal effect of laser irradiation. As a 

result, we can state that a proper laser irradiation can modify the strength of the metal-
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graphene electronic interaction, which characterize the two main configurations occurring 

spontaneously in our CVD samples after the cooling. This switch between different 

configurations is also associated to different optical properties in reflection, generating the 

apparent color change before and after laser irradiation (Fig. 10(d)). In fact, the deposition of 

a graphene monolayer in the metal-coupled configuration do not change appreciably the Cu 

reflectivity, at least in the visible range, so that these bright regions appear to the visual 

microscopic analysis as almost identical to the naked copper surface. In the dark regions, on 

the contrary, the graphene layer is less coupled to the metal substrate, because of the oxide 

layer grown in between, and the resulting reflectivity is lower.  

The weak Raman signals in the bright regions are ascribed to the anti-resonance effect of the 

strong coupling substrate-graphene, observed on several metals and leading to the total 

cancellation in some case, like Ni.[73] In this configuration, the graphene layer undergoes also 

to a coŵpƌessiǀe stƌess aŶd the RaŵaŶ ďaŶds fƌeƋueŶĐies ƌesult higheƌ thaŶ iŶ ͞ daƌk͟ ƌegioŶs, 

which can be considered more similar to the freestanding case.[74] In this latter case, the 

Raman intensity is higher and the frequencies are closer to the values found for mechanically 

exfoliated samples. In fact, it is well known that graphene layers grown by CVD on strongly 

interacting metals, like Ni, cannot be observed by Raman spectroscopy when deposited on 

the metal, but can give a good Raman signal after removal from metal substrate and 

deposition on Si-SiO2.[75] In the case of metals not so strongly interacting, Raman spectra of 

graphene were observable both on the metal and after detachment,[76] and the spectral 

differences between these two configurations are comparable to those observed in the 

present work between dark and bright regions. 

The investigation of the effect of laser heating, confirms such hypothesis: the local heating 

induce an expansion of graphene and its detachment from the substrate, associated with 

some fracture of the hexagonal carbon network, allow to the oxygen of the environment to 

penetrate and react with the copper. The observed increase of D band intensity is a specific 

evidence for carbon bond breaking. The Raman spectral patterns after this irreversible event 

become more similar to those of freestanding graphene. Similar effects due to residual post 

deposition stress, occurs in the deposited samples after CVD process, generating the many 

dark regions observed in this work, without strong laser irradiation. Based on our hypothesis 

we can expect also to find sometimes-suĐh ͞detaĐhed spots͟, giǀiŶg good RaŵaŶ sigŶal, iŶ 

CVD deposited graphene on other metals, even in the case of strong coupling metals.  
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6.4 Conclusions 

In this chapter, the growth of graphene on copper foil has been performed following the 

consolidate low-pressure chemical vapour (LP-CVD) technique. The as-deposited monolayer 

graphene clearly exhibits two different states of coupling to the metal substrate. Furthermore, 

an evolution from the metal-coupled graphene configuration to the one detached from the 

metal can be induced by a proper amount of laser irradiation, overcoming some power 

threshold. Certainty, further investigation can be necessary to better investigate this 

phenomenon, which appears quite promising for the development of many graphene-based 

electronic devices. The most obvious advantage concerns the possibility to create well-defined 

freestanding–like graphene island on metallic substrates. Furthermore, we point out that the 

eǆposuƌe to a suitaďle laseƌ fluǆ Đould alloǁ to ͞ǁƌite͟ paths of fƌeestaŶdiŶg-like graphene on 

a coupled graphene layer modulating in this way both its optical response and the local work 

function. This could pave the way to a tailored manipulation of the electro-optical response 

over large areas such those needed for the control of the electron emission from graphene in 

thermionic energy converter (TIC),[34] electro-catalytic devices,[77] graphene-based plasmonic 

systems,[78] and many others fields. 
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Chapter 7 

Characterization of graphene grown on copper foil by 

Chemical Vapor Deposition (CVD) at ambient pressure 

conditions 

In order to get high quality graphene films, with large domains and free from impurities, 

minimizing also the manufacturing costs, we investigate the graphene grown on copper (Cu) 

foil by Chemical Vapor Deposition (CVD) at ambient pressure conditions, by using methane 

(CH4) as carbon source, diluted in a suitable mixture of argon (Ar) and hydrogen (H2). Graphene 

samples were synthesized varying the duration of the exposure to hydrocarbon precursor in 

the range from 1 minute to 1 hour. The quality of the graphene films together with their 

structural, morphological and electronic properties were evaluated by Micro-Raman 

Spectroscopy and several other techniques, including, Scanning Tunneling Microscopy (STM), 

Atomic Force Microscopy (AFM) and Scanning Electronic Microscopy (SEM). In particular, 

samples obtained with shorter growth time (less than 10 min) exhibit a non-uniform coverage 

of the Cu surface while those synthesized with exposure time between 10 and 30 minutes 

show a prevalence of well-ordered monolayer graphene domains. For longer deposition, the 

area covered by disordered graphene domains increases with respect to the ordered ones, as 

revealed by Raman analysis, showing a non-self-limiting growth behavior of CVD graphene/Cu 

at atmospheric conditions. In addition, we observed two kinds of monolayer graphene, in 

terms of coupling with the Cu surface, for the samples synthetized between 10 and 20 

ŵiŶutes. To the ďest of ouƌ kŶoǁledge, ͞Đoupled͟ aŶd ͞deĐoupled͟ gƌapheŶe ƌegioŶs haǀe 

never been reported at the same time on copper surface. This difference, which is appreciable 

also by the optical microscopy inspection, could be related to the local copper oxidation and 

to oxygen intercalation after graphene growth. Furthermore, a Raman statistical analysis has 

been performed on the G and 2D bands measured in both the kinds of regions, gaining 

evidence of a bimodal behavior for the gƌapheŶe spots, ĐoƌƌespoŶdiŶg to ͞Đoupled͟ aŶd 

͞deĐoupled͟ ĐoŶfiguƌatioŶs.  
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7.1 Introduction 

Since its first isolation by mechanical exfoliation of graphite by Novoselov et al.[1], graphene 

has been attracting enormous attention in the scientific community. In fact, thanks to its 

extraordinary and unique physical properties, such as outstanding thermal conductivity[2], 

high carrier mobility[3], optical[4] and mechanical features[5], graphene can be used in a wide 

range of applications as sensors[6,7],  solar cells[8,9], energy storage[10,11] and electronic 

devices.[12] Obviously, graphene films required for commercial devices have to be both of high 

quality (i.e. free from impurities and with extended domains), and produced optimizing the 

manufacturing costs. Nowadays, among all the commonly synthesis techniques used, 

chemical vapor deposition (CVD) could be one of the most promising methods which allows a 

proper balance between these two objectives. Furthermore, CVD on transition metal surfaces 

is a well-suited method to large-scale production of graphene[13,14]. Among all the metallic 

surfaces, Cu is one of the most popular catalytic substrate, due to its low carbon solubility at 

typical growth temperatures[15] that, at least under low pressure and ultra-high vacuum (UHV) 

conditions, ensures a self-limited growth of graphene on its surface.[16,17] On the contrary, 

graphene grown at atmospheric pressure is not self-limiting leading to non-homogeneous 

samples in which bi- and few layer islands are present.[18] Regardless to the growth conditions, 

the polycrystalline structure, the surface roughness, the presence of grain boundaries and 

imperfections can affect the extension of the domains and the overall quality of the deposited 

layer on the copper substrate.[19-22] In addition, the proper balance between the synthesis 

parameters, including the annealing temperature of the substrate and the sample exposure 

to the carbon source gas, play a leading role in the resulting quality of the graphene grown.[23-

26]  

Bearing in mind these aspects, in this work, graphene films on commercial copper foil were 

synthesized by atmospheric-pressure chemical vapor deposition (APCVD), using CH4 gas as 

carbon source diluted in a suitable mixture of argon Ar and H2. The structural, morphological 

and electronic properties of graphene were studied as a function of the exposure time of the 

metal surface at the carbon source. As a result, a range of exposure times optimizing the 

quality of graphene films was determined. In addition, we investigate about the two different 

kinds of the observed graphene, in terms of coupling with the copper surface, for the samples 

synthetized between 10 and 20 minutes. These differences can be immediately discriminated 

by the optical microscopy analysis and further deep investigated by the micro-Raman 
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spectroscopy. Finally, the statistical analysis of the Raman spectra involving the G and 2D 

ďaŶds RaŵaŶ positioŶs, ĐolleĐted oŶ ďoth ͞ Đoupled͟ aŶd ͞ deĐoupled͟ gƌapheŶe, deŵoŶstƌate 

the occurrence of the two different physical configurations. 

