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Chapter 1  

Introduction 

This chapter highlights the phenomenology of carbon nanostructures both 

as an isolated material as well as in hybrid form. The carbon nanotubes, 

carbon nanofibers, graphene and their hybrid nanostructures offer a wide 

range of applications. However, challenges remain in the controlled 

application specific synthesis as well as in the integration of versatile carbon 

structures into hybrids, and in how their properties are influenced when 

they become building blocks of a composite material. This dissertation is 

aimed at shedding light on these prospects and challenges and here we 

introduce the rationale and motivation behind this work. A brief outline of 

thesis is also given at the end of this chapter. 
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1.1 Carbon nanostructures 

Carbon present in nature has various crystalline and amorphous phases. 

Since prehistoric times carbon in its miscellaneous forms has been 

employed in art and technology, for example the cave paintings at Lascaux, 

and Altamira were produced with a mixture of charcoal and soot. [1] 

In the periodic Table, carbon has smallest atomic number of the column IV 

elements and forms covalent bonds with its neighbouring elements. A free 

carbon atom in ground state has six electrons with an atomic orbital 

configuration 1s2, 2s2, 2p2. To form covalent bonds, one of the 2s electrons 

can be excited to the 2p level and as a consequence, the overlap of 2s and 

2p atomic orbitals can result in hybridization. The spn hybridization with 

n=1, 2, 3 results in equivalent bonds that stem from the 2s electron and 

one, two, or three 2p electrons. Carbon is very special because it shows sp, 

sp2 and sp3 hybridization in different molecules and solids. 

In its allotropes, carbon exhibits different chemical structures like diamond, 

graphite, lonsdaleite, carbon nanotubes (CNTs), carbon nanofibers (CNFs), 

graphene, whiskers, and fullerene. Diamond, lonsdaleite and graphite are 

the only three naturally occurring crystalline forms of carbon. Diamond and 

lonsdaleite have an sp3 three-dimensional structure, the first cubic, the 

second hexagonal; whereas graphite is made of sp2 bonded planes, held 

together by Van der Waals bonds. Diamond is the hardest crystalline 

structure but compression of glassy carbon transforms the latter into an 

even harder amorphous solid. [2] 

In 1985, H. Kroto et al. synthesized molecular carbon C60 and after that 

intense research attention was paid towards synthesizing carbon structures 

made of graphitic sheets.[3] A tubular form of carbon was discovered by S. 

Iijima[4], employing the arc discharge method and using iron and cobalt as 

catalysts. The obtained structures were subsequently named multiwalled 

carbon nanotubes (MWCNTs) and single-walled nanotubes (SWNTs), 

depending on the number of carbon layers present in the structures. The 

structural characterization of MWCNTs and SWCNTs by transmission 

https://www.nature.com/articles/354056a0#auth-1
https://www.nature.com/articles/354056a0#auth-1
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electron microscopy (TEM) added new excitement in the field of carbon 

science. [4-7] 

The structure of SWCNTs is described by its one-dimensional unit cell, 

defined by chiral vector Ch and translational vector T as shown in figure 1.1 

a.  The chiral vector Ch can be described by unit vectors a1 and a2 of the 

hexagonal honeycomb lattice of single graphite sheet, which can be given 

as Ch=na1+ma2 Where n and m are the integers which specifies the chiral 

vector Ch. [8] 

Three distinguishable SWCNT structures can be generated by rolling up 

single graphite sheets into cylinders: armchair nanotubes occur when n=m, 

that is Ch = (n,n); zigzag nanotubes correspond to the case of m=0, or Ch = 

(n,0); all other Ch = (n,n) chiral vectors describe chiral nanotubes, with 

nm0 ≤≤  due to the hexagonal symmetry of honeycomb lattice.[9] The 

diameter dt of a carbon nanotube is given as π

nm+m2+n2
a=

π

ch=dt
, 

where the lattice constant a=2.49 Å, ch is the length of chiral vector and 

chiral angle   is described as 
n+2m

n3
=θ tan 1- . The translational vector T 

is parallel to nanotube axis and perpendicular to chiral vector Ch, can be 

given in terms of basis vector a1 and a2 

T = q1a1 + q2a2, with 
dR

n+m2
=q1  , 

dR

m+n2
=q2  

where dR is the greatest common devisor of n)+(2m  and )m+n2( , which 

can be related to the greatest common devisor d for n and m as follows 

dR = d if n-m is not multiple of 3d and dR = 3d when n-m is multiple of 3d.  

The length of the translational vector T is given by dR/L3=T where L is 

the circumferential length of the nanotube. The number of hexagon per 

unit cell N can be accomplished as 
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Figure 1.1: (a) By joining the O-A and B-Bˊ nanotube can be formed. The chiral vector Ch and 

translational vector T are defined by OA and OB, respectively. R is the symmetry vector.  (b) 

possible vectors chosen by defining a pair of integers (n,m) appropriately for general carbon 

nanotubes, including zigzag, armchair and chiral nanotubes.[10]  

a2a1

Ch

×

T×
=N  
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The chirality and diameter define wether a nanotube will be metallic or 

semiconducting. [11] For instance (1,1), (2,2), (3,3) nanotubes are metallic, 

while (4,2), (4,3) and (5,3) nanotubes are semiconducting. 

Carbon fibers are graphite-like materials, which are very similar to MWCNTs 

in their structures and described as one-dimensional filamentous carbon 

exhibiting a high aspect ratio. Like graphite, carbon fibers are composed of 

atomic sheets of carbon atoms positioned in a regular hexagonal fashion. 

The way these sheets are wrapped creates different structures.  

Graphene consists of only one sheet of carbon atoms arranged in a 

hexagonal honeycomb lattice structure. Its synthesis through 

micromechanical cleavage [12] was first reported in 2004 by the Nobel 

laureates A. K. Geim and K. S. Novoselov. Since then graphene has received 

much attention due to its unique properties and wide range of applications. 

Graphene exhibits a high mobility of charge carriers as well as extraordinary 

thermal, optical and electrical properties. [13-15] Various ways to synthesize 

graphene have been developed over the past decade, the most popular 

ones being chemical exfoliation of graphite [16], sublimation of Si at the 

surface of SiC[17] and chemical vapour deposition.[18] Important for this 

dissertation is also the oxidized form of graphene, graphene oxide, 

obtainable by exfoliation of graphite oxide. Graphite oxide was first 

reported in 1859[19], but only nearly a century later, in 1962, Boehm et al. 

found that the chemical reduction of dispersions of graphite oxide yielded 

lamellar carbon and concluded “that the thinnest of the lamellae really 

consisted of single carbon layers”. [20] 

1.2 Carbon based hybrid materials 

The word “hybrid” in materials science was coined to refer to the 

combination of two or more materials at a low dimensional scale, resulting 

in superior properties due to synergetic effects. Mostly, one of these 

constituents is inorganic and other one organic. To combine the properties 

of organic-inorganic components is an age-old challenge. Based on the 

interaction and stability among joint constituents, hybrid composite 
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materials can be divided into category I and II materials. [21-23] In category I 

hybrids the constituents are bound by van der Waals, weak electrostatic 

interactions or hydrogen bonding. In the case of category II hybrids, firm 

chemical interactions exist between the constituents, as for example for the 

building blocks of organic-inorganic hybrids that are covalently bonded to 

each other. In general, two types of schemes are adopted for the 

preparation of organic-inorganic hybrids. The first type covers cases where 

the hybrid nanosystems are formed in-situ via a single- or multi-step 

process, including aggregation, thermal, chemical or electrochemical 

reduction and interconnection of nanostructures. The second type 

comprises the cases where individual nanostructures are fabricated prior to 

synthesis of hybrid system. 

Among all the hybrid systems, carbon-based ones are a unique category of 

materials with potential for diverse applications. Isolated carbon 

nanostructures such as CNFs, CNTs and graphene have also been realized 

into many devices. [24-27] Further, the unique electrical, mechanical, optical 

and thermal properties of carbon nanostructures have been object to 

significant research focussing on combining them with inorganic materials. 

The leading step for CNT-inorganic hybrids was introduced by filling of CNTs 

with yttrium carbide (Y3C), titanium carbide (TiC), lead oxide (PbO), metallic 

nickel (Ni) and ruthenium chloride (RuCl3).[28-31] Since then carbon-based 

organic-inorganic hybrid nanostructures have been investigated for their 

application in photovoltaics, capacitors, batteries, flexible electronics, 

catalysis and sensors as well as for biomedical and electrochemical 

technologies.[32-43] In recent years, the focus has broadened to bring metal 

oxides systems in the fold. In particular, considerable research efforts have 

been devoted to probe the underlying finer aspects of the metal oxide-

graphitic interfaces, which in turn greatly affect the architectures, 

interaction and properties of the hybrid structure.[44-47] Furthermore, 

fabrication procedures have been adopted with an aim to design 

application-oriented interfaces.[48-50] Despite the significant progress, the 

control over size, morphology, locations, understanding of the interfacial 

processes and development of an applications specific interface of organic-

inorganic hybrids are still challenging. 
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1.3 Motivation of the thesis 

The structural versatility and properties of carbon nanostructures allows to 

include them in devices and hybrid functional materials that hold promise 

for emerging technological developments. The carbon nanostructures such 

as SWCNTs synthesized by chemical vapour deposition (CVD) comprise both 

semiconducting and metallic nanotubes. [51-53] The electron transport and 

optical properties are strongly affected by helicity, diameter and 

organization of these nanotubes into devices. The aligned and unaligned 

bundled networks of SWCNTs have been realized into integrated circuits 

and functional electronic arrangements. [54-56] However, the optical response 

and charge transfer mechanism of chiral nanotubes (unaligned, vertically 

and horizontally aligned tubes: bundled or isolated tubes) is still not fully 

explored. Therefore, a better understanding of the optical properties and 

intertube interactions responsible for charge carrier dynamics is necessary 

for increasing the efficiency of carbon nanostructure-based devices. Two 

chapters of this dissertation will be dedicated to this theme. 

Carbon-based hybrid nanostructures have already presented remarkable 

potential for applications in various fields including nano-electronics, 

photovoltaics, catalysis, and nano-sensors. [57 58] However, in fabrication of 

carbon-based hybrid nanostructures, typical issues persist in the control 

over morphology and interfacial behaviour, chemical composition, and the 

structure of different nanoscale building blocks, as well as the accurate 

induction of these blocks in the final assembly design. The size, shape, 

geometry and phases of nanostructure building blocks are also the prime 

parameters related to the functioning of the hybrid systems. For instance, 

theoretical studies have revealed that the use of metallic CNT interconnects 

may yield energy efficient and fast integrated circuits. [59] To realize such a 

scenario, control over the precise positioning of interconnections and 

integration of CNFs/CNTs with network nanowires (NWs) to form the hybrid 

nanostructures is necessary. It is also important to determine the stability, 

compatibility and effectiveness of these interconnections. Therefore, it is 

highly desirable to develop a viable process to connect individual, 

suspended or aligned CNFs to form joined or bridged robust architectures. 
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As CNTs/CNFs connecting the nanowires are free of substrate surface or 

intramolecular interactions, they could be suitable for integration in 

materials to achieve enhanced mechanical, electromechanical and electrical 

properties. These types of building blocks are not easy to realize, 

particularly over a large area. One promising approach for the integration of 

CNTs/CNFs in real devices is the synthesis of self-assembled and controlled 

CNF/NW hybrid structures, which we shall describe in one chapter of this 

dissertation. 

In a similar way, the graphene - transition metal oxide hybrid 

nanostructures such as those combining graphene with zinc oxide (ZnO) and 

titanium dioxide (TiO2), have received remarkable attention due to their 

high efficiency in energy storage and conversion devices. [40 60 61] 

Nevertheless, the chemistry and interface design of individual building 

blocks are also a critical issue. The hybrid boundary and the associated 

interfacial interactions are of particular interest because they substantially 

effect on the properties and functions of the hybrid systems. One chapter 

of this thesis will be dedicated to this subject in the case of graphene-based 

zinc oxide core shell hybrid nanostructures. 