7.2 Experimental  

Film deposition 

GƌapheŶe ŵoŶolaǇeƌ ǁas gƌoǁŶ oŶ ĐoŵŵeƌĐial Cu foil ǁith a thiĐkŶess of Ϯϱ μŵ aŶd puƌitǇ 

of 99.98% (from Matek) by catalytic CVD at atmospheric pressure condition and by using CH4 

as carbon source. The Cu surface was prepared by etching in a HNO3 (65wt%, Sigma-Aldrich) 

solution for few seconds and subsequently rinsed in distilled water. Afterwards, the substrate 

was rinsed again in acetone and then quickly dried, before being introduced in a carbolite 

furnace. The Cu foil was placed in the center of a quartz tube in an Ar-H2 mixture at room 

temperature for 5 minutes. Then the quartz tube was loaded in a tubular horizontal CVD 

reactor pre-heated at a temperature of 766°C and so, the sample was annealed at the same 

temperature for 20 minutes under the flow of an Ar-H2 gas mixture of 400 sccm and 6.7 sccm, 

respectively. After that, the temperature was increased at the rate of 10°C/min, from 766°C 

up to 1000°C. At a temperature of 1000°C, after 10 minutes of annealing, the graphene growth 

mechanism started on Cu-foil following the addition of CH4 (20 sccm) to the H2-Ar mixture. 

During the entire synthesis procedure the gas were supplied at constant flow rates as 

indicated above. Different growth durations have been tested, ranging from 1 minute to 1 

hour of exposition to the CH4 flux (for further details, see Fig. 1). After any growth time, the 

quartz tube was extracted by the furnace and lead to room temperature (i.e. slow cooling) by 

flowing Ar-H2 gases in the quartz tube. According to the growth time, samples were labeled 

as reported in table 1. 

Label G1 G2 G3 G4 G5 G6 G7 G8 

Growth time (min) 1 2.5 5 10 15 20 30 60 

Table 1. Labeling of the probed samples. 
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Figure 1. Temperature-time diagram summarizing the different steps of the graphene growth 

conditions. The argon and hydrogen flows are fixed for all the steps at 400 sccm and 6.7 sccm, 

respectively, while the CH4 carbon source during the growth step is 20 sccm.  

Characterization  

Micro-Raman spectra were collected using a Horiba-Jobin Yvon microprobe apparatus 

(spectral resolution ~2 cm-1), equipped with a CCD (256x1024 pixels) detector cooled at -134 

°C, and a Nd–Ya laser (532 nm emission) with incident power of 50 mW. A 100x Mplan 

Olympus objective was used (Numerical Aperture 0.90), focusing a laser spot of 2–3 µm 

apparent diameter. Tapping mode AFM and low current STM images of the samples were 

acquired under ambient condition with a Veeco Multimode AFM/STM (Bruker) with 

Nanoscope IIIa controller and an A-type scanner. TAP150A cantilevers (Bruker) and 

mechanically-cut Pt/Ir tips were used for the AFM and STM experiments, respectively. 

Scanning electron images were recorded using a Quanta FEG 400 (FEI) scanning electron 

microscope (SEM). The SEM images were acquired by using an electron beam ranging from 5 

to 15 keV.  
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7.3 Results and discussion 

In order to get a deep understanding of our system, we performed analysis using the different 

techniques to investigate the structural, morphological and electronic features, which are 

related to the different synthesis parameters of the graphene growth.  

Representative SEM and AFM images of the graphene grown on Cu foil are shown in Fig. 2.    

 

Figure 2. Typical (a) large scale and (b) small scale SEM images of graphene grown on Cu foil. (c) AFM 

mage of graphene on Cu surface.  

The heterogeneous SEM contrast at large scale, as shown in Fig. 2(a), is related to the 

polycrystalline nature of Cu foil due to electron channeling[27], while at small scale the details 

about the Cu terraces are pointed out (see Fig. 2(b)). The microstructure of the copper surface 

is clearly visible in the AFM analysis, where Cu terraces, almost without impurities, are 

evidenced (see Fig. 2(c)). The graphene islands are not readily evident in the AFM topography 

images, because the surface roughness far exceeds the thickness of a graphene sheet.[28] 

The typical XRD patterns of the graphene samples, reported in Fig.A1 (see Appendix section 

A1Ϳ, shoǁ the Cu;ϭϭϭͿ ĐƌǇstal faĐe foƌ all saŵples at Ϯθ=ϰϯ.ϯϰ°. Soŵetiŵes, also the Cu;ϮϬϬͿ 

ĐƌǇstalliŶe ĐoŵpoŶeŶt, is eǀeŶ ŶotiĐeaďle at Ϯθ=ϱϬ.ϰϰ°; this is pƌoďaďlǇ due to the ǀaƌiaďle 

heating procedure related to the graphene growth phase and confirm the polycrystalline 

feature of the copper foil after the annealing procedure. Furthermore, XRD extended spectra 

do not show any significant evidence of signals related to graphite[29], graphene-oxide[30] and 

Cu oxide[31] structures.  

Raman analysis was performed on all samples to point out the difference between the 

graphene grown at several deposition durations. The shapes, the intensities and positions of 

the typical Raman peaks of graphene, the D, G and 2D bands, gives a considerable amount of 
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information on the graphene domains, including the numbers of layers and the overall quality 

of the film.[30,31] 

The G band is due to regular first order Raman scattering from doubly degenerate phonon 

mode (E2g) at the Brillouin zone centre, while the defect-activated D band corresponds to the 

breathing modes of six atoms rings and is generated from TO phonons around the Brillouin 

zone corner K.[32, 34-36] The 2D band, theoretically allowed independently from the crystal 

disorder, is an overtone of the D band. The D peak intensity is associated to the amount of 

defects[37], while the intensity ratio between the 2D and G peaks changes as a function of the 

number of layers of the graphene film.[38] In particular, I2D/IG>2 is typical of monolayer 

graphene while 1<I2D/IG<2 indicates a bilayer deposition; if I2D/IG<1 graphene film is made up 

of three or more graphene layers. Furthermore, the full width at half-maximum (FWHM) and 

the fitting curve of the 2D peak have to be considered to be linked at the film thickness. In 

fact, in the monolayer case, the 2D band is quite narrow and unimodal, and it can be fitted 

with a single Lorentzian component, while in the bilayer graphene a wider 2D band is found 

that have to be fitted by four components.[33,37] The total absence of the D band in a Raman 

spectrum suggests not only a high quality graphene surface without defects, but also the 

mono-crystallinity of the domains, as grain boundaries between misoriented domains within 

a polycrystalline domain produce a detectable D peak.[39] 

In our study, the Raman features due to the stretching mode of atmospheric molecular oxygen 

(O2) and nitrogen (N2), located at 1555 cm-1 and 2330 cm-1 respectively, are detected in all 

spectra. As a consequence, these bands provide surely a good internal standard frequency for 

the collected spectra, allowing a precise measurement of the position of the other bands. In 

addition, they constitute a reasonable standard for the intensity of the graphene peaks, too, 

because in the same focusing conditions their intensity appears to be quite similar in all the 

spectra, independently on the probed graphene samples.  
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Figure 3. Representative Raman spectra of graphene films grown as a function of deposition times: (a) 

2.5 min; (b) 5 min; (c) 30 min; (d) 60 min. Spectra were collected in the same experimental conditions.    

Raman spectra acquired on the G1 (1 min) and G2 (2.5 min) samples show similar features and 

a representative spectrum is reported in Fig.3(a). Here, the main Raman features of graphene 

are detected, though they appear broad and relatively not intense. In particular, the D, G and 

2D bands, are detectable at about 1355 cm-1, 1590 cm-1 and 2715 cm-1, respectively. As a result 

of the Raman analysis, the overall quality of the graphene film at 1min and 2.5 min deposition 

times is quite low. In this case, the signal is compatible with the presence of small graphene 

domains on the polycrystalline copper surface. In fact, the weak signal to noise ratio suggests 

that the surface is not completely covered by a uniform graphene film, while the presence of 

the D band point out that the small graphene domains are disordered and/or form a 

connected structure with an extended edge. The weak Raman signal can also be related to the 

coupling between graphene and Cu surface. In fact, a strong substrate-graphene coupling 

leads to the anti-resonance effect, which results in a weak Raman signal. A borderline case is 

represented by graphene growth on Nickel where no Raman signal is detected.[40]  

The evident blue shift of both G (~10cm-1) and 2D (~15cm-1) bands can be related in principle 

to several factors, including hole doping[37,41,42] and compressive strain.[43]  

The Raman spectrum shown in Fig. 3(b) is representative of a wide set of measurements, 

showing a variability on the 2D band in the range 2735-2747 cm-1, while the G band is found 
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between 1610 and 1616 cm-1. For increasing growth time, the overall quality of graphene 

improves. Fig. 3(b) shows the characteristic Raman spectrum of the sample synthesized at 5 

min (i.e. G3 sample). The D band is still detected, but the 2D band increases its height and 

becomes narrower. The relatively low signal to noise ratio could be still related to a high 

graphene/Cu interaction. In this case, our interpretation of the results is that graphene 

domains became larger albeit some disorder is still present as pointed out by the presence of 

D band. Also in these cases, a blue shift of the G and 2D bands is present. In between the two 

cited mechanisms as cause of this shift, the presence of a compressive strain is compatible 

with a strong graphene/Cu interaction.  

A better quality of graphene films is gained for the samples synthesized at increasing growth 

time, in particular for those ranging from 10 to 30 minutes (G4-G5-G6-G7 samples). Fig.3(c) 

shows a representative spectrum collected for G7 sample (i.e. 30 min. of exposure). The 

absence of the D band point out the lack of disorder of the graphene domains, which can be 

also assumed as monocrystalline[40], at least on the typical micrometric scale of the laser spot 

used in the Raman analysis. Furthermore, the narrow lineshapes as well as the intensity ratio 

between the 2D and G bands indicate a well-coupled graphene monolayer, in which the 

compressive strain is still present as evidenced by the blue-shift of both bands. 

Finally, graphene quality get worse by a further increase of the growth time. In particular, the 

sample synthesized at 60 min shows that the graphene growth process is not self-limiting for 

a long exposure to carbon precursor at ambient pressure condition and the resulting graphene 

film appears much more disordered. As shown in Fig.3(d), the intense D band (ID/IG>1) and the 

low ratio between the 2D and G Raman modes (< 1) confirm that, after a critical time, the 

graphene keep on growing and the presence of a few layer graphene can be assumed.   

In summary, a monolayer graphene film with optimal characteristics in terms of crystalline 

order is obtained for a growth time between 10 and 30 minutes; for lower growth time, the 

graphene domains are small and disordered, while for a longer time the graphene growth 

continues beyond the monolayer. 

The monocrystalline graphene/Cu samples, synthetized between 10 and 20 min (i.e. G4-G5-

G6 samples), actually exhibit two families of Raman spectra. The first kind of graphene spectra 

is depicted in Fig.3c, in which the G and 2D bands are weak and blue-shifted; as already noted 

this is linked to a strongly coupled system. The graphene areas showing this kind of spectrum 

are those appearing as bright extended regions as depicted in Fig.4(a). On the other hand, a 
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second kind of  Raman spectra is typical of the isolated darker regions in Fig.4(a). A typical 

example of these spectra is shown in Fig.4(b). 

 

Figure 4. (a) Representative optical image of the G4-G5-G6 graphene samples (100X magnification). 

;ďͿ TǇpiĐal RaŵaŶ speĐtƌuŵ fƌoŵ ͞deĐoupled͟ gƌapheŶe ;see dashed ĐiƌĐleͿ; iŶ this Đase, the speĐtƌuŵ 
belongs to G5 sample. 

It exhibits all the characteristic of an ordered monolayer graphene film. Firstly, the intensity 

ratio between the 2D and G band is well above 2, while the D band due to the disorder or 

defects presence is non-detectable. Furthermore, the 2D Raman feature is unimodal, as 

reported in Fig.A2 (see Appendix section A2). In addition, the peak positions of the G (~1580 

cm-1) and 2D (~2670 cm-1) bands show values quite similar to those of exfoliated graphene on 

Si/SiO2.[21,22] This last evidence suggests that the graphene of these dark regions is weakly 

coupled to the substrate, with the same characteristic of the free-standing one. Moreover, 

the signal to noise ratio is higher with respect to the graphene grown on the brighter regions, 

where the coupling to the metal substrate appear stronger. In fact, the intensity comparison 

between the G and 2D bands with the stretching modes of air molecules N2 and O2 (see and 

compare Fig. 3(b)-(c) and Fig.4(b)) shows it clearly. 

The G aŶd ϮD ďaŶds of ͞Đoupled͟ aŶd ͞deĐoupled͟ regions show remarkable differences also 

after a quantitative analysis about the peak position of the two graphene bands of the G4, G5 

and G6 samples. .The histograms for both G and 2D bands positions are shown in Fig.5 where 

it is evident that the distributions of the Raman frequencies are bimodal. This result confirms 

the occurrence of two physically different kind of graphene regions, even taking into account 

the influence of some factor, like varying mechanical stress, responsible for data dispersion. 
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Figure 5. Histograms of the peak positions for (a) G band and (b) 2D band, collected both in the 

͞deĐoupled͟ ;i.e. the optiĐal ďƌoǁŶ spotsͿ aŶd iŶ ͞Đoupled͟ ;i.e. the ďƌight zoŶesͿ gƌapheŶe, foƌ the Gϰ-

G5-G6 samples. All curves superimposed on the histograms are normal (Gaussian) distributions. 

SepaƌatioŶ ďetǁeeŶ the ͞deĐoupled͟ aŶd ͞Đoupled͟ gƌapheŶe is aďout ϭϮ Đŵ-1 and 28 cm-1 for G and 

2D bands, respectively.     

A further data analysis performed on the same set of samples confirms such hypothesis. By 

plotting the G vs 2D peaks frequencies, two well distinct set of data are obtained, each one 

with a fairly good linear correlation (see Fig.6). In this way, we can discriminate the spectrum 

on the basis of the G-2D correlation, which reveals a clear discontinuity between the spectral 

ĐhaƌaĐteƌistiĐ of the optiĐal daƌk spots ;i.e. speĐtƌa of ͞ deĐoupled͟ gƌapheŶeͿ aŶd those of the 

bright zones (i.e. metal-͞Đoupled͟ gƌapheŶeͿ. 