Recently, assemblies of perovskite solar cells (PSC) and metal oxide 

semiconductors (TiO2, ZnO) have been used as an electron transport layer 

(ETL). [46 62-64] The ETL plays an important part in the device architecture to 

assure the efficient transport of electrons from the light absorber 

(perovskite) to the electrode. TiO2 as charge transport layer has been widely 

explored in PSC devices due to its non-toxicity, chemically stability, cost 

effectiveness and easy availability, and because it has a large band gap. [65] 

However, the electron-hole pair recombination is very high at 

TiO2/perovskite interfaces and that is a serious issue [63 65-67] because it 

reduces the energy conversion efficiency in solar cells. In mesostructured 

cells, a number of studies have been done to facilitate charge transport by 

employing modified TiO2.
 [68-73]  

In this context graphene-TiO2 hybrid composites have received much 

attention. However, since graphene sheets without functionalization are 
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insoluble, current efforts have headed to solution-processable graphene 

oxides (GO) from exfoliation of graphite powders with strong oxidizing 

reagents. Furthermore, the availability of reactive carboxylic acid groups at 

the edge and epoxy/hydroxyl groups on the basal plane of GO sheets 

facilitate functionalization of graphene, allowing to tune the optoelectronic 

properties while preserving a good solubility in polar solvents. [74 75] 

Moreover, GO can be produced and processed in solution at large scale 

with low cost, which is particularly attractive for industrial applications. GO 

materials have been used in almost every part of polymer solar cell devices, 

including as electrode and charge extraction layers. [76-79] The last 

experimental chapter of this thesis will be devoted to GO-TiO2 hybrids. 

1.4 Thesis outline 

The research work presented in this dissertation is divided into chapters as 

follows: 

Chapter 2 introduces the experimental spectroscopic and microscopic tools 

employed for the characterization of carbon-based hybrid nanostructures 

and SWCNT bundles. 

Chapter 3 presents the growth of CNFs on vertically aligned indium arsenide 

nanowires (InAs NWs) by the CVD method.  Scanning electron microscopy 

(SEM), Raman spectroscopy and X-ray photoelectron spectroscopy (XPS), 

were used to characterize the hybrid structures discussed in the chapter. 

Chapter 4 is dedicated to the synthesis of vertically aligned and unaligned 

SWCNTs bundles using the CVD technique. Transient reflectivity 

experiments were carried out to study the photoinduced charge transfer 

mechanism in aligned and unaligned carbon nanotubes. 

Chapter 5 reports on colour transient reflectivity measurements conducted 

on bundled aligned SWCNTs and the comparison of the findings with 

already published results on unaligned nanotubes. Results showed that it is 

the nanotubes’ bending, which induces the free charge carriers rather than 

structural defects or the arrangement of nanotubes in form of bundles. 
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Chapter 6 presents the controlled synthesis and subsequent 

characterization of reduced graphene oxide-based zinc oxide core shell 

hybrid nanostructures.  The interfacial properties of these hybrids were 

studied as a function of temperature by employing ambient pressure XPS. 

In Chapter 7 reports on the synthesis of GO-TiO2 nanocomposites to serve 

as an electron transport layer in perovskite solar cells. The preparation of 

thin films on an ITO substrate, their phase and composition characterization 

and their electrical properties are discussed. 

At the end, results are summarized and an outlook is given on future 

research perspectives in this field. A summary in English and Dutch, 

curriculum, list of publications and acknowledgements conclude the thesis.  
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Chapter 2   

Synthesis and experimental methods 

This chapter describes the synthesis and experimental techniques used to 

obtain the data discussed in this dissertation. The first part narrates the 

synthesis procedures of carbon nanostructures both as separate material as 

well as in functional form, namely chemical vapour deposition, modified 

Hummer’s method, hydrothermal solution process and thin film deposition. 

Subsequently, we discuss instrumental parameters and conditions 

employed for the data acquisition relative to the techniques for 

spectroscopic (photoemission, pump & probe and Raman) and 

microstructure studies (scanning electron and transmission electron 

microscopy). We also describe X-ray diffraction (XRD) employed to obtain 

structural information, UV-Vis spectroscopy used to determine the optical 

band gap and electrical setups for establishing sheet resistance. 
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2.1 Synthesis techniques 

2.1.1 Chemical vapour deposition 

Significant research efforts have been devoted to the development of high-

yield synthesis of carbon nanotubes (CNTs), carbon nanofibers (CNFs), 

graphene and graphene oxide (GO), as well as of hybrid nanostructures 

where these carbon structures constitute one of the building blocks. 

Common techniques for the synthesis of these carbon nanostructures are 

arc discharge [1], laser ablation [2] and chemical vapour deposition (CVD). [3] 

CVD, initially designed in the 1960s and 1970s, is a proven versatile 

technique frequently used in the semiconductor industry because it allows 

for high purity controlled growth and cost-effective operations. This 

technique is also commonly used in optoelectronics applications, optical 

coatings, and coatings of wear resistant parts. [4] Generally, in the process a 

substrate is maintained at high temperature and exposed to the volatile 

precursor/s. The precursor/s is/are usually carried by an inert gas, which 

flows over the substrate. Relatively high temperatures are required for the 

reaction and/or cracking of the precursors and hence for the formation of 

the desired solid phase, which is finally deposited onto the substrate. 

In this PhD project CVD was employed for the growth of carbon fibres (CFs) 

and CNTs. For the growth of carbon nanostructures, the CVD process 

comprises of decomposition of hydrocarbons (e.g. methane, benzene, 

acetylene, naphthalene, etc.) catalysed by metals or their mixtures (e.g., Co, 

Ni, Fe, Pt and Pad) deposited on the substrates (such as Si, SiO2, Mg, Al2O3, 

etc.). [5 6] The gas precursor is often used simultaneously with hydrogen or 

argon to prevent amorphous carbon growth in the catalyst free regions. It is 

critical to avoid the co-deposition of amorphous carbon to obtain high 

quality CNTs and CNFs. 

The synthesis of CNTs and CNFs is a two-step process. In first step the 

catalyst is prepared by deposition on the substrate, followed by either 

chemical etching or thermal annealing. Thermal annealing results in catalyst 

island formation on the substrate; the precursors diffuse on the surface and 

the nanostructures nucleate at these islands. [7-10] The main parameters, 
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which control the growth of CNTs and CNFs in CVD, are the reaction 

environment, the catalyst, the growth temperature and the carbon source. 

In general, the growth temperature for the synthesis of CNTs and CNFs with 

CVD ranges from 400oC to 900oC. The sequence of steps involved during 

CVD growth are illustrated in figure 2.1. The flow of precursor/s in a CVD 

reactor/chamber is generally assumed to be laminar, therefore the velocity 

of the gaseous species at the walls of the reactor will be zero and the region 

close to the walls where the gas velocity strongly varies is called the 

boundary layer. The bulk precursor gases can diffuse through the boundary 

layer and decompose at the surface of the substrate to form the desired 

product. The consumption rate of the reactants at the surface of the 

substrate is controlled by surface reaction rates.  The dissociation of 

precursor/s is usually fast as the substrate is placed at an elevated 

temperature and by-products diffuse out through the boundary layer.  

methods, is promising for scaling-up the synthesis of carbon nanostructures 

and enabling controlled growth on various surfaces. Although the 

crystallinity of CNTs and CNFs grown by arc-discharge and laser evaporation 

methods is better,  

 

Figure 2.1: Various steps involved during CVD growth: (1) diffusion of hydrocarbons through 

the boundary layer, (2) adsorption of precursors on substrate covered with catalyst, (3) 

reaction takes place, (4) desorption of adsorbed species, and (5) by-products through the 

boundary layer. 
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CVD provides several other advantages such as high yield,patterned, robust 

and direct growth with controlled orientation with desired chirality on the 

substrates suitable for devices. These features make the CVD process 

preferable over other synthesis techniques. 

Previously, CVD methods have been successfully utilized to control the 

chirality (semiconducting & metallic), diameter and orientation of CNTs. [11-

14] We employed the CVD method for the synthesis of CNFs on InAs 

nanowires and for the growth of single walled carbon nanotubes (SWCNTs). 

These experiments were performed in the Analytical Division of the TASC-

IOM-CNR laboratory, Trieste Italy and at the Department of Engineering at 

the Cambridge University, United Kingdom. 

Pre-treatment of InAs substrates: For the synthesis of CNFs-InAs hybrid 

nanostructures, InAs nanowires grown vertically on the InAs substrate 

(prepared by Lucia Sorba and her team at the Istituto Nanoscienze-CNR in 

Pisa, Italy) were used as a template. The de-gassing of the InAs substrates 

was performed in H2 atmosphere to pre-treat and clean the surface. The 

samples were annealed using a silicon heater and the temperature was 

measured by using an infrared pyrometer. 

Growth conditions for CNFs-InAs hybrid nanostructures: The CVD growth 

was performed with and without a catalyst (iron). When we used the 

catalyst, iron deposition was done at room temperature, followed by 

annealing to the chosen growth temperature. Fe catalyst films were 

deposited in situ, at room temperature by electron bombardment (Fe target 

from Aldrich, 99.9% purity) at a growth rate of ~0.35 Å/min. The C2H2 and 

H2 (SIAD, grade 5) as precursor gasses in different flux ranges. The pressure 

in the growth chamber during the CVD process was in the range of 1 to 

5×10-4 mbar. 

Substrates used for growth of SWCNTs: Two types of substrates were used 

for the synthesis of SWCNTs, (a) thin films of 150 nm thermally grown SiO2 

support layer on polished n-type Si(100) substrates[15], on 10 nm thick Al2O3 
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support layers grown via magnetron sputtering[16], (b) The thin films of 30 

nm TiN grown via atomic layered deposition (ALD) on Si substrates.[17]  

Growth conditions for SWCNTs: Aligned and unaligned SWCNTs bundles 

were synthesized in an ultrahigh vacuum system (base pressure <1x10-10 

mbar). In this setup it was possible to control the chemical state of the 

catalyst (before and after growth) via X-ray photoelectron spectroscopy and 

to monitor precisely all the CVD parameters (i.e. precursor gas purity, 

pressure and pressure gradient, sample temperature, gas fluxes, etc.). 

2.1.2 Graphene oxide synthesis/reduction of graphene oxide 

Many methods are reported to produce graphene such as mechanical 

exfoliation or chemical vapour deposition [18 19], however these methods are 

not ideal candidates for large-scale production. We have used the modified 

Hummer’s method [20 21], through which graphene oxide/reduced graphene 

sheets are produced in bulk form to incorporate them into other materials 

and thereby exploit them for various applications. The flow chart of the 

different steps in the preparation of graphene by the modified Hummer’s 

method is given in figure 2.2. The as-synthesized reduced graphene oxide  
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Figure 2.2: Flow chart of graphene oxide synthesis/reduction of graphene oxide. 

(rGO) and graphene oxide (GO) were used to produce the rGO-ZnO and GO-

TiO2 hybrids discussed in Chapters 6 and 7 of this thesis. 

2.1.3 Hydrothermal solution processing 

The hydrothermal solution process is another excellent approach to 

synthesize the hybrid carbon nanostructures. It allows to fabricate the 

hybrid building blocks in a single-step soft solution process with low energy 

consumption. The hydrothermal technique has several other benefits like 

cost effectiveness, simplicity, higher and uniform dispersion of reactants 

and processing of complex materials. Most significant is the suitable 

tailoring of the chemical environment to control the reaction conditions for 

having the desired shape, size and orientation of hybrid nanostructures. We 

used a hydrothermal solution process for the synthesis of rGO-ZnO hybrid 

nanostructures and for the titanium dioxide nanoparticles. 

Synthesis of rGO-ZnO hybrid nanostructures 



 

22 

 

 

Figure 2.4: Teflon-lined stainless steel autoclave.

The rGO-ZnO hybrid nanostructures were synthesised by a hydrothermal 

solution process.  

 
Figure 2.3: A schematic description for the synthesis of rGO-ZnO hybrid nanostructures.  

A schematic overview of the various steps is given in figure 2.3. 

Synthesis of TiO2 nanoparticles 

The TiO2 nanoparticles were synthesized by a hydrothermal technique using 

a Teflon-lined autoclave (see figure 2.4). The various steps involved in the 

synthesis process are sketched in figure 2.5. 
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Figure 2.5: Synthesis procedure of TiO2 nanoparticles. 

2.1.4 Preparation of GO-TiO2 composite films 

The indium tin oxide (ITO) coated glass substrates, with a sheet resistance 

of 15-25 Ω/sq (Sigma Aldrich) were cut into 2 cm x 1 cm pieces. These 

substrates were cleaned with a detergent mixture of distilled water, 

acetone and isopropyl alcohol (IPA) for 15 min each. The washed substrates 

were dried in a hot and dry air flux. The GO and TiO2 nanoparticles 

suspensions were prepared in isopropanol and ethanol respectively, in 

separate glass beakers. The as-prepared suspensions were mixed together 

and sonicated to get a homogenous composite solution. The composite 

solution was released drop wise onto the conducting ITO substrate with the 

help of syringe and spin coated at 3000 rpm for 40 s. The as-prepared films 

were annealed at 150 ᵒC for 1 h.  
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2.2 Characterization techniques 

2.2.1 Photoelectron spectroscopy (Chapters 3, 6, 7) 

The origin of photoelectron spectroscopy can be traced back based to 

photoelectric effect process for which A. Einstein received the Nobel Prize 

in 1921[22] and theory of photons as quanta of energy was deduced in later 

developments. In the middle of 1960’s Kai Siegbahn and co-workers 

developed the photoelectron spectroscopy technique at the University of 

Uppsala, Sweden, which led to the Nobel Prize for him in 1981. [23 24] 

Photoelectron spectroscopy or Electron spectroscopy for chemical analysis 

(ESCA) as it is sometimes called, can be successfully employed for all types 

of samples: solids, liquids and gasses. 

Photoelectron spectroscopy is a photon-in electron-out experiment 

performed in ultra-high vacuum chamber equipped with electron energy 

analyser as shown in figure 2.6. A photon beam (light source) obtained from 

conventional laboratory source or synchrotron radiation is impinged on 

specimen. An electron is emitted after absorbing a photon, carrying a 

certain amount of kinetic energy. A schematic picture for single electron 

transition is depicted in figure 2.6. The fundamental equation used for 

energy conversation in photoemission theory is as follows [25] 

hν = EB
Evac +Ekin= EB

EF + Φspetra + Ekin    (2.1) 

where h is the Planck’s constant; ν is the frequency of the photon; EB
Evac is 

the binding energy referenced to the vacuum level of the specimen of a 

given electron; Ekin is the kinetic energy of the outgoing electron just when 

leaving the specimen; EB
EF is the binding energy referenced to the Fermi 

level; Φspectro is the spectrometer work function and Ekin is the kinetic energy 

of the photoelectron as measured in the spectrometer. 

The interaction of X-rays with sample generates photoelectrons with a large 

distribution of kinetic energies and emission angles. These photoelectrons 

are received over a narrow or broad acceptance angle. The electrostatic 

analysers are employed for measuring the distribution of kinetic energies of  
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Figure 2.6: Principle of a typical photoelectron spectrometer with a conventional Laboratory 

X-Ray source. [26] 

 

 

 

 

 

  

 

 

 

 

 

 

 

 
Figure 2.7: Schematic view of the photoemission process in the single particle picture. 

Electrons (here in a metal) with binding energy EB can be excited above the vacuum level Evac 

by photons with energy hν. [27] 

the electrons, yielding a spectrum. The incident X-ray photons penetration 

depth is fairly large for a given specimen.  

Nevertheless, for conventional laboratory sources (emitting Mg or Al Kα 

radiation), the mean free path of the emitted photoelectrons is very small 

because of scattering and typically amounts to a few nm. Therefore, only 
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the electrons emitted from the first few atomic layers of specimen can 

escape without scattering, hence photoelectron spectroscopy is a surface 

sensitive technique. 

The widths of photoemission peaks in an XPS spectrum are determined by 

the core hole lifetime, the resolution of the instrument, and satellite 

characteristics. The core hole produced in an atom is highly unstable, and 

its lifetime is of the order of ~10-15s for light elements. The lifetime, τ, is 

associated with the uncertainty in the energy of the core hole, Γ, through 

the Heisenberg uncertainty principle, Γτ= ћ = 10-16 eV s. The line shape due 

to the core hole lifetime is Lorentzian. The photoemission peak width is also 

affected by the energy dispersion of the incident X-rays as well as the 

resolution of the analyser, which have a Gaussian line shape. 

The photoemission core level peak intensities are directly proportional to 

the number of atoms of given kind weighted by their excitation 

probabilities and by the transmission function of the analyser. The most 

common way used to analyze the core level intensities is a so-called three 

step model, (1) excitation of electrons from the atoms by absorbing the 

incident photons, leaving the holes filled by the radiative or non-radiative 

processes, (2) transport of the photoemitted electrons from depth ξ to the 

surface of the specimen, which includes elastic and inelastic scattering 

phenomena, (3) escape of photoelectron from the surface into the vacuum 

and detection by analyzer. Consider a particular level nlj of an atom Q at 

position x, y, z, the core level intensity can be written [25] as 

IQnlj
=A ∫∫∫Ihν(x,y,z)ρQ(x,y,z) dσQnlj

/dΩ x exp[-ξ/(λesinθ] x Ω(hν,y,z) dxdydz  (2.2) 

 

where A is a constant of the experimental geometry, Ihν(x,y,z) is the 

intensity of the incident photon beam, ρQ(x,y,z) is the atomic density of 

atomic type Q, dσQnlj
/dΩ  is the differential photoelectric cross-section of a 

specific level nlj of involved atom Q and Ω(hν,y,z) is the solid angle and 

position on the surface of the specimen. 
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Core level chemical shifts are another important aspect of photoemission 

studies. Core levels are usually assumed as not influenced at all by chemical 

bonding, and in reality, they do not mix at quantum level with the valence 

bands responsible for inter atomic or molecular bonding. K. Siegbahn et al. 

pointed out that core-level binding energies are greatly sensitive to any 

change in valence-level charge distributions. [28] In a generalized picture, if 

an atom is less electronegative in comparison to its neighbour, its core 

electron will experience a different Columbic attraction, which results in a 

change in core level binding energies (initial state effect). In addition to the 

initial state effect, there is also the final state effect: the outgoing electron 

is attracted by the core hole left behind and this attraction depends on the 

screening of the core hole by the electron cloud. The better the screening, 

the higher will be the kinetic energy of the photoelectron and therefore the 

lower the binding energy. 

Multiplet splitting is also a very significant characteristic of core level 

photoelectron spectra, which originates from atoms of the given specimen 

of which the valence levels are partially filled. The simplest explanation of 

atomic multiplet splitting is given by Russell-Saunders or LS couplings 

picture. When an electron of given spin and angular momentum is emitted 

from the core level, the new (N-1) system of core sub-shell comprised of 

hole together with partially filled valance electrons couple in various final 

states of spin and orbital angular momentum quantum number of different 

energies, thereby yielding more than one binding energy states for the 

single core level.[26] Hedman et al first time confirmed that core level 

binding energies of N1s and O1s are split into two components for 

paramagnetic molecules of O2 and N2 because the spin exchange interaction 

of the 1s core level electron left behind after photoemission with the total 

spin of valence electron.[29]  

Quantification of photoemission spectrum: If we re-write IQnlj
 defined in 

(2.2) as follows:  

IQnlj
=CQλef(hν)σQnlj

KEkin
                 (2.3)  
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where CQ is the concentration of atoms of type Q in the probed volume; 

f(hν) the photon flux given in photons/cm2
s; λe the electron mean free 

path which depends on the kinetic energy of the photoelectrons, σQnlj
the 

orbital cross section and KEkin
the instrumental efficiency of detecting 

photoelectrons with the kinetic energy Ekin, we can define a sensitivity 

factor, which will be a characteristic of a certain photoemission line 

measured with the spectrometer used: SQ= σQnlj
KEkin

 and calculate the 

relative atomic percentage was calculated from photoemission spectra as 

follows:[30 31] 

CQ [at%] = {IQnlj
 /(SQλe

Q)}/{Σi{Iinlj
 /(Siλe

i)}                             (2.4) 

where i refers to all the atomic species present in the probed volume; since 

the kinetic energy of the photoelectrons of different species vary, so do the 

sensitivity factors and the electron mean free path.  

Light sources used in photoemission experiments 

For the photoemission experiments, an X-ray source with high flux is 

required. For a conventional laboratory, X-rays are generated by 

bombarding metallic anodes (usually Al or Mg) with a high-energy electron 

beam. In general, more than one sharp X-ray line will be emitted from the 

target (anode) material; energy width associated to each line varies 

depending upon the anode material. Most often one therefore uses a 

monochromator, usually composed of one or more crystals, which diffract 

the X-rays under a certain angle (Bragg condition), and are placed in a way 

that only the desired photons arrive at the sample.  

Another most important light source for high-resolution photoemission 

experiments is synchrotron radiation. The synchrotron yields an extended 

band of intense radiations (infrared to hard X-rays), which are strongly 

collimated and polarized. Synchrotron radiation can supply a variable 

source of high intensity, and well-focused X-rays for photoemission studies 

when employed with an appropriate monochromator. 
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Photoelectron spectroscopy has been extensively used in the projects 

discussed in this thesis to investigate the electronic structures and chemical 

composition of the surfaces. The photoemission experiments on CNFs-InAs 

hybrid nanostructures were performed at the Analytical Division of the 

TASC-IOM-CNR laboratory (Trieste, Italy), where the analysis chamber is 

equipped with a conventional non-monochromatized Mg Kα X-ray source 

and a 120° hemispherical electron energy analyser. The in-situ X-ray 

photoelectron spectroscopy analysis, including catalyst deposition, was 

performed in an ultra-high vacuum system (base pressure <1x10-10mbar). 

The synthesis chamber is directly connected with the analysis chamber. The 

XPS spectra were obtained before and after all CVD steps in normal 

emission geometry, using an energy resolution of ~1 eV and normalized to 

the photon flux and counts per second. The C1s binding energy positioned 

at 284.8 eV was used as reference for the XPS data. The XPS peaks were 

analysed by performing a non-linear mean square fit of the data, 

reproducing the photoemission intensity using Doniach-Sunjic lineshapes 

superimposed to a Shirley background. 

To understand the effect of temperature on interfacial properties of rGO-

ZnO hybrid nanostructures, a high resolution photon source is needed. 

Therefore, synchrotron radiation-based ambient pressure X-ray 

photoelectron spectroscopy (AP-XPS) setup was used to perform the core 

level photoemission measurements as a function of temperature at the 

bending magnet beam line 9:3:2 of the Advanced Light Source of Lawrence 

Berkeley National Laboratory, USA. The details of the AP-XPS equipment are 

discussed elsewhere. [32] The specimen was placed on a sample holder 

equipped with a boron nitride heater plate and a thermocouple (k-type) 

was placed on the top of the sample for accurate measurement of 

temperatures. XPS data was acquired at a photon beam energy of 750 eV, 

the energy resolution of the beam line was about E/∆E = 3000. A small 

piece of Au foil was placed on part of the sample for energy reference. The 

data was acquired with SES software and data analysis was performed with 

IGOR Pro applying XPS fit procedures. The curve fitting of the spectra was 

done using a Gaussian-Lorentzian lineshape in 70-30% ratio after the Shirley 

background correction. 
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The XPS data collected on GO-TiO2 composites was recorded at 

Nanoscience and Technology Department, National Centre for Physics, 

Quaid-i-Azam University Islamabad, Pakistan. Thin films of GO-TiO2 were 

deposited on indium tin oxide (ITO) substrates by spin coating for 

performing the XPS measurements. The XPS data was collected under UHV 

conditions (3x10-10 mbar), using a Scienta-Omicron system equipped with a 

micro-focused monochromatic Al Kα (1486.7eV) source having a spot size of 

700 μm. The source was operated at 15 KeV with constant analyser energy 

(CAE) 100 eV for survey scan and 20 eV for the high resolution scans. To 

avoid charging effects, charge neutralization was applied using a low 

energy-electron flood gun. The data acquisition was done with the Matrix 

software and analysis was performed with IGOR Pro along with XPS fitting 

procedures. The curve fitting of the high-resolution spectra was done using 

a Gaussian-Lorentzian 70-30% ratio lineshape after Shirley background 

correction. 

2.2.2 Pump-probe spectroscopy (Chapter 4, 5) 

Pump probe is a technique in which ultrafast electron dynamics at 

femtosecond time scale are investigated. In these experiments an 

ultrashort laser pulse is separated into a pump and a probe beam. The 

pump beam excites the samples and generates a non-equilibrium state, 

while a probe beam is utilized to observe the pump beam-induced 

variations in the optical properties such as reflectivity or transmission of the 

sample. The pump and probe beams approach to the sample with a relative 

time delay. After passing through the sample, the changes in the optical 

constants are measured as a function of time. 