 

Figure 6.  Linear correlation between the G and 2D modes of graphene domains acquired on the 

͞deĐoupled͟ ;ƌed sƋuaƌesͿ aŶd ͞Đoupled͟ ;ďlaĐk ĐiƌĐlesͿ ƌegioŶs ;i.e. the optiĐal ďƌoǁŶ aŶd ďƌight 
regions, respectively). The equations of the two linear fits are: y2D=1.24xG+706.16 (red line) and 

y2D=1.47xG+358.50 (black line).  
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To the best of ouƌ kŶoǁledge, islaŶds of ͞deĐoupled͟ ƌegioŶs oŶ a ͞Đoupled͟ ŵoŶolaǇeƌ 

graphene have never been observed before on a copper surface at the same time. These two 

different graphene films can be evidenced firstly by optical microscopy investigation, and 

confirmed by the Raman analysis.  

A further in-depth investigation on the nanometer scale carried out by STM corroborates the 

previously reported Raman results. Indeed, a wide microscopic analysis performed over the 

monocrystalline graphene/Cu samples (G4-G5-G6 samples), allows identifying the two 

diffeƌeŶt kiŶd of gƌapheŶe. IŶ the ͞Đoupled͟ gƌapheŶe aƌeas ;see Fig.ϳ;aͿ-(b)), a Moiré

superstructure superimposed on the atomically-resolved graphene is observed, due to the 

mismatching between the graphene and the copper surface. As a consequence, it provides a 

good evidence of the coupling between the two lattices. On the contrary, the absence of 

Moiré superstructure (see Fig.7(c)-;dͿͿ iŶ the ͞deĐoupled͟ gƌapheŶe ƌegioŶs is Đoŵpatiďle 

ǁith a ͞fƌee-standing-like͟ gƌapheŶe. 

Therefore, STM investigatioŶ ĐoŶfiƌŵs the pƌeseŶĐe of ďoth ͞Đoupled͟ aŶd ͞deĐoupled͟ 

graphene on the copper foil substrate. Usually, graphene grown by CVD on metal surfaces can 

be decoupled in presence of both oxidized surfaces and oxygen intercalation, as reported by 

Gottardi et al.[44] and Voloshina et al.[45], respectively. In addition, the oxidation of 

polycrystalline copper due to the oxygen encapsulated by the graphene layer during the 

graphene growth could play a leading role in the graphene decoupling. In fact, as reported by 

a recent work of Alvarez-Fraga et al.[46], the initial amount of oxygen present below the Cu 

surface at the grain boundaries can survive to the annealing procedure. Later, it could slowly 

migrate toward the surface, generating a partial re-oxidation of the copper surface below the 

graphene layer.  

In our study, though the presence of Cu oxides grains can be excluded considering the XRD 

data (see Fig.A1, Appendix section A1), a lasting local oxidation of copper surface and the 

oxygen migration after the graphene growth from the grain boundaries could play a leading 

ƌole iŶ the foƌŵatioŶ of islaŶds of ͞deĐoupled͟ gƌapheŶe. 

Finally, a third mechanism could be the atmospheric O2 intercalation below the graphene layer 

after the sample preparation.   
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Figure 7. (a) 4x4 nm2 STM acquisition (drift corrected image) shows Moiré pattern superimposed on 

the atomic resolution of graphene. Tunneling parameters: Ut= -0.03V; It= 0.80nA. Inset: FFT analysis of 

the STM image. (b) graphene lattice reconstructed from the FFT analysis exhibits clearly the Moiré 

superstructure. (c) 4x4 nm2 STM drift-corrected image shows atomic resolution of graphene. Tunneling 

parameters: Ut= -0.03V; It= 0.85nA. Inset: FFT analysis of the STM image. (d) reconstruction of graphene 

lattice from FFT analysis.  

7.4 Conclusions 

In this chapter, we investigated the graphene grown on copper foil by chemical vapor 

deposition (CVD) at atmospheric pressure. By changing only the exposure times to the carbon 

precursor, we identified the optimal conditions to obtain well-ordered monolayer graphene 

films, corresponding to deposition times ranging from 10 to 30 minutes. We find two 

separated areas on the monolayer graphene differentiated by the optical, Raman and STM 

response. The results of those techniques lead us to assign the observed contrast, in terms of 

gƌapheŶe/Cu ĐoupliŶg. To the ďest of ouƌ kŶoǁledge, foƌ the fiƌst tiŵe ͞deĐoupled͟ gƌapheŶe 

islaŶds oŶ a ͞Đoupled͟ ŵoŶolaǇeƌ ǁeƌe fouŶd, ĐoeǆistiŶg oŶ the Cu suƌfaĐe. The ͞deĐoupled͟ 

islands could be linked to the presence of Cu oxide surface areas remaining after the annealing 

procedure or due to oxygen migration/intercalation between the graphene layer and the 

metal substrate. In addition, the Raman statistical analysis performed oŶ the ͞Đoupled͟ aŶd 
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͞deĐoupled͟ gƌapheŶe islaŶds alloǁs to uŶeƋuiǀoĐallǇ disĐƌiŵiŶate the tǁo ƌegioŶs oŶ the 

basis of the linear correlation between the G and 2D peak positions. Finally, a wide STM 

statistical analysis corroborates the previous finding.  
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7.5 Appendix section 

A1. XRD analysis 

The XRD data were collected on a Philips PW 1830 diffractometer using a Cu-Kα filteƌed 
radiation. All measurement, acquired in reflection mode, were performed at room 

temperature and the patterns were recorded in 2-theta ;ϮθͿ ƌaŶge fƌoŵ ϱ° to ϳϬ°, iŶ steps of 
0.02° and counting time 3s per step. 

Figure A1.  Representative wide XRD spectrum of graphene/Cu sample. All peaks were indexed using 

the JCPDS database.[A1]

The typical XRD pattern of a graphene/Cu sample is reported in Fig. A1. The diffraction peaks 

analysis reveals the presence of the Cu(111) crystal faĐe foƌ all saŵples at Ϯθ=ϰϯ.ϯϰ° ǁhile the 
Cu;ϮϬϬͿ peak is pƌeseŶt at Ϯθ=ϱϬ.ϰϰ°. The otheƌ thƌee diffƌaĐtioŶ stƌuĐtuƌes at Ϯθ=ϯϴ.ϬϮ°, 
Ϯθ=ϰϰ.Ϯ° aŶd Ϯθ=ϲϰ.ϰ° ĐaŶ ďe iŶdeǆed to Ag;ϭϭϭͿ, Ag;ϮϬϬͿ aŶd Ag;ϮϮϬͿ, ƌespeĐtiǀelǇ. These 
peaks are due to the silver conductive paste present in the electrical contact glue between the 

specimen and the sample holder used for the STM analysis.  

XRD extended spectrum in Fig.A1 does not show any evidence of signals related to graphite[A2],

graphene-oxide[A3] and Cu oxide[A4] structures.
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A2. Raman analysis 

 

Figure A2. Fitting procedure of the Raman spectrum shown in Fig. 4(b) in the main paper, where a 

tǇpiĐal RaŵaŶ speĐtƌuŵ ďeloŶgs to aŶ optiĐal ďƌoǁŶ ƌegioŶ ;͞deĐoupled͟ gƌapheŶeͿ is shoǁŶ. The ϮD 
band is fitted by a single Lorentzian peak (FWHM is about 34 cm-1).    
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Part III: Metal clusters on metallic surface
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Chapter 8 

 Nucleation and growth of Iron clusters on MgO/Ag(100) 

This chapter reports the growth of iron clusters on MgO/Ag(100). Although the nucleation and 

growth of Fe clusters strongly depends on the surface defects of the MgO substrate, relevant 

information was obtained on the cluster size dependence on substrate temperature during 

deposition and on the nominal iron coverage. Our findings provide a first step in the 

investigation of this model system for catalysis studies. The first part of the chapter provides 

a theoretical background on the nucleation and diffusion process, while in the second section 

the experimental results are presented.  
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8.1 Introduction 

In recent years, thin film growth on crystalline substrates has attracted considerable attention 

both in fundamental and applied research, due to the possibility to synthesize structures with 

novel physical and chemical properties. The nucleation of stable clusters is the preliminary 

step to the formation of thin atomic or molecular films. Epitaxial thin films are commonly 

grown from the vapor phase onto single crystal substrates under ultra-high vacuum (UHV) 

conditions by Molecular Beam Epitaxy (MBE).[1] The prerequisite to the epitaxial growth is that 

this process occurs far from the thermodynamic equilibrium. This last condition is indeed 

needed to have a net film growth rate, because in a hypothetical equilibrium phenomenon, 

the condensation and desorption events appear with equal rates, i.e. clusters form and decay 

at the same rate. Far away from the equilibrium, the film growth proceeds and it is influenced 

by kinetics. The resulting film morphology is determined by both the degree to which growth 

proceeds away from the equilibrium and by all the processes typical of the system, including 

terrace diffusion of single adatoms, cluster formation and diffusion, as well as aggregation and 

interlayer diffusion.[2] Nowadays, the knowledge gained from several studies about clusters 

growth and diffusion allows to obtain, at least for specific systems, clusters with a well-defined 

size and shape at single crystal surfaces.  

8.2 Nucleation and growth 

Upon deposition, the adatom is brought into the thermal equilibrium with the substrate and 

starts immediately to diffuse along the surface, provided that it overcomes the energy 

migration barrier ܧ separating the adjacent atomic sites. The adatoms diffuse randomly on 

the surface through a hopping motion between neighboring adsorption sites with a jump 

frequency ߥ, which can be described by the Boltzmann term:  

ߥ = ݌଴ ݁𝑥ߥ (  ஻ܶ)     ሺ͸.ͳሻ݇ܧ−

where ʆ0 is the attempt frequency, which is in the range of the Debye frequencies (1012 – 1013 

Hz), ܧ is the diffusion energy barrier, ݇஻ the Boltzmann constant and ܶ the substrate 

temperature. 
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Among all the diffusion processes (see Fig. 1), including interlayer jump and diffusion along an 

edge, the terrace migration of single adatoms is the most fundamental, and leads to 

nucleation of islands on substrate terraces.[2] Cluster densities can be determined by the tracer 

(or intrinsic) diffusion coefficient D, given by the Einstein relation:[3]  

ܦ = ݌଴ ݁𝑥ܦ ( (஻ܶ݇ܧ− 𝛼ଶ, ଴ܦ  = ͳͶ  ଴     ሺ͸.ʹሻߥ

ǁheƌe α is the lattice constant of the crystal surface. The factor ¼ is valid only for 2D diffusion. 

Equation (6.2) is well-defined only assuming that the density of the diffusing particles is rather 

small (<10-3 adatoms per adsorption site). 

After single or multiple collisions between the nuclei, and neglecting the presence of structural 

and chemical defects, the diffusion process ends. In this case, i.e. homogeneous nucleation, 

the resulting clusters can remain stable or decay again. This depends essentially on the lateral 

bond (ܧ௕) and the number of neighbours. A cluster can be considered as stable if it is large 

enough to grow more rapidly than it decays on the time-scale of deposition. The critical cluster 

size i is defined by the number of atoms in the smallest stable nucleus minus one. In other 

words, the attachments of one more atom turns a critical cluster into a stable one.  

The 2D cluster shape is determined by the mobility of aggregating adatoms along the cluster 

edge (see barrier Ee in Fig. 1). For instance, low mobility leads to ramified clusters with fractal 

dimensions.  

Moreover, the interlayer diffusion determines whether the resulting growing films are 2D or 

3D. In the first case, the clusters remain 2D until they coalesce as the adatoms deposited onto 

the cluster top descend very fast to the substrate level before than other adatoms are 

deposited onto cluster top. If they cannot descend sufficiently fast, the clusters growth will be 

3D.  
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Figure 1. Schematic representation of the elementary diffusion processes of Molecular Beam Epitaxial 

(MBE) growth. Figure adapted from [4]. 

8.2.1 Clusters irreversible growth 

The simplest case to consider in the irreversible growth regime is represented by the scenario 

in which the mobile critical cluster is a monomer (i=1) while the dimer is stable and immobile. 

In the early stage of deposition, the nuclei arrive with a rate ܨ and diffuse with a diffusion 

coefficient ܦ on the surface, until they meet another diffusing adatom to create a dimer. The 

diffusion process thus progressively leads to an increase of the number of dimers, until their 

density ݊ଶ becomes comparable to that of monomers ݊ଵ. At this point, a diffusing monomer 

on the surface has the same probability to meet a stable dimer or another mobile monomer. 

As a consequence, the growth of stable clusters starts to compete with the creation of new 

ones. In this case, the intensity of stable clusters increase until it saturates at a coverage of 

Θ=Ϭ.ϭϱML. At this poiŶt, all adatoŵs that laŶd on the surface diffuse and reach existing islands, 

because at this saturation regime the mean-free path of diffusing adatoms is equal to the 

mean islands separation. For increasing coverage (>0.2ML) the 2D islands start to coalesce, 

becoming more extended, until at 0.55ML the monolayer film percolates.   

The rate equations ሺ͸.͵ሻ and ሺ͸.Ͷሻ given by the mean-field nucleation theory, in the mean-

field approximation,[5,6,7] describe the time evolution for mobile monomers and stable dimers: 

݀݊ଵ݀ݐ = ܨ − ʹ𝜎ଵ݊ܦଵଶ − 𝜎𝑥݊ܦଵ݊𝑥 − ݐܨሺܨ − ݊ଵሻ − ݐଵ     ሺ͸.͵ሻ ݀݊𝑥݀݊ܨʹ = 𝜎ଵ݊ܦଵଶ +  ଵ     ሺ͸.Ͷሻ݊ܨ



Chapter 8. Nucleation and growth of Iron clusters on MgO/Ag(100) 

160 
 

where ܨ and ܦ are the deposition flux and the diffusion coefficient, respectively, ݊𝑥 is the 

stable island density, 𝜎ଵ the capture efficiency of a monomer to merge with another monomer 

and 𝜎𝑥 the capture efficiency of a monomer to incorporate to a stable island. In equation ሺ͸.͵ሻ 

the flux ܨ represents the increase of monomer density due to deposition, the second term 

describes the monomer decrease due to the formation of stable dimers, the third one 

describes the decrease occurring when a monomer is captured by a stable island while the 

last two terms indicate the monomer decrease caused by direct impingement onto stable 

islands. Equation ሺ͸.Ͷሻ includes the growth rate of stable islands formed both by the binding 

of two monomers to form a dimer (first term) and the direct deposition onto an adatom 

(second term). In this last equation, coalescence phenomenon is neglected.  

The rate equation ሺ͸.Ͷሻ can be generalized for any cluster size. As reported by mean-field 

nucleation theory, the saturation island density ݊𝑥  depends on diffusion ܦ and deposition 

rate ܨ and to the cluster binding energy, as reported by the following relation 

݊𝑥 = ,ߠሺߟ ݅ሻ (ܨܦ)−𝜒 ݁𝑥݌ ( 𝑖ሺ݅ܧ + ʹሻ݇஻ܶ) ,   ߯ = ݅݅ + ʹ     ሺ͸.ͷሻ 

which is the general equation describing the steady state regime of stable islands with 

density ݊𝑥.  