For the work presented in this dissertation we performed the time resolved 

reflectivity experiments on aligned and unaligned SWCNTs bundles to 

understand the excited carrier dynamics at femtosecond timescale. Two 

different pump probe setups (high and low fluency) were used to 

investigate the transient reflectivity dependence behaviour in a broader 

range of exciting pulse fluence. The high fluence allows change in the 

fluency from 10-100 mJ/cm2 at 1 KHz repetition rate, while the low fluence 
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setup allows to vary the fluency from 0.1 - 0.8 mJ/cm2 with a higher 

repetition rate. The low fluence setup permits to study the regime for the 

transient reflectivity measurements at different energies. The brief details 

of the high and low fluency setups used for the experiments are introduced 

here below. 

High fluence setup 

In this arrangement the light source was an amplified Titanium-Sapphire 

laser system. The laser system was composed of four main components 

namely a coherent Verdi 5 laser (the pump laser for the femtosecond laser 

oscillator), a coherent Mira 500 laser (femtosecond mode-locked Ti: 

Sapphire laser oscillator), coherent evolution (the pulsed pump laser for the 

regenerative amplifier) and a BM α-line, the regenerative amplifier. The 

wavelength of the output pulses was centred around 795 nm (1.56 eV) with 

a full width at half maximum (FWHM) of 150 fs and an energy of 600 

µJ/pulse. The mean output power was around 0.6 W with repetition rate of 

1 KHz and a pulse peak power of 4×109 W. 

Low fluence setup 

This experimental setup consisted of a cavity damped Ti: Sapphire mode-

locked laser oscillator. The wavelength of the output pulses was 790 nm 

(1.5 eV) (790 nm with a FWHM of 120 fs). The output energy was 

50 nJ/pulse for recurrence rate varying between 54.3 MHz to single shot. In 

this arrangement there were two operational modes. In the first mode, 

conventional one-colour transient reflectivity measurements were 

performed in the slow and fast transient response. The available pump 

fluences are low, between 0.1 and 0.8 mJ/cm2. However, in the case of fast 

transient response, the higher repetition rate of this setup allowed for a 

standard lock-in acquisition and much more delay time, resulting in better 

resolution. For the second mode of operation, the super-continuum probe 

beam was used for transient reflectivity measurements. The wavelength of 

this super-continuum probe ranged from 620 to 1240 nm (1.00 - 2.00 eV) 

with a pulse duration of 120 fs. 
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2.2.3 Raman spectroscopy (Chapters 3-6) 

Among optical techniques, Raman spectroscopy is very appropriate for the 

characterization of solid materials owing to the fact that it is a fast and 

nondestructive method and requires little sample preparation time. [33] We 

employed micro-Raman spectroscopy to characterize carbon-based hybrid 

nanostructures as well as to figure out the chirality and diameter of 

SWCNTs. The Raman spectroscopy data presented in this thesis was 

collected by using three different Raman microscopes: a Thermo Scientific 

DXR, a Renishaw 1000 micro-Raman and a Labram Dilor Raman H10, 

equipped with charge-coupled devices (CCD). Renishaw Ramascope Raman 

spectrometer was equipped with an Olympus microscope and with a cooled 

CCD camera as photo detector, and operated at 532 nm excitation from Ag-

ion laser. The spot size for Raman measurements was 7.8 × 103 μm2. 

Spectra were recorded typically with 1−5 exposures of 2−4 s duration at 

22 Wcm−2. The Thermo Scientific DXR and the Labram Dilor spectrometer 

operated at 514.5 nm excitation and a spot size of about 1 μm2. We used a 

Si wafer and highly oriented pyrolytic graphite (HOPG) for calibration of the 

Raman signal. 

Raman spectroscopy is the study of light matter interaction in which light 

(photons) of a single wavelength is aimed onto the sample and the reflected 

light is collected with a spectrometer with the help of a CCD detector and 

analyzed. The selection of light sources is highly significant as one can 

decide to work with frequencies that correspond to electronic excitations of 

the sample (resonant Raman) or not, and the observed Raman scattering 

will be different in these cases. Coherent light sources like lasers are 

preferred because they deliver a high flux and a collimated monochromatic 

beam. The light (laser) causes absorption or scattering, in other words 

elastic and inelastic phenomena take place. The elastic scattering 

phenomena is named Rayleigh scattering, whereas the inelastic process is 

termed as Raman scattering. The Raman spectra are plotted by measuring 

the intensity of the scattered light as a function of frequency shift from the 

excitation frequency. By combining this information with that on the lattice 
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structure of the concerned material, the Raman lines can be assigned to 

certain vibrational modes or phonons. 

This technique has been widely employed for characterization of 

carbonaceous materials such as graphite [34], SWCNTs [35], MWCNTs [36-38] 

CNFs [39], graphene [40 41], fullerene [42] and carbon thin films. [43 44] The two 

dominant Raman features, namely the radial breathing mode (RBM) at low 

frequencies and the tangential multifeature mode (G band) at higher 

frequencies, are very suitable for the characterization of SWCNTs. The RBM 

occur with frequencies between 120 and 350 cm-1 for SWCNTs for the 

diameter range 0.7nm<δ<2nm. We used the relation ωRBM=(A/ δ) +B, where 

ωRBM is the observed frequency of RBM mode, A = 234 cm-1 and B = 10 cm-1  

to calculate the diameter, δ,  of the SWCNTs.[45] The G-band frequency was 

used for differentiation between metallic and semiconducting SWCNTs by 

an evident difference in their Raman lineshape; in fact the G band broadens 

and becomes asymmetric for metallic SWCNTs, whereas it has a Lorentzian 

line shape for semiconducting tubes, and this broadening is related to the 

availability of free electrons in nanotubes with metallic character.[46 47] 

2.2.4 Scanning electron microscopy (Chapters 3-7) 

Since the spatial resolution of electron microscopes can be much higher 

than that of light microscopes, electron microscopes are the tools of choice 

to investigate very small specimens to extract the information regarding 

morphology, topography, and crystallography. The main components of a 

scanning electron microscope (SEM) are the electron gun, electrostatic 

lenses, the sample chamber and the detectors.  An electron gun (thermionic 

or field emission) positioned on the top of the device emits a beam of highly 

concentrated electrons, which after passing through a series of lenses, is 

focussed on the specimen under investigation. A number of interactions 

occur when electrons arrive at the surface of the sample, and as a result 

primary backscattered electrons, secondary electrons, Auger electrons, and 

characteristic X-rays are produced. The primary backscattered and 

secondary electrons are collected by detectors to form the image of the 

specimen via CCD cameras. The secondary electrons with energies lower 
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than 50 eV are best suited to gain information on the topography of 

specimens with features of few nm. The collection of X-rays contributes 

information about the elemental composition of the sample. [48] The SEM 

images displayed in this dissertation were obtained by using three scanning 

electron microscopes, a Zeiss supra 40 (electron energy range 10 keV, 

lateral resolution: 1 nm), a MIRA3 TESCAN (lateral resolution: 1.2 nm at 

30 kV, 2.5 nm at 3 kV) and a FEI Nova NanoSEM 450 (electron energy range 

1 KeV to 30 KeV, lateral resolution: 1nm). These SEM images were recorded 

with magnifications ranging from 1.0 Kx to 25.0 Kx. 

2.2.5 Energy dispersive X-ray spectroscopy (Chapters 6, 7) 

Energy dispersive X-ray spectroscopy (EDS) is an analytical tool used for 

chemical or elemental analysis of samples. The working principle of this 

technique consists in stimulating the emission of X-rays from the surface. In 

a typical EDS setup, a high energy beam of electrons impinges on the 

surface of the sample to excite the electrons from the inner shells of the 

atoms and hence creating core holes. These core holes are filled by 

electrons from upper shells resulting in the emission of characteristic 

X-rays, which are collected by a special EDS detector to extract the 

elemental information. The EDS data described in this thesis was obtained 

using general purpose high resolution field emission SEMs, namely a ZEISS 

SUPRA 40 and a FEI Nova NanoSEM 450. EDS measurements were carried 

out for elemental analysis of as-synthesized carbon-based hybrid 

nanostructures. 

2.2.6 Transmission electron microscopy (Chapter 6) 

The transmission electron microscopy (TEM) analysis was carried out to 

investigate the interface of rGO and ZnO NWs (wrapping). The TEM images 

shown in this thesis were recorded with a JEOL 8100 microscope running at 

200 kV accelerating voltage. The sample was prepared by scratching the 

rGO-ZnO NWs from the surface of Ni foam. These rGO-ZnO NWs were 

dispersed in ethanol (Sigma Aldrich, 99 %) and ultra-sonicated for ~30 

minutes. After this a drop of suspension was deposited on the Cu-grid and 
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vacuum dried before being introduced into the TEM. In TEM, the electrons 

behave like a wave front when accelerated at a very high speed (relativistic 

speed), which is scattered when it passes through a thin sample. These 

scattered electrons are focused with electromagnetic lenses to get the 

image or diffraction pattern. 

2.2.7 X-ray diffraction (Chapter 7) 

X-ray diffraction (XRD) was employed for the structural and phase analysis 

of pure GO, TiO2 and GO-TiO2 nanocomposite materials. XRD analysis was 

carried out with a Bruker D8 Advance X-ray powder diffractometer at the 

Nanoscience and Technology Department, Quaid-i-Azam University, 

Islamabad. The diffractometer was operated with a Cu Kα radiation source 

(λ =1.54056 Å), generated at 40 kV and 40 mA and the data acquired at a 

scan rate of 1.2/min in a 2θ range of 5o to 70o. X’pert high score and 

chekcell software were used for the assignments of the peak positions and 

for calculating the average crystallite size. The interlayer distance between 

two GO sheets was determined by using the Bragg’s equation, i.e. 

λ=2dsin(Ɵ) where λ is the wavelength of the X-ray beam (λ = 0.154 nm) and 

d is the distance between GO layers.  

2.2.8 UV/visible spectroscopy (Chapter 7) 

Ultraviolet–visible spectroscopy (UV-Vis) is an important analytical tool 

widely utilized in physics, chemistry and life sciences for studying the optical 

properties of materials. We have used the Perkin-Elmer Lambda 950 

photospectrometer, equipped with an integrating sphere of 150 mm 

diameter, for retrieving the band gap and optical properties of GO-TiO2 

nanocomposite materials. The operating range Lambda 950 spectrometer is 

175−3300 nm with a resolution of ~0.05 nm.  To eliminate the background 

signal, this spectrometer is equipped with a double beam (Deuterium and 

Tungsten lamps) and a double monochromator. A photomultiplier tube 

(PMT) and a PbS detector cover the full range of UV/Vis (175 nm to 

860.8 nm) and NIR (860.8 nm to 3300 nm), respectively. We collected the 

transmittance spectra from ITO/xGO–TiO2 (x = 0 wt%, 2 wt%, 4 wt%, 8 wt.%, 
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and 12 wt%) nanocomposite thin films. The optical bandgap of the samples 

was calculated based on Beer’s law by plotting the (αhν)2 vs hν.[41]  

2.2.9 Electronic transport measurements (Chapter 7) 

The electron transport measurements on GO, TiO2 and GO-TiO2 

nanocomposite thin films were carried out by using a four probe Keithley 

(nano-source meter) system. For this, compact xGO-TiO2 (x = 0 wt%, 2 wt%, 

4 wt%, 8 wt%, and 12 wt%) nanocomposite thin films were deposited on 

ITO substrates and contacts made by using conductive silver paste (Sigma 

Aldrich). From these electrical measurements the characteristic current-

voltage curves were obtained.  
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Chapter 3 

Carbon nanofibers grown on vertically aligned InAs 
nanowires* 

The integration of carbon nanostructures with semiconductor nanowires 

holds great promise for energy efficient integrated circuits. However, the 

control over positioning and stability of these interconnections forming 

hybrid nanostructures is a key challenge. This chapter presents the 

controlled growth of carbon nanofibers (CNFs) on vertically aligned indium 

arsenide (InAs) nanowires. The CNF/InAs hybrid structures, synthesized by 

chemical vapour deposition (CVD), were produced without damaging the 

morphology and network of the pristine nanowires. At optimised 

conditions, we observed preferential growth of the carbon nanofibers in the 

direction perpendicular to the InAs nanowires. Moreover, when the CVD 

process was performed using iron as a catalyst, an increased growth rate 

was achieved through the nucleation of carbon nanofibers preferentially on 

top of the InAs nanowires (tip growth mechanism) presumably catalysed by 

a gold-indium alloy, which can form only there. Our results demonstrate an 

interesting example of controlled interconnections between adjacent InAs 

nanowires with carbon fibers. 