At low temperature, where ݅ = ͳ and ܧଵ = Ͳ, ሺ͸.ͷሻ reduces to 

݊𝑥 = ,ߠሺߟ  ݅ሻ ଵଷ−(ܨܦ)      ሺ͸.͸ሻ 

with ߟሺߠ, ݅ሻ = Ͳ.ʹͷ in the coverage range of saturation.[7,8] 

In the range of 105≤ܨ/ܦ≤ϭϬ9, the experimental measurements are in agreement with the 

theoretical model. However, for 105>ܨ/ܦ, monomers diffuse too slowly to reach other 

adatoms and create clusters during the deposition. As a consequence, they can be now 

considered as stable nuclei ሺ݅ = Ͳሻ in the time of deposition. Monomers continue to diffuse 

after deposition until they nucleate and the density ݊𝑥 becomes independent of deposition 

temperature.[9,10] A representative example is shown by the Arrhenius plot for the 2D Ag island 

density on Pt(111) (see Fig. 2) 
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Figure 2. AƌƌheŶius plot of the satuƌatioŶ islaŶd deŶsitǇ foƌ depositioŶ of Θ= Ϭ.ϭϮ ML Ag onto a Pt(111) 

suƌfaĐe, iŶ ǁhiĐh diŵeƌs aƌe the staďle ŶuĐlei ;F = ϭ.ϭ×ϭϬ−ϯ ML/sͿ. The solid liŶe ƌepƌeseŶts the ƌesults 
obtained by the rate equation from mean-field nucleation theory.[8] 

8.2.2 Ostwald and Smoluchowski Ripening  

Ostwald ripening phenomenon[11,12] reports as the rapid dissociation of smaller islands occur 

in favour of larger ones. The preparation of small clusters on a surface at low temperatures, 

and the subsequent annealing allow to monitor by STM the cluster density and thus the 

average size as a function of annealing temperature. An example of Ostwald ripening is shown 

in Figure 3 for the case of Ag/Pt(111).[13] 

 

Figure 3. STM investigation of 2D Ostwald ripening for Ag/Pt(111).[12] (a) The plateau until Ta=100K is 

followed by an exponential increase at higher annealing temperature due to the Ostwald ripening. (b) 

Scaled island size distributions for Ostwald ripening[14] are significantly more narrow as compared to 

nucleation (dashed line theoretical i = 1 scaling curve[15]) 
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In Fig. 3(a), the mean island size < 𝑖ܰ > stays constant until it exhibits an exponential increase 

due to Ostwald ripening for annealing temperatures ௔ܶ >  ͳͲͲ ܭ. Moreover, the resulting 

size distributions obtained for Ostwald phenomenon are narrower as compared to nucleation 

(see Fig. 3(b)). Therefore, island coarsening by Ostwald ripening allows preparing compact 

surface supported 2D clusters with narrow size distributions and average sizes < 𝑖ܰ >  

adjustable from 3 to 103 atoms.[14]  

A second mechanism of coarsening is the Smoluchowski ripening, concerning the diffusion 

and subsequent coalescence of entire islands. This last phenomenon can dominate the 

Ostwald ripening especially for systems with high cohesive energy and also low diffusion 

barriers.[4] An example when the Smoluchowski ripening was observed is shown in Figure 4, in 

the case of Co metal adatoms on Pt(111).[16]  

 

Figure 4. Mean island size in atoms as a function of annealing temperature derived from STM for 

Co/Pt(111) (Θ = 0.01 ML, Ta = 1 h). The solid curves point out the KMC simulations with monomer and 

dimer diffusion (curve with circle) and the integration of mean-field rate equations considering in 

addition trimer diffusion (curve with triangles) (ʆ0 = 1.5 × 1015 Hz for all processes).[16]  

Here, every cluster size has its characteristic onset temperature of diffusion, giving rise to a 

stepwise increase in the mean island size as a function of annealing temperature.[4] The height 

of each plateau can be understood in terms of diffusing nuclei, which at the beginning are only 

monomers, and then dimers that giving rise to a mixture of tetramers, pentamers and 

remaining trimers. Afterwards, at higher temperature, the trimers start to move and join the 

other islands. Upon reaching a certain cluster size, the Ostwald and Smoluchowski ripening 
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compete with each other. The critical size for this depends on the cohesive energy of the 

cluster element and on the corrugation of the interaction potential with the surface.  

Clearly, both Ostwald than Smoluchowski ripening work on a substrate devoid of chemical and 

structural defects , i.e. in case of homogeneous nucleation. The presence of defects 

significantly influences the diffusion process, since these can act as nucleation sites for the 

adsorbates or can have a repulsive interaction with them. Particularly interesting cases of 

heterogeneous nucleation are represented by metal clusters diffusion on surfaces that show 

regularly spaced attractive defects, as Moiré pattern of CVD graphene on metals.[17,18] Another 

interesting case of attractive point defect is the nucleation of metal clusters on MgO single 

crystal.[19,20] Quantitative information concerning average cluster densities as a  function of 

deposition temperature are given by a VT-AFM investigation[21] of Pd on MgO(100). Although 

the cluster nucleation takes place at terraces rather than at the steps, the Arrhenius plot 

shown in Fig. 5 points out an heterogeneous nucleation in which defects, located at terraces, 

play a fundamental role.  

 

Figure 5. Arrhenius plot of saturation island densities for Pd deposits on Ar-cleaved MgO(100) 

obtained with noncontact AFM (size of images 100 × 100 nm2). The solid line represents a mean-field 

rate equation model. Figure adapted from [21].  

Mean-field nucleation theory including trapping defects, i.e. the solid line in Figure 5, allows 

to derive the relevant parameters for this system. The minimum trapping energy Et=1.2eV can 

be derived by the length of the plateau, while the knee at 600 K, which is best fitted 
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considering a transition from ݅ = ͳ to ݅ = ͵, indicate that only 4 atoms represent a stable 

cluster at a trap.  

8.3 Nucleation and growth of Fe clusters on MgO/Ag(100) 

Supported metal clusters can play a leading role in nanoscience and nanotechnology.[22-26] 

Clusters reveal indeed unique physical and chemical properties as their dimensions are 

reduced to nanoscale.[27] One of the most immediate application is related to catalysis.[28] By 

simply changing the cluster size, in a nanocatalysis experiment, it is possible to tune their 

reactivity and selectivity[29] because intrinsic cluster properties relevant for catalytic behavior 

are strongly related to the cluster size. The presence of a catalytically active or inert surface, 

as the metal–oxide interfaces, suggests the tunability of catalytic activity via engineering of 

metal–oxide interfaces.[30] As a consequence, small metal clusters on a metal/oxide interface 

represent an interesting system to investigate the catalytic activity as a function of the 

support, of the clusters size and shape, etc.    

Here, the growth of iron (Fe) clusters on MgO/Ag(100) surface has been considered. As 

ƌepoƌted ďǇ ŠljiǀaŶčaŶiŶ et al.,[31] the presence of Fe clusters of well-defined size supported 

by the inert MgO surface can be employed as a model system for the N2-NH3 conversion, i.e. 

the nitrogen fixation. In particular, as shown by their density functional theory (DFT) 

calculations, the catalytic properties of the Fe7 clusters can be tuned by their passivation with 

N or S species, in order to improve the adsorption of nitrogen in its molecular form which 

results in a better ammonia synthesis.[32] Such a realization would pave the way toward a new 

route for industrial nitrogen fixation with obvious economic and ecologic advantages.[31]  

8.3.1 Experimental setup 

Experimental measurements were carried out in a home-built low-temperature scanning 

tunneling microscope (LT-STM)[33] at 50K and in UHV condition (pressure=1x10-10mbar). The 

Ag(100) surface was prepared in UHV by repeated Ar+ ion sputtering and annealing (T~550°C) 

cycles. MgO was grown by evaporation of Mg from a Knudsen cell in an oxygen environment 

(pO2=5x10-7 mbar), while the Ag(100) substrate was kept at T=470°C. After that, the sample 

was cooled down gently to room temperature with a rate of ~ 4°C/min. The slow cooling 

procedure plays a non-negligible role in the quality of the resulting MgO layer[34] in terms of 

formation of extended mono- and bi- layer islands. Iron (Fe) adatoms were deposited at 



Chapter 8. Nucleation and growth of Iron clusters on MgO/Ag(100) 

165 

different nominal coverages, 0.0040 ML, 0.0085 ML and 0.0170 ML , at 50 K and 300 K (i.e. 

room temperature) on the MgO/Ag(100) surface. Furthermore, annealing of the samples 

initially deposited at R.T. were carried out at T=580 K. After acquisition all STM images were 

processed by WSxM software.[35]   

8.3.2 Results and discussion  

The STM images show that the MgO grown on Ag(100) is characterized by the coexistence 

of two thicknesses, i.e. 1ML and 2ML. This is evident in Fig. 6(a), in which MgO darker islands 

are included in a more extended lighter region. The common evaluation of STM 

morphological images would suggest that these darker and lighter areas represent the lowest 

and the highest levels of MgO, i.e. the first and second layer, respectively. However, the 

apparent height of MgO is strongly bias-dependent[36] and is inverted in this case, as 

confirmed by the field emission resonance measurements in Fig. 6(c). Here, the energy 

separations between the two evident peaks in the dI/dV spectra are representative for 

the MgO mono- and bi- layer, respectively, and are comparable with the literature data.

[37,38] Although a recent work[39] proposed a different calibration of MgO thickness, which 

differs by one layer from the one used in the current literature and also in the present 

study, our method to study the diffusion process can be considered independent of the 

thickness of the single MgO terrace. Atomically resolved images acquired on the MgO 

monolayer in Fig. 6(b) show a square unit cell, with lattice vectors of 2.90 Å. The 

agreement with the square Ag(100) unit cell (2.89Åx2.89Å) and the absence of Moiré 

superstructure suggests that the MgO(100) film forms a pseudomorphic (1x1) structure on 

Ag(100). Moreover, since Mg or O atoms can both be imaged by STM, an open debate in 

theory is currently opened in order to clarify the atomic protrusions observed by STM.[38,40-42]   
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Figure 6. (a) STM image of pristine MgO grown on Ag(100) (Tunneling parameters: Ut=-0.1V, It=20pA). 

(b) Atomic resolution of 1ML-MgO (Tunneling parameters: Ut=-20mV, It=6nA). Field emission resonance

spectra recorded above 1- and 2-ML MgO as well as clean Ag(100) (peak-to-peak modulation amplitude 

Umod=10mV).  

Fe atoms were deposited at different coverages and substrate temperatures onto the MgO 

surface in order to study the diffusion processes involving the Fe atoms and clusters. At low 

temperatures, the migration of the Fe adatoms on MgO is very slow compared to the 

deposition time resulting in a high density of stable, small iron nuclei on the MgO surface. As 

a consequence, depositions of Fe atoms at 50 K result in iron monomers on MgO, as shown in 

Fig. 7 for two different coverages. 

Figure 7. (a)-(b): STM images of Fe monomers on the MgO surface deposited at 50K (STM imaging at 

50 K). Nominal Fe coverage: (a) 0.40%ML and (b) 1.70%ML. Tunneling parameters (both images): Ut=-

0.1V, It=20pA.    
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By increasing the substrate temperature during deposition, large iron clusters grow on MgO. 

Clearly, it is worth noting that the diffusion process strictly depends on the defects present at 

surface. In our case indeed, the presence of second layer islands of MgO on the monolayer 

lead to a defective surface, in which the edges at the MgO mono- and bi-layer represent 

particular adsorption sites. As a result, these edges act as nucleation centers in which the Fe 

clusters can be pinned. The essential role played by the MgO edges in the iron clusters 

diffusion can be qualitatively observed comparing the diffusion in flat areas and in more 

defective regions. As clearly shown in Fig. 8, the regions with a small number of defects exhibit 

a lower cluster density with respect to the other areas characterized by the presence of many 

MgO bi-layer islands.    

Figure 8. STM image showing the influence of the presence of defects on the cluster density. Θ=Ϭ.Ϭϭϳ 
ML, Tdeposition=300K and Tannealing=580K. Tunneling parameters (Ut=-0.5V, It=20pA).  

Although the adatom diffusion is strongly influenced by the non-homogeneous MgO surface, 

the investigation of Fe clusters evolution allows to obtain essential information about 

their peculiar features, i.e. size and apparent height, as a function of coverage and 

deposition/annealing temperature of the surface. As mentioned above, the preliminary 

knowledge gained from this study is aimed to obtaining metallic clusters with well-defined 

sizes and shapes that could be employed in heterogeneous catalysis experiments.  

Fe atoms deposited at 300 K (i.e. room temperature) lead to iron cluster formation, as shown 

in Figs. 9(a)-(b)-(c). Furthermore, larger clusters are obtained by growing Fe clusters at room 
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temperature with subsequent annealing at 580 K, as shown in Figs. 9(d)-(e)-(f). As a result, the 

clusters ripening clearly show that the small clusters disappear to the benefit of the 

formation of larger ones. However, the acquired data do not allow to determine if the 

mechanism is Ostwald or Smoluchowski ripening. 

Figure 9. (a)-(c): STM images of Fe clusters grown at 300 K on MgO/Ag(100) at various coverages. (d)-

(e) Evolution of the Fe clusters after annealing at T=580 K. Tunneling parameters: (a)-(b)-(e)-(f): Ut=-

0.5V, It=20pA ; (c)-(d) Ut=-0.1V, It=20pA. 

Although the presence of small defects on the flat MgO surface cannot be ruled out, it can be 

noted that, in all cases, part of the Fe cluster lie on the edges and part on the defect-free MgO 

surface. By assuming that the sticking coefficient at room temperature is comparable with 

that at 50 K, the average size of iron clusters can be calculated for each case. The density of 

Fe clusters and their average size with respect to the coverage, at 300 K and 580 K, are 

reported in Fig. 10.  
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Figure 10. (a) Fe cluster density and (b) average Fe cluster size as a function of coverage. 

Here, as expected, the average cluster size is coverage-dependent, i.e. it increases for 

increasing coverage. Moreover, for each coverage, the clusters became larger after the 

annealing procedure. As a consequence, the clusters size depends on the growth 

parameters, while the involved diffusion processes are the same, i.e. monomer/small 

clusters diffusion, instable nuclei and possibly diffusion of larger clusters.  

As shown in Fig. 9, Fe cluster size depends on the substrate temperature and on the 

coverages. Although the MgO surface defects influence the clusters formation, the 

investigation of the apparent heights allows gaining information about the cluster size 

distribution after the growth at 300 K and the successive annealing at 580 K.  After cluster 

growth at room temperature, the majority of the clusters have the lowest apparent height 

while their number decreases for high values (see Fig. 11 (a)-(b)-(c)). Although the 

distributions corresponding to the three coverages are not identical, the general trend 

seems to be the same, well fitted by a lognormal distribution.  
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Figure 11. Apparent height distributions of Fe clusters deposited at various coverages at room 

temperature (a)-(b)-(c) and after annealing at 580 K (d)-(e).  

On the contrary, after annealing at 580 K, the apparent height distributions deeply change. 

As shown in Fig. 11 (d)-(e), they appears at first glance as asymmetrical distributions. By 

comparing these results to the lognormal distribution reported at 300 K, it is worth noting 

that the lower clusters height disappear, while the distributions at 580 K show a maximum. 

As a first approximation, these distributions can be considered as Gaussian one (see the fit 

curves in Fig. 11(d)-(e)). Once again, most likely it is the presence of the surface defects that 

deeply influence the clusters dimensions after the annealing.     

It is worth noting that the apparent height of the clusters depends on the tunneling 

parameters used during the acquisition (see Fig. 12), as well as on the STM tip conditions. 