 
 
 
 
 

 
 
 
 
 
 
 
*The results discussed in this chapter will be published as: Muhammad Arshad, 
Lucia Sorba, Petra Rudolf and Cinzia Cepek “Carbon Nanofibers Grown on Vertically 
Aligned InAs Nanowires Via Chemical Vapour Deposition”, in preparation. 
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3.1 Introduction  

Due to their excellent mechanical and electrical properties, carbon 

nanotubes (CNTs) and carbon nanofibers (CNFs) are promising materials for 

interconnect wires in future very large scale integration (VLSI) technology. 

Simulations have shown that the use of metallic CNTs interconnects could 

yield more energy efficient and faster integrated circuits. [1] However the 

precise control of how to interconnect the individual CNFs/CNTs with 

nanowires (NWs) remains a key challenge. One promising approach for the 

integration of CNTs in real devices is the synthesis of controlled CNT/NW 

hybrid nanostructures. 

The possibility to obtain well-defined CNT/metal or semiconducting NW 

hybrid structures has been widely explored in the literature [2], but a 

complete control to be used in real electronic devices has not yet been 

achieved. Semiconducting nanowires (NWs) can be grown in well-ordered 

and oriented arrays on semiconducting substrates by molecular beam 

epitaxy (MBE), and these ordered one-dimensional nanostructures can be 

used as templates for the synthesis of CNTs/CNFs to obtain the desired 

hybrid structures.[3] For these purposes, the most promising CNT/CNF 

growth technique is the catalytic chemical vapour deposition (CVD) because 

of its ability to control the location and diameter of the tubular structures 

(driven, respectively, by the catalyst nanoparticles’ position and diameter). 

In addition, the low growth temperatures involved (400-900°C) permit 

direct deposition onto an electronic device. [4 5] CVD represents an easy and 

cheap way to synthesize the patterned building block of hybrid 

nanostructures at a large scale. 

We performed CVD growth on a network of vertically aligned InAs NWs and 

showed that it is possible to synthesize CNFs without destroying the pristine 

nanowire network. All samples were characterized in situ before and after 

the growth by X-ray photoelectron spectroscopy (XPS), as well as ex situ by 

scanning electron microscopy (SEM) and Raman spectroscopy.  
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3.2 Experimental details 

The aligned InAs NWs used in these experiments were prepared at the 

Istituto Nanoscienze-CNR (Pisa, Italy). The InAs NWs were grown vertically 

on an InAs substrate by chemical beam epitaxy (CBE) using gold (Au) as a 

catalyst and following the growth procedure described in Ref. [6] A scanning 

electron micrograph of the as-received InAs NWs/InAs is presented in figure 

3.1, left and shows vertically aligned nanowires of different diameter, which 

randomly cover the substrate surface. Energy dispersive X-ray spectroscopy 

(EDS) performed together with scanning electron microscopy (SEM) 

revealed that after the CBE growth, the Au nanoparticles reside on the tip 

of the InAs nanowires. Note that the density of InAs nanowires varies from 

sample to sample; when discussing the CNF growth, we shall therefore refer 

to the density of CNFs/InAs nanowire, expressed in %. 

All steps of the CVD process to grow CNFs, including catalyst deposition, 

were performed in an ultra-high vacuum experimental system (base 

pressure <1x10-10mbar).  

As mentioned in Chapter 2, the XPS peaks were analysed by performing a 

non-linear mean square fit of the data, reproducing the photoemission 

intensity using Doniach-Sunjic line shapes superimposed to a Shirley 

background. The spin-orbit (SO) splitting, branching ratio (BR) and 

Lorentzian width ( ) were fixed to the literature values [7 8], in particular the 

BR was fixed to 1.5 for both levels,  to 0.19 eV for In 3d, 0.16 eV for As 3d, 

and the SO to 7.6 eV for In 3d and 0.7 eV for As 3d. Because the As 3d3/2 and 

As 3d5/3 SO separation is smaller than the used energy resolution (~0.8eV), 

both peaks are displayed using one single component. Binding energies 

were calibrated by fixing the C 1s binding energy of adventitious carbon to 

284.6 eV. Binding energy positions are given with a precision of ± 0.1eV.  

The typical CVD route we used consisted of degassing of the InAs substrate 

at 300-400°C in combination with 3 sccm H2 exposure (SIAD, grade 5) to 

pre-treat and clean the surface. The typical duration of these pre-

treatments was  
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Figure 3.1: SEM images of as-received InAs NWs (left) and after pre-treatment of the same 

sample at 520°C without (top-right) or with (bottom-right) 3 sccm of H2 (see text for more 

details). All SEM images were collected with beam energy of 10.0 kV, Top images (left-right) 

were obtained at a tilt angle of 10.0o and bottom images left-right are received at tilt angles 

of 10.0 o and 20.0o, respectively, which explains why the length of the InAs NWs seems 

different. 

15 minutes. The CVD was performed with and without a catalyst (iron) 

typically for 25-40 minutes. When we used the catalyst, iron 

deposition was done as described in Chapter 2:  Fe catalyst films were 

deposited in situ before CVD at room temperature by electron 

bombardment of an iron target (Aldrich, 99.9 % purity). The deposition rate 

(0.35 Å/min) was obtained from the attenuation of the photoemission 

peaks of the In 3d core level and confirmed by a thickness monitor (Quartz 

crystal microbalance). Catalyst deposition was followed by annealing to the 

chosen growth temperature (range: 490-530°C).  

We tested the thermal stability of the InAs NWs to annealing in UHV at 

increasing temperatures using the same annealing time as typically used in 

the CVD process (≈25 min). The SEM images shown in figure 3.1, right 

demonstrate that no melting or significant morphological changes occur up 

to ~520 °C when annealing without (figure 3.1 top-right) or with H2 (figure 

3.1 bottom-right), annealing at temperature higher than 530 °C partially 
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destroys the NWs (note that the InAs melting temperature in bulk form is 

942 °C [9]). The CVD was performed with C2H2 and H2 as precursor gases in 

the flux range 0.5-7.0 sccm. The pressure in the growth chamber during the 

process was in the range of (1 to 5) ×10-4mbar. 

3.3 Results and discussion 

3.3.1 Substrate pre-treatment  

When the CVD was performed without H2 pre-treatment, we never 

observed the growth of tubular carbon nanostructures, and the SEM images 

were similar to those of the as-received samples (not shown). This is most 

probably due to the oxide layer formed on the surface of the substrate after 

air exposure, which does not support any CNT/CNFs nucleation site within 

the CVD parameter window we used. 

The optimized procedure before CVD was therefore the following: the InAs 

NWs were first degassed at  430 oC for 10 min, then underwent the 

hydrogen pre-treatment at  525 oC using a flux of 3 sccm for 15 min 

(pressure in the growth system during the treatment: 4x10-4 mbar). As 

already mentioned, even if we cannot exclude any structural modification 

at the atomic scale, not detectable by SEM, after H2 pre-treatment up to 

~525°C no significant morphological changes were observed in SEM images, 

as shown in figure 3.1, bottom right. The length of the InAs nanowires 

seems different after H2 pre-treatment because the SEM images are 

collected at different tilt angles. To evince whether the cleaning procedure 

was efficient in removing the oxide layer, the chemical effects of these 

treatments were studied by photoemission spectroscopy.  

Fig. 3.2 shows the As 3d (left) and In 3d (right) XPS spectra of the as-grown 

sample, after annealing at 430 °C, 500 °C and after H2 pre-treatment at 

525 °C. Both the In 3d and As 3d core levels of the as-received sample (Fig. 

3.2 (a), (b) bottom) show two components, the most intense of them 

corresponds to In-As bond (In 3d5/2 at a binding energy (BE) of ≈444.6 eV, As 

3d maximum at ≈41.0 eV, filled in blue), while the others are associated  
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Figure 3.2: XPS spectra of As 3d (a) and In 3d (b) of as-received InAs MWs (bottom), after 

annealing at 430 °C, 500 °C and after H2 pre-treatment at 525 °C (top). All spectra are 

normalized to the photon flux and are acquired in normal emission geometry using a non-

monochromatized Mg X-ray source. The black dots refer to the experimental data, the 

grey line to fit results, the blue filled curves to the InAs components, and the green filled 

curves to different oxide components. The weak peak at about 443 eV in the In 3d spectra 

(filled in orange) is due to the Mg K  satellites. The top-left inset shows the As (red) and In 

(black) concentrations after the same three pre-treatments. The dotted line corresponds 

to stoichiometric InAs (50 %) 

with the native surface oxide (green components), which is mainly 

composed by In2O3 (In 3d3/2 at ≈445.5 eV in BE) and AsxOy (a mixture of 

As2O3 and As2O5, showing As 3d maximum at a BE of ≈45.6 eV). The 

annealing at 430 °C causes the partial desorption of carbon (data not 

shown) and In oxide peaks, and the complete desorption of the As oxide. 

The H2 pre-treatment at 525 °C (Fig. 3.2 (a), (b) top) causes a slight 

further. 

decrease of C 1s and O 1s peak intensities. In addition, while the as-received 

NWs are stoichiometric within the experimental error, annealing at high 

temperature causes the partial desorption of As, which increases with 

increasing temperature (Fig. 3.2 (a), inset). Taking into account that the 
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photoelectron escape depth in our experimental conditions is ~25 Å for As 

and ~18 Å for In [10], the As sublimation occurs at least in the topmost 

2-3 nm, but it does not affect the core of the NWs, as shown by Raman 

spectroscopy (vide infra). Arsenic sublimation after annealing in UHV is well 

known, and due to a partial decomposition of InAs. The Arsenic sublimation 

temperature and rate depend on the structure and quality of the InAs NWs. 

[11] Finally we note that the catalyst Au nanoparticles, necessary for the 

growth of the nanowires in the first place, are located on the NW tips. [12]  
 

CVD: results and discussion 

3.3.2 Scanning electron microscopy analysis 

Synthesis of tubular carbon was successful only on substrates that 

underwent the H2 pre-treatment. CVD growth both with and without the 

use of iron as catalyst was performed using different H2 and C2H2 flow rates 

(from 0.5 sccm to 7.0 sccm) in the temperature ranges 490-570 oC. We 

recall that density, orientation, and length of the InAs NWs remains almost 

unaffected after UHV annealing at temperature up to 520 oC, as shown in 

Figure 3.1. If instead CVD growth is attempted at temperatures ≥ 530 °C, 

the SEM images show that the InAs nanowires melt, in agreement with 

literature. [13] At temperatures higher than 540°C, we never observed any 

form of tubular carbon after CVD in all the conditions we tested, and the 

SEM images showed partially or totally melted InAs NWs (not shown). 

Likewise no significant changes with respect to the pristine InAs NW 

substrate were observed when the growth was attempted at temperatures 

below 490 oC, indicating that these temperatures are not sufficient to 

decompose C2H2 on InAs NWs in our experimental conditions. 

The formation of carbon in tubular form, mainly CNFs, as revealed by 

Raman spectroscopy (data discussed below), was observed in the 

temperature window 500-530 °C. Figure 3.3 (a) shows the SEM image 

acquired after CVD growth performed without catalyst at ~525 oC using a 

flux of ~7 sccm of C2H2 for 20 minutes (pressure inside the preparation 

chamber during growth: ~810-4 mbar). In this case a deposit of almost  
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Figure 3.3: SEM images collected after different CVD processes: a) without catalyst and H2 

pre-treatment (CVD at 810-4 mbar of C2H2  (3.0 sccm) for 20 min at  525 oC); b) without 

catalyst, with H2 pre-treatment (CVD at 4.510-4 mbar of C2H2 (3.6 sccm) and H2 (2.0 sccm) 

for 40 min at 525 oC); c) with catalyst and H2 pre-treatment (0.6 nm Fe, same CVD condition 

of b); d) with catalyst and H2 pre-treatment at high temperature (530°C), where it is clear 

that part of NWs are strongly distorted and/or etched (see text for more details). All the 

images are obtained with the beam energy of 10 kV at tilt angles of 20.0 o (a, b, d) and at 

10.0 o (c). 

spherical nanoparticles are visible on both the InAs NWs and the InAs 

substrate, together with short tubular structures mainly located at the NW 

tips. As seen in the SEM micrograph shown in figure 3.3 (b), the addition of 

H2 to C2H2 during CVD helped to nearly completely eliminate the presence 

of the spherical carbon nanoparticles, and to enhance the synthesis of 

CNFs. In this case we used an acetylene flux of 3.6 sccm together with a 

hydrogen flux of 2 sccm at 525°C (pressure during growth ~ 4.510-4 mbar). 

We observed that in the appropriate growth conditions, these tubular 

structures have diameters of a few nanometers, nucleate preferentially on 

the InAs NW tips, grow along the direction perpendicular to the NW axis, 
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and sometimes connect two NWs. We remark that we never observed the 

above structures after mere annealing of the InAs NWs at the same growth 

temperature using the same annealing duration used in the CVD process. 

A summary (with sample ID) is given in table 3.2. We found that the number 

of grown CNFs depends strongly on the growth conditions. 

 

Table 3.2: A brief summary of growth parameters varied during CVD process (without 

catalyst) and % of CNFs connecting the InAs NWs. 

Our attempt to optimize of growth parameters, we explored whether 

increasing the C2H2 flux, the H2 flux, the growth time and the growth per 

InAs NW depends strongly on the growth conditions; in particular, first we 

Sample 

ID 

Flux of 

C2H2 

(sccm) 

Flux of  

H2 

(sccm) 

Growth 

time 

(minutes) 

Growth 

temperature 

oC 

% of 

CNF/InAs 

NWs 

441 0.5 0 10 510-520  8 to 10 

279 0.7 0 10 530-535 8 to 10 

335(b) 3.5  20 525-530 10 to 12 

535(b) 2.6 0 20 525-535 8 to 10 

335 (a) 1.8 0 20 525-530 5 to 7 

535(a) 1.8 0 20 525-535 5 to 7 

372(b) 5 0 25 570-580 0 

433 1.9 1.2 30 500 5 

595 (a) 3.6 2 40 520-525 14 to 16 

595 (b) 3.6 2.5 40 525-530 8 to 10 

611 (a) 3.6 1.9 40 525-535 10 to 12 

611 (b) 3.6 1.7 40 520-525 12 to 14 

611 (c) 3.6 2 40 525-530 16 to 18 

606 (a) 3.6 2 50 520-525 6 to 8 

606 (b) 3.6  2 60 525-530 8 to 10 
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established that the increase in growth temperature to 525 oC and of the 

C2H2 flux to 3.5 sccm was optimal, then we concentrated on the H2 flux and 

established that the maximum number of CNFs per InAs NW without 

catalyst obtainable in our parameter window was around 15 %. 

As illustrated in the SEM micrograph in figure 3.4 (top), maintaining the 

same growth conditions as those for the sample shown in figure 3.3 (b), but 

depositing a thin film of iron (≈0.6 nm) before CVD growth, causes a strong  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4: Top: SEM image CVD growth after deposition of 0.6 nm Fe; growth conditions: 

4.510-4 mbar of C2H2 (3.6 sccm) and H2 (2.0 sccm) for 40 min at 525 oC. Bottom: High 

resolution SEM images CVD growth without catalyst showing the nucleation of a CNF (left) 

and interconnection of two InAs NWs with a CNF (right). These images were collected by 

using the beam energy of 10.0 kV at different titled position of samples. Top at 20.0 o, 

bottom-left at 0.0 o and bottom-right at 30.0 o.  
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Table 3.3: A summary of growth parameters used during CVD process (with iron catalyst) and  

% of CNFs connecting the InAs NWs. 

 

 

 
 
 
 
 
 
 

 

 

Figure 3.5: Density of CNF obtained after CVD growth in the presence of 0.6 nm Fe acting as 

catalyst, at different temperatures. The flux of acetylene (3.6 sccm), Hydrogen (2 sccm) and 

thickness of iron catalyst was kept same throughout the experiments. 

increase in the density of the tubular structures, which are also significantly 

longer and thinner than those obtained when growing without Fe. The 

detailed SEM micrographs shown in figure 3.4 (bottom) refer to a sample 

grown without Fe.  The nucleation of CNFs (left) and the establishment of a 

CNF bridge (right) between two InAs nanowires can be clearly distinguished. 

Sample Flux of 
C2H2 

(sccm) 

Flux of  
H2 

(sccm) 

Growth 
time 
(min) 

Growth 
T ( oC) 

Fe 
thick-
ness 
(nm) 

% CNFs/ 
InAs NW 

659 (a) 3.6 2 40 490-495 0.6 40 to 45 

659 (b) 3.6 2 30 520-525 0.6 40 to 45 

669 (b) 3.6 2 40 535-540 0.6 25-30 

669 (c) 3.6 2 40 525-530 0.6 45 to 50 

669 (d) 3.6 2 40 515-520 0.6 40 to 45 

669 (e) 3.6 2 40 490-500 0.6 10 to 15 

617 3.6 2 40 515-520 0.4 20 to 25 
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We explored the influence of the growth temperature on the number of 

CNFs per InAs NW obtained with the Fe, present, as shown in table 3.3. and 

in figure 3.5. We note that before the complete melting of the InAs NWs, 

the density of CNFs increases, reaching 50 %, i.e. three times more than 

without the use of Fe, while the tube diameters decrease. This can be seen 

in figure 3.4 (top), where the CVD growth was performed at 530 °C. Here it 

is also evident that the InAs NWs change shape, becoming shorter (≈ 15 to 

20 % than before the growth) which indicates a partial melting. 

3.3.3 Raman and X-ray photoelectron spectroscopy  

To better characterize the structures grown by CVD and the reveal possible 

chemical changes induced in the InAs NWs due to the CVD growth, we 

collected Raman and X-ray photoelectron spectra.  Up to now we have 

talked of carbon nanofibers as the result of CVD growth, but the proof of 

this comes only from the Raman data. As detailed in chapter 2, the 

dominant Raman features in single walled CNTs are the radial breathing 

modes (RBMs) at low frequencies (< 300 cm-1), and the tangential multi-

feature modes at higher frequencies (≈ 1500 cm-1).   

Figure 3.6 shows the Raman spectra acquired on the InAs substrate covered 

with InAs NWs as-received, after annealing at 430°C, and after CVD growth 

of the sample of figure 3.3 (b) ( 4.510-4 mbar of C2H2 (3.6 sccm) and H2 

(2.0 
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Figure 3.6:  Raman spectra as received InAs NWs (bottom), after annealing at 430 °C (centre) 

and after CVD (top). 

sccm) for 40 min at 525 oC, without Fe catalyst). The low frequency spectra 

(figure 3.6, left) show peaks at 212 cm-1 and 237 cm-1, which are the typical 

tangential optical (TO) and longitudinal optical (LO) phonon modes of the 

InAs NWs. [14] These spectra did not show significant differences before and 

after the growth, indicating that the NWs remain almost unaffected by the 

different processes. No additional peaks appeared in this region after CVD 

growth; this allows us to exclude that any single walled CNTs have been 

produced in our growth conditions. In fact, had such single walled CNTs 

been produced one would expect the signature of their radial breathing 

mode (RBM) in this spectral region. [15 16] 

 

The high frequency spectrum (figure 3.6, right) acquired after CVD shows a 

G peak at 1592 cm-1, typical of disordered sp2 carbon, and an intense D 

peak, indicative of defects and disordered graphitic material, at 

1368 cm-1.[17-21] Both the D and G peaks are very broad, and the spectra 

present the typical signature of disordered carbon and non-crystalline 
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structures, such as carbon nanofibers and amorphous nanoparticles.[22-24] 

The relative intensities ID/IG can be used qualitatively to characterize the 

order of carbon materials since the D peak represents an indication of the 

carbon defects.[25] High ID/IG ratio (0.75) corresponds to a low degree of 

order in CNFs and CNTs.[26]  

We did not observe any significant changes in the Raman spectra acquired 

after the CVD growth in the presence of the Fe catalyst (not shown), which 

indicates that in all the cases the carbon structures are similar and highly 

disordered.  

In all cases (with and without the use of H2 during CVD, and with and 

without the deposition of Fe) CNFs nucleate preferentially at the InAs NWs 

tips, where the Au nanoparticles used to catalyse the NWs are located. This 

may be an indication that the tips play a crucial role in the CNF synthesis.  

We note that, if CNF growth was catalysed by In, As and/or Fe (when used), 

we would expect to see CNF nucleation also on the substrates surface, and 

we would also expect to see a chemical interaction between In or As and 

carbon, which may be revealed by XPS. We also note that the formation of 

compounds of iron with indium and/or arsenide is unlikely at our growth 

temperature. [27 28]  

The XPS spectra of the In and As 3d core levels acquired before and after 

CVD are presented in figure 3.7. The C 1s acquired after the growth does  
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Figure 3.7: Photoemission spectra of As 3d (a), In 3d (b) and C1s (c) of before and after CVD 

process. As-received InAs MWs (bottom), after annealing at 430°C (centre) and after H2 pre-

treatment (top). All spectra are normalized to the photon flux and are acquired in normal 

emission geometry using a non-monocromatized Mg X-ray source. The dots refer to the 

experimental data, the grey line to fit results, the black line to the InAs component. The fit 

components filled in dark grey are due to the oxide components. The weak peak at about 

443 eV in the In 3d spectra (filled in light grey) is due to the Mg Kα satellites. 

not increase significantly because of the low number of CNFs nucleated. 

However it shows the disappearance of the component at 289 eV BE, 

mostly due to (C-Ox) contaminants that are apparently etched away during 

the CVD process, the decrease of the component at a BE of 285.2 eV, due 

to disordered and/or sp3 carbon, and the increase of the sp2 component at 

284.4 eV because of fiber nucleation. At the same time after CVD the 

As 3d spectrum showed the appearance of a component at a binding 

energy of  43.4 eV (figure 3.7 (a) top, black filled component), 

corresponding to As+1,[29] which may indicate the formation of As-C bonds.[30 

31] It is already known that Au nanoparticles are able to catalyse the InAs 

decomposition under high temperature annealing in UHV.[11 32] Arsenic has a 

low solubility in Au and at high temperature it sublimates in the form of Asx. 

So during the CVD process it can react with C2H2 to form As carbide, as 

revealed by our XPS data. On the contrary Indium has high solubility in Au, 

and it can easily form Au-In alloys. [33]. Unfortunately, due to the low Au 

concentration in our sample, we are not able to distinguish the formation of 

an In-Au alloy, and the In 3d spectra acquired before and after the CVD 

process do not show any significant differences. However, we note that the 
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AuIn2 alloy in form of nanoparticle has already be found to be able to 

catalyse the growth of InAs nanotrees also at very low temperature [12] and 

in our case may be the responsible of the CNF synthesis. The nanometric 

size of the Au-In particles in the samples studied here can further enhance 

their reactivity, as already observed in several nanostructured materials. [34-

37]  

3.4 Conclusions  

We have successfully synthesized the CNF-InAs hybrid integrated 

nanostructures by CVD at optimized growth conditions. SEM micrographs 

confirmed that the original network of InAs NWs is thermally stable 

(preserved) during annealing, H2 pre-treatment and after the CVD process. 

CNFs preferentially nucleate at the tip of InAs NWs, probably catalysed by 

the gold-indium alloy, which can form only there. The number density of 

CNFs increased to 50 % of decorated InAs NWs when Fe was used as 

catalyst in the CVD process. Raman spectroscopy revealed the presence of 

graphitic like carbon structures and the high number of defects, which 

points to carbon nanofibers. Our results demonstrate that controlled 

interconnections between adjacent InAs nanowires with carbon fibers can 

be obtained via CVD. 
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Chapter 4 

Aligned and unaligned carbon nanotubes: growth and 
photoinduced charge transfer mechanism* 

This chapter is dedicated to the controlled synthesis of carbon nanotubes 

(CNTs) and the photoinduced charge transfer behaviour of aligned and 

unaligned CNTs. Time-resolved reflectivity measurements performed on 

these CNTs with a pump energy quasi-resonant with the second Van Hove 

singularity of semiconducting tubes revealed a positive sign of the transient 

reflectivity in unaligned nanotubes, whereas a negative sign was detected in 

aligned nanotubes. This discovery addresses a long-standing question 

showing that in unaligned nanotubes the stronger intertube interactions 

favour the formation of short-lived free charge carriers in semiconducting 

tubes. A detailed analysis of the transient reflectivity spectral response 

shows that the free carriers in the photoexcited state of semiconducting 

tubes move towards metallic tubes in about 400 fs. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

*The results presented in this chapter were published in: G. Galimberti, S. Pagliara, 

S. Ponzoni, S. Dal Conte, F. Cilento, G. Ferrini, S. Hofmann, M. Arshad, C. Cepek and 

F. Parmigiani, “The photoinduced charge transfer mechanism in aligned and 

unaligned carbon nanotubes”, Carbon, 49(15), 5246-5252 (2011). 
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4.1 Introduction 

The electronic and electrical transport properties of single-walled carbon 

nanotubes (SWCNTs) are strongly affected by structure and by their 

organization in form of bundles, their orientation, chirality and intertube 

interactions. Bundled CNTs inherently comprise of mixture of metallic and 

semiconductor tubes. During the last years a significant effort has been 

dedicated to the synthesis of CNTs with controlled orientation and their 

realization into electronic devices. The efficiency of CNT-based devices, 

ranging from field effect transistors to nano-photovoltaic systems, strongly 

depends on non-equilibrium carrier transport and on charge transfer 

mechanisms from semiconducting to metallic nanotubes. [1-4] Therefore, an 

accurate understanding of the interactions between nanotubes and of the 

charge transfer mechanisms is crucial for a significant advancement of the 

technology of CNT-based devices.  

A large number of studies have revealed that at equilibrium [5-7] the 

intertube interactions in SWCNT bundles are weak and very analogous to 

the coupling between adjacent graphene planes in 3D crystalline graphite 

or the interball coupling found in solid C60. This weak intertube interaction 

is controlled by the van der Waals forces with a nonzero covalent bond 

contribution. This behaviour has a substantial impact on the vibrational [5 6 8-

11] and electronic properties of nanotubes [12-14] such as band gap openings 

and pseudogaps in SWCNTs, single electron transport and resistivity. 

However, the effect of the intertube interactions in bundled SWCNTs, 

pertinent to charge transfer mechanisms, remains unclear. 

 

A number of theoretical studies have discussed the interactions between 

adjacent tubes in bundled nanotubes. These studies suggest that the 

dominant intertube van der Waals interactions, while promoting the 

nanotube bundling, have the effect of energy shifting and broadening the 

optical transitions. In particular, the broadening of the absorption spectral 

features in bundled nanotubes originates from the intertube electronic 

properties perpendicular to the tube axis. Moreover, the curvature of the 

nanotube wall in CNTs induces a downshift of the conduction bands by 
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enhancing the σ–π hybridization. [6 15 16]  

Although these mechanisms are well understood, the absence of a strong 

luminescence in CNT bundles remains unclear. This is a key question 

concerning the charge transfer processes since it has been argued that the 

non-radiative channel, quenching the radiative channel (fluorescence), can 

originate from possible charge transfer from the semiconducting to the 

metallic tubes. Nevertheless, this is still an open question and optical 

spectroscopies in the time domain, with a suitable time resolution, might 

reveal the changes of the optical properties induced by nonradiative 

mechanisms. [17-20] Recently, this kind of experiments has been performed 

on CNTs with a well-defined chirality. However, making CNTs with a defined 

structure and with intertube interactions not affected from other atomic 

species (contaminants, surfactants or molecule) still remains a major 

challenge.[21 22] In this framework, in order to highlight the dependence of 

the charge transfer channel on the bare intertube interactions, time-

resolved reflectivity measurements on the femtosecond timescale were 

carried out on aligned and unaligned SWCNT bundles with different 

chirality, synthesized by chemical vapour deposition (CVD).[23] 

The experiments were performed by using a conventional one-colour 

pump–probe set-up (pump and probe both at 1.55 eV), along with a novel 

pump-probe set-up in which the probe is a broadband white light pulse 

(supercontinuum). [24] By using the supercontinuum pulse as a probe, it is 

possible to achieve spectral resolution: this allows detecting in the 

frequency domain the relaxation dynamics of carriers excited through a 

resonant absorption transition into the conduction band. By setting the 

pump frequency quasi-resonant with the second Van Hove singularity of the 

carbon compounds a positive sign of the transient reflectivity was detected 

in unaligned nanotubes, whereas a negative transient reflectivity was 

detected in aligned nanotubes. This important difference demonstrates that 

in unaligned nanotubes the stronger intertube interactions favour the 

formation of short-living free charge carriers in semiconducting tubes that 

decay through a charge transfer nonradiative process toward the metallic 

tubes. A detailed analysis of the transient reflectivity spectral response 
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shows that the free carriers in the photo-excited state of semiconducting 

tube transfer to the metallic tubes in about 400 fs. 

4.2 Growth of carbon nanotubes 

Unaligned and aligned CNT bundles (see scanning electron microscopy 

(SEM) images in figures 4.1 and 4.2, respectively) were synthesized by CVD 

on Si/SiO2/Al2O3 and Si/TiN substrates in the Analytical Division of the TASC-

IOM-CNR laboratory. The catalyst depositions and CVD processes were 

performed in an ultra-high vacuum experimental apparatus (base 

pressure<1x10-10 mbar). In this apparatus it is possible to control the 

chemical state of the catalyst (before and after the growth) via X-ray 

photoelectron spectroscopy (XPS) and to monitor precisely all the CVD 

parameters (i.e. precursor gas purity, pressure and pressure gradient, 

sample temperature, gas fluxes, etc.). 

The CVD was performed on 150 nm thick films of SiO2 thermally grown on 

polished n-type Si (100) substrates [25]; on 10 nm thick Al2O3 films grown via 

magnetron sputtering [26] on the previous film and on 30 nm TiN films grown 

via atomic layer deposition (ALD) on Si substrates. [27] We used Fe as 

catalyst, and acetylene as the precursor gas. The Fe catalyst thin films were 

deposited in situ at a growth rate of ~0.6 nm/h on substrates at room 

temperature by sublimation from filaments (Aldrich, 99.9% purity) heated 

by electron bombardment. The deposition rate was determined from the 

attenuation of the photoemission peaks of Al 2p for the Al2O3 support layer 

and Si 2p for the SiO2 support layer. 

The samples were clamped between two tantalum contacts for direct 

heating. The Fe films were always monitored by X-ray photoelectron 

spectroscopy (XPS) to detect the presence of contaminants. We operated in 

the following parameters window: ≈0.6–8 nm Fe film thickness, 4×10-8–10-3 

mbar C2H2 pressure (≈ 4 sccm) and 580–600°C growth temperature. A 

typical CVD route consisted of a preliminary out-gassing of the substrate at 

550–600 °C, followed by Fe deposition at room temperature, and successive 

ramping-up to the chosen growth temperature. In order to exclude extrinsic 
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effects, residual solvents or chemical treatments during the CNTs synthesis 

were avoided. Figure 4.1 shows the SEM micrograph obtained from growth 

on Si/TiN in these conditions. The SEM images show a high density of 

spaghetti-like CNT structures which uniformly covers the substrate. The 

average diameter of these CNTs is around 1.0 nm (confirmed by Raman) 

and their length ranges up to several micrometers. When the C2H2 flux 

during the CVD process is significantly increased to 50 sccm, while all the 

other experimental conditions mentioned above are kept the same, CNTs 

with the morphology seen in the SEM images in Figure 4.2 are produced; 

the SEM image shown in the lower panel was taken at the edge of the 

nanotube-covered area. These SEM images show a forest-like dense 

 

Figure 4.1: SEM images of unaligned SWCNTs grown on Si/TiN substrate 
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growth of vertically aligned self-supported CNTs.  The average diameter of 

these CNTs ranges from 1 to 1.6 nm (confirmed by Raman) and their length 

is around 4 to 5 μm.  

The TiN and Al2O3 buffer layers are deposited on top of the SiO2/Si 

substrates to prevent the diffusion of catalyst into Si and to avoid the 

formation of metal silicide during pretreatments and during CNT growth.[28] 

The introduction of a buffer layer between catalyst and SiO2/Si substrate 

also facilitates the CNT growth and in particular a Al2O3 layer is used for the 

growth of dense and aligned SWCTs because it increases the roughness of 

the surface and thereby creates more nucleation sites.[29 30]  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: SEM images of vertically aligned SWCNT carpets grown on Al2O3/SiO2/Si 

substrates 
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4.3 Results and discussion 

4.3.1 Raman analysis 

The micro-Raman measurements were carried out on the dense aligned and 

on the unaligned SWCNTs. As shown in figure 4.3, the presence of radial 

breathing modes (RBMs) in aligned and unaligned CNT carpets characterize 

them as SWCNTs. For aligned CNTs, the main RBM peak is located around 

165 cm−1 along with one larger structure corresponding to a diameter range 

from 1 to 1.6 nm. [31] For the unaligned CNTs, the D and G bands and the 

signal from the Si substrate are marked (see figure 4.3 (b)). The D band is 

usually assigned to defects, whereas the G band is more structured, which 

indicates a better quality of the SWCNTs. The RBMs for the unaligned CNTs 

are at 225 cm-1 and 300 cm-1. By using the relation ωrgb = B + (A/dn), with 

A = 234 cm-1 and B = 10 cm-1, the estimated diameters of the nanotubes [31] 

range between 
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Figure 4.3: Micro-Raman spectrum collected from aligned (a) and unaligned (b, c) SWCNTs 

with a He-Ne laser source (λ=632.8 nm). 

0.8 nm and 1.2 nm. The average diameter is about 1.0 nm.  

4.3.2 Transient reflectivity measurements 

The evaluation of the diameters from Raman spectroscopy is consistent 

with the results of the static reflectivity measurement.  In fact, it is possible 

to evaluate the nanotube diameter from the energy positions of the 

features in the static reflectivity spectrum, ascribed to interband optical 

transitions from various valence subbbands to their respective conduction 

subbands. Because of the one-dimensional nature of the electronic bands, 

the density of states of SWCNTs exhibits a series of characteristic Van Hove 

singularities (VHSs) detectable in the near IR and visible spectral regions. By 

using the Kataura scheme [32] in order to compare in particular the second 

Van Hove singularity transitions in the two cases, we obtained the scheme 

shown in figure 4.4. It is evident that in both cases, with a pump and probe 
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energies of 1.5 eV, we should expect a photobleaching effect and it is what 

we get in the case of aligned CNT, but not on the unaligned CNT sample. 

 

Figure 4.4: Static reflectivity spectrum collected from aligned and unaligned carbon nanotube 

samples. 
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Figure 4.5: (a) Schematic electronic structure of both semiconducting and metallic unaligned 

bundled SWNTs. The energy positions of the bands (A, B, C and D) are estimated by the 

reflectivity spectrum reported in (b). The arrows TA, TB, TC and TD indicate the transitions 

from the ground state to unoccupied states. PA1, PA2 and PA3 refer to photoabsorption 

processes induced by the laser pump nearly resonant with the TB transition. 

Figure 4.5 (a) presents the schematic electronic structure of both 

semiconducting and metallic unaligned bundled SWNTs which gives rise to 

the reflectivity spectrum, collected on unaligned SWNT bundles, shown in 

Figure 4.5 b. Four structures located at about 0.8 eV (TA), 1.35 eV (TB), 2.2 

eV (TC) and 3.1 eV (TD) are clearly detected. TA, TB and TD are assigned to 

the inhomogeneously broadened interband optical transitions from the 

valence subbands to their respective conduction subbands in 

semiconducting SWCNTs as schematically shown in figure 4.5 (a). Instead, 

the band TC is assigned to an interband transition in metallic SWCNTs. [17 18]  

When the photon pump energy is resonant with a VHS, a transient 

photobleaching is usually expected in the one-colour time-resolved optical 

spectroscopy. Absorption of the pump pulse excites electrons into the 

conduction band, creating holes in the valence band. Until these carriers 

relax, transient filling effects on the final states are observed. For the 

photobleaching effect, the transient signal is positive in trasmittivity and 

negative in reflectivity (as in absorption). [18-20 33]  

Figure 4.6 shows the one-colour transient reflectivity on unaligned SWCNT 

bundles (see SEM image figure 4.1) together with the spectrum acquired on 

aligned SWCNT bundles (see SEM image figure 4.2). The negative transient 

reflectivity signal on the aligned SWCNTs reveals the photobleaching 

process in agreement with literature [18-20 34], the positive transient 

reflectivity signal on unaligned SWCNTs is the fingerprint of a new 
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relaxation channel that increases the reflectivity. For the assignment of the 

spectral features we refer to the scheme in Figure 4.6 (a). We attribute the 

positive transient reflectivity signal to a free-electron like character of the 

carriers excited in the B band of semiconducting tubes. The transient 

reflectivity’s negative sign of the substrate including the catalyst 

nanoparticles suggests that the contribution of the substrate (inset in figure 

4.6 (b)) is negligible. Moreover, the different orientation of the laser 

polarization with respect to the nanotube axis in the unaligned and aligned 

bundles cannot justify a different sign in the transient optical response. 

At this pump photon energy, the VHS optical transitions are excited only 

with an electric field parallel to the nanotube axis. Due to the near-normal 

incidence of the laser pump, we expect strong excitation mainly in the 

unaligned bundles, where the laser polarization, in a statistical sense, can 

be found parallel to the tube axis. [35] However, also in the vertically aligned 

bundles the excitation of the VHS transitions cannot be excluded even at 

near normal incidence, considering the imperfect alignment of the CNTs 

that  
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Figure 4.6: One colour (hν = 1.55 eV, fluence of 0.2 mJ/cm2) transient reflectivity spectra 

collected on both aligned (a) and unaligned (b) SWCNT. The TR spectrum of the substrate is 

also reported (inset in (b)) in order to exclude its contribution on the TR signal of unaligned 

bundles. The spectra of unaligned and aligned SWCNTs are well fitted with one exponential 

curve convoluted with a Gaussian (representing the laser pulsewidth). 
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prevents them from being oriented perfectly normal to the incident electric 

field of the pump beam. As a consequence, the laser pump excites the same 

VHS transition in both the samples, the only difference being the excitation 

intensity. In agreement with literature [36 37], due to the dependence of 

absorption coefficient on the relative CNT – electric field orientation, we 

conclude that only the density of the photoexcited carriers and not the sign 

of the transient reflectivity is affected by the excitation of the VHS 

transitions. 

The positive transient reflectivity sign can be rationalized considering that in 

the aligned SWCNTs the intertube interactions is comparable with the van 

der Waals interactions among the graphene layers in graphite, whereas in 

unaligned SWCNT the intertube interactions are changed by both the 

curvature and the spatial anisotropy. In particular, the modified intertube 

interactions induce an overlap between the π-bands of adjacent tubes by 

allowing the delocalization of the electrons photoexcited in the VHS. 

Usually, the presence of VHSs or of strongly bound excitons inhibits the 

free-carrier mobility yielding to a localization of charge carriers on a length 

scale of 100 nm. [38] The modified intertube interactions in the unaligned 

bundles, on the contrary, delocalize the carriers excited in these bands, 

inhibiting the photobleaching and favouring the free-electron mobility. 

The delocalized charge created as optical response is expected to behave as 

a Drude electron gas. In this case the imaginary part of the dielectric 

function can be written as [39]: 

)221(

2
p

)(2





            (5.1)
 

where ωp =√(Ne2)/ε0m)
 
is the plasma frequency, N the carrier density, e 

and m the charge and the mass of the electron, ε0 the vacuum dielectric 

constant. 

For an ideal free-electron metal, the reflectivity approaches unity below the 

plasma frequency. Above the plasma frequency, the metal is transparent 

and the reflectivity decreases rapidly with increasing frequency. When free-

electron carriers are created by the laser pump, the Drude-like behaviour of 
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the carriers enhances the reflectivity. Therefore, the transient reflectivity, 

which is the reflectivity signal of the probe modified by the presence of the 

laser pump, is positive and it can be directly related to the CNTs orientation 

(aligned or unaligned SWCNTs bundles). 

To further support this finding, transient reflectivity measurements on films 

with different CNTs density, length and substrates have been performed. 

The transient reflectivity positive signal shows no dependence on these 

sample characteristics. Moreover, to rule out spurious effects such as 

nonlinear processes and sample damage the experiments have been 

repeated varying the laser fluence from 10-80 mJ/cm2 and from 

0.1-0.8 mJ/cm2 (shown in figure 4.7 (a) and (b)). In figure 4.6 (c) and (d) the 

dependence of the maximum of the transient reflectivity signal on the 

pump laser fluence is shown. For the pump fluence ranging from 

0.1-0.8 mJ/cm2 (figure 4.6 (d)), transient reflectivity signal increases with 

fluence, whereas the saturation effect takes place (figure 4.7 (c)) above 

40 mJ/cm2. To estimate the carrier density excited N(E) in the π* band the 

following formula can be used [40]: 









0 h

F)R1(
dE)E(N

            (5.2)
 

where hν is 1.5 eV, the reflectivity R=0.4 and the absorption coefficient 

α=2x105 cm-1. Therefore, at laser fluence F=40 mJ/cm2, the initial photo- 
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Figure 4.7: (a & b) One-color transient reflectivity spectra collected on unaligned SWCNT 

bundles by changing the pump laser fluence. The spectra are collected at different fluence 

regimes: high fluence (from 10 to 80 mJ/cm2) and low fluence (from 0.1 to 0.8 mJ/cm2). (c 

and d) Pump fluence dependence of the maximum of the transient reflectivity spectra and (e 

and f) of the relaxation time, estimated by fitting the spectra with one exponential decay 

curve convoluted with a gaussian. The solid curves represent the best fit of these data with a 

linear (d, e and f) and an exponential curve (c) 

carrier density is 20x1021 cm-3. This value is comparable (including non-

linear optical processes that become important at this high pump fluence) 

with the carriers density from 0 to 1 eV (6.5x1021 cm-3) observed in graphite. 

[32] This result proves that at the pump intensity used in this experiment and 

at a photon frequency quasi-resonant with the second VHS, a very high 
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density of carriers can be excited in the π* band of the semiconducting 

tube. 

To obtain information about the dynamics of the excited- state carriers, the 

spectra reported in figure 4.3 (a) and (b) are fitted with exponential curves 

convoluted with a Gaussian representing the laser pulse width. The 

transient reflectivity spectra of both aligned and unaligned SWCNT bundles 

are well fitted by one exponential curve with a decay time )fs100(  

comparable with the laser pulse width (figure 4.6 a and b). Moreover, the 

dependence of the relaxation time on the fluence (figure 4.7 e and f) 

excludes radiative recombination processes. [41] 

This result is in agreement with the dynamics of the bundles reported in 

literature [19 37] and it can be justified considering that in CNTs the carrier 

dynamics strongly depend on the excited state. In particular, when 

electrons are excited in the first VHS of the semiconducting tubes (A) the 

lifetime is 1 ps,[19] whereas in the second (B) the lifetime is 130 fs. 

Meanwhile, the luminescence from isolated CNTs has a longer lifetime 

(30 ps) than that on unaligned bundles. This can be explained considering 

that the carriers excited into the second VHS relax very rapidly to the band 

gap of the semiconducting tube (intraband scattering). Then in isolated 

nanotubes the electron and the hole recombine across the band gap, 

whereas, in bundled nanotubes the tunnelling into nearby metallic tubes or 

into semiconducting tubes with a smaller band gap turns off the 

luminescence. The excited carriers in the metallic tubes, as shown in time-

resolved photoemission experiments, [17 42 43] lose their energy rapidly, 

therefore quenching the luminescence of CNTs bundles efficiently. [15 17 42 43] 

In this experiment, the presence of a fast relaxation channel on unaligned 

SWCNT bundles confirms that electrons are excited in the second VHS. This 

behaviour is compatible with a free character of the excited carriers in the 

semiconducting tubes that favour the charge transfer towards metallic 

tubes and semiconducting tubes with smaller energy gap. The mechanisms 

so far described can be understood in more details looking at the optical 

response of photoexcited SWNTs in both the time and frequency domains. 
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In these experiments the pump photon energy is 1.55 eV, whereas the 

probe covers an energy range from 1.1 eV to 2 eV (figure 4.7 (a)). In 

SWCNTs, a photobleaching process is usually correlated with different 

photoabsorption channels. [18] In particular, carriers excited in the B band 

rapidly decay on a giving rise to PA1, PA2 and PA3 photoabsorption 

processes, where carriers are photoexcited from A to B (PA1), from A to D 

(PA2) and from B to D (PA3) (see figure 4.5 (a)). By considering the 

reflectivity spectrum collected on bundled SWCNT sample (figure 4.5 (b)), 

the photoabsorption channels could appear at 0.60 eV (PA1), 2.3 eV (PA2) 

and 1.7 eV (PA3). 

The 3-dimensional (3D) transient reflectivity spectrum is shown in figure 4.8 

(a) together with different extracted line profiles at fixed delay times (figure 

4.8 (b) and (c)) or photon energies (figure 4.8 (d) and (e)). The broad red 

line at about hν = 1.55 eV (figure 4.7 (a)) covers the laser pump scattered by 

the sample. The image profile at delay time τ = 0 fs (figure 4.8 (b)) shows 

two positive features. The first, broadband and centred at 1.4 eV, is the TB 

transition; its positive signal confirms the free electron character of the 

excited carriers discussed in one colour transient reflectivity at 1.55 eV. This 

band appears structured due to the noise in the measurement. The second 

positive feature at 1.65 eV is ascribed to the PA3 photoabsorption process. 

Electrons are excited by the probe from the B band to the D band in the 

pulsewidth. This picture is confirmed by the lack of relaxation processes before 

the photoabsorption (PA3 appears at τ = 0 fs in figure 4.8 (b)). To analyse the 

relaxation dynamics of the PA3 channel, the line profile at hν = 1.65 eV is 

shown (figure 4.8 (d)). From the fitting with exponential curves, the PA3 decay 

results very fast and after a pump probe delay of about τ = 400 fs; a negative 

transient reflectivity signal with a long decay time is observed. In the 3D 

spectrum, a dark-purple zone corresponding to a negative transient 

reflectivity signal is evident around the point hν=1.95 eV, τ = 400 fs (figure 

4.8 (e)). This negative zone extends up to 2 eV and appears after τ = 400 fs. 

In the reflectivity spectrum of figure 4.5 (b), the feature at about 2 eV has 

been ascribed to the TC transition in the metallic tubes. As the pump 

photon energy at 1.55 eV is unable to excite any transition in the metallic 

tube, the presence of this photo-bleaching channel, which implies a filling of  
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Figure 4.8: (a) 3D image of the time resolved reflectivity spectrum collected on unaligned 

SWCNT bundles by using the super continuum probe and a h = 1.55 eV pump. At the 

bottom: schemes of the charge transfer. At τ = 0 the carriers are excited in the B band of the 

semiconducting tubes by the laser pulse. Some of the carriers are excited by the same pulse 

into the D band (PA3 transition in (b)). After 400 fs (c), carriers in the excited-states of 

semiconducting tube move towards the metallic tube and a negative TR signal due to TC 

transition appears in the probe spectrum. On the right, image profiles extracted at photon 

energies of the probe corresponding to PA3 (d) and TC transitions (e). 

the C band, is the evidence of a charge transfer from the semiconducting to 
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the metallic tube.  

These observations can be interpreted considering that the pump laser 

excites a population in the B band of the semi-conducting SWCNTs. Some of 

the delocalized carriers are excited by the same pump pulse into the D 

band. By calculating the area of the transient reflectivity spectrum at τ = 0 fs 

(figure 4.8 (b)), the intensity of the PA3 photoabsorption process can be 

estimated resulting comparable with that of free carriers excited in the B 

band. Because of their mobility, the carriers transfer from the 

semiconducting to the metallic tube within 400 fs, giving rise to a 

photobleaching of the transient reflectivity when the probe photon energy 

is nearly resonant with the TC transition. The lack of the B and C band 

photobleaching in the reflectivity spectrum reported in literature [18] 

confirms that the two mechanisms are mutually exclusive and that only the 

free electron behaviour of the excited carriers permits to switch on the 

semiconducting-metallic charge transfer. 

The slow relaxation dynamics of the C photo bleaching (about 2 ps, see 

image profile at hν= 1.95 eV of figure 4.7 (e)) agrees with the dynamics of 

the photo bleaching channels reported in literature on SWCNTs. [20] 

To perform a quantitative study of the transient reflectivity spectrum at 

τ = 0 fs, a differential dielectric function model was fitted to the time-

resolved-reflectivity data, ΔR/R=(Rex(εex)-Req(εeq))/Req , where Rex, εex, Req, εeq 

are the excited and equilibrium reflectivity and dielectric function, 

respectively. The εeq has been calculated by fitting Req (figure 4.5 (b)) with a 

sum of Lorentz oscillators, which