For these reasons, the absolute value of the obtained apparent heights cannot be taken into 

account, while the general trend gained within a particular case is representative, assuming 

that tip is not modified.  
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Figure 12. STM images of Fe clusters on MgO/Ag(100). (Fe coverage: 1.7% ML – T=580 K). (Tunneling 

parameters: (a) U=-0.1V, I=20 pA; (b) U=-0.5V, I=20pA). The cluster apparent height depends on the 

bias voltage.   

Although the apparent heights of the Fe clusters depend on the tunneling parameters, their 

average values after the annealing at 580 K suggest that the Fe clusters on the MgO surface 

are 3D rather than 2D.  

8.3.3 Conclusions and outlooks 

In this chapter, the nucleation and growth of Fe clusters on MgO/Ag(100) was investigated 

both as a function of coverage than substrate temperature during deposition. Although the 

adatom and cluster diffusion is influenced by the non-homogeneous MgO surface, which 

consists of MgO mono- and bi- layer coverage, the presence of these defects allow obtaining 

clusters with a determined average size, which can be accurately tuned by properly changing 

the coverage and/or the substrate temperature. The preliminary results obtained here open 

the way to catalysis studies on Fe clusters with well-defined size on MgO surface. However, 

only further studies as a function of the deposition temperature could allow to better 

understand the behavior of the system and to deduce the essential parameters, including 

the diffusion barrier for the adatoms and the ripening mechanism.  
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9. Conclusions and outlooks 

This thesis reports an extensive study of two-dimensional supramolecular networks deposited 

on gold crystalline surfaces and two-dimensional materials. The work aims to evidence the 

formation of the molecular assemblies and their related interaction with the underling 

substrates. In particular, we focused the attention on different model systems that could be 

used as a starting point in order to develop advanced functional materials.  

For deposition of ZnTPP molecules on Au(111), we found that the interaction between the 

molecular layer and the gold surface is noteworthy, and not so weak as one could expect from 

this metal-organic interface. This behavior is clearly observed by means of STM imaging and 

XPS investigation performed as a function of the molecular coverage form the sub- to the few 

layers regime.  In fact, the disappearance of the gold herringbone (HB) reconstruction after 

the deposition of ZnTPP and the loss of their typical four-fold structure shown by STM, 

combined with the nonequivalence of nitrogen (N) atoms of the molecular macrocycle and 

the zinc (Zn) atom evidenced by XPS analysis, prove that the first molecular layer interacts 

considerably, i.e. through a chemical bond, with the gold surface. Conversely, the 

intermolecular interaction assumed is dominated by the weak van der Waals bonds. 

Furthermore, the molecular second layer grow epitaxially on the first one, and the relative 

interaction between these two layers is weak as confirmed by the molecular mobility of the 

partial second layer.  

On the contrary, the studies performed on Nile red molecules deposited on Au(111) show a 

whole different picture. First, we found that the molecular packing is strictly dependent from 

thermal treatments. In fact, after deposition at room temperature, two distinct molecular 

domains were evidenced, one more dense than the other one. After a mild annealing 

treatment at 120°C only the more dense domain, i.e. the so-Đalled ͞dense Đhains͟ paĐking, 

was found. This behavior turns out to be very interesting regarding the possibility to modify 

the 2D supramolecular order after molecular deposition. In other words, the polymorphic 

properties of this supramolecular interface can be leveraged in order to gain advanced 

functional devices. Moreover, the intermolecular interaction is determined by hydrogen bond, 

in both molecular packings. This important outcome clearly points out that the polarity of the 

Nile Red molecules does not play any role in the resulting molecular packing of the molecules. 

In other words, the Nile Red molecules induce a dipole moment on the gold surface such that 

the total dipole moment is zero in the normal direction respect to the surface. Finally, the 
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molecular mobility evidenced by means of STM analysis clearly proves that the interaction 

between the molecular assembly and the gold surface is considerably weak.  

TMA and TPA molecular self-assemblies were also investigated on graphene substrates. These 

two supramolecular structures of carboxylic acids weakly interacting with the underlying 

surfaĐe, i.e. π – π ďonding, while their intermolecular interaction show network of hydrogen 

bonds. Although TMA and TPA self-assemblies exhibit these similarities at monolayer regime, 

their structural transitions with film thickness are very different. In fact, while the structure of 

TPA thin films varies continuously towards the 3D lattice, TMA retains its planar monolayer 

structure up to a critical thickness, after which a transition to a polycrystalline film occurs. 

These distinctive structural evolutions can be rationalized in terms of the topological 

differences in the 3D crystallography of the two molecules. The templated 2D structure of TPA 

can smoothly map to its 3D structure through continuous molecular tilting within the unit cell, 

whilst the 3D structure of TMA is topologically distinct from its 2D form, so that only an abrupt 

transition is possible.  

Finally, for deposition of TCNQ molecules on the Bi2Se3 surface, a highly ordered two-

dimensional molecular network was found at monolayer regime by STM analysis, where the 

intermolecular interaction is dominated by hydrogen bonds.  Despite TCNQ is an electron 

acceptor molecule, a negligible charge transfer between the molecular layer and the substrate 

were experimentally found by ARPES and XPS analysis and further confirmed by DFT 

calculations. In other words, the molecular-substrate interaction is weak and the molecules 

are physisorbed on the Bi2Se3.  

In addition to the main topic of the work, i.e. the study of two-dimensional supramolecular 

networks on several substrates, the thesis also reports other research activities connected to 

the two-dimensional systems. In particular, the growth and characterization of graphene films 

on copper foil, by means of Chemical Vapor Deposition (CVD) are performed. The different 

coupling of graphene layer on the Cu foil and the possibility to induce a variation of the 

graphene coupling with respect to the Cu substrate by visible-light irradiation above a proper 

power threshold are evidenced. Finally, the investigation performed on the nucleation and 

growth of iron clusters on MgO/Ag(100) allows to gain relevant information on the cluster size 

dependence from the substrate temperature during deposition and from the nominal iron 

coverage, and on the surface defects of MgO.  
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This work aims to become the starting point of further investigations in order to exploit the 

most appealing features of the described systems.  

For instance, the properties and the self-assembly of organic networks, as ZnTPP or Nile Red 

molecules, could be investigated on a coupled/decoupled graphene surfaces. The possibility 

to open a controlled band gap by simply changing the molecular self-assembly[1,2] and/or the 

samples preparation conditions will allows to create advanced functional interfaces that could 

be employed in the next years in a wide range of applications, including dye-sensitized solar 

cells (DSSCs), optical and biological sensors.  

Moreover, a new tool for the molecular design of nanostructured films is given that the 

concept of topological protection of the 2D structure, as shown in case of TMA and TPA self-

assemblies on graphene, when the transition between the monolayer to the multilayer 

coverage of the self-assembly is considered.     

Furthermore, the results reported in the case of TCNQ / Bi2Se3 interface reveal the significant 

potential of TCNQ for the realization of ferromagnetic metal-organic coordination networks 

on the topological insulator surface. Indeed, this type of organic network represents only the 

first step towards the realization of an ordered array of local magnetic moments on a 

topological insulator (TI) surface and, possibly, drive the system to novel and relevant 

phenomena as predicted by TI theory.[3] 

In addition, the possibility to synthetize high-quality monolayer graphene on copper foil, 

which can be locally decoupled by the exposure to a suitable laser flux could allow to ͞ǁrite͟ 

paths of freestanding-like graphene, modulating in this way both its optical response and the 

local work function. This could pave the way to a tailored manipulation of the electro-optical 

response over large areas such those needed for the control of the electron emission from 

graphene in thermionic energy converter (TIC),[4] electro-catalytic devices,[5] graphene-based 

plasmonic systems,[6] and many others fields. 

Finally, as regards the study carried out on the iron clusters formation on the MgO surface, 

only further investigation on this system, and on related ones, will lead to a deeper 

understanding of the clusters properties in order to apply these interfaces to catalysis 

experiments.  
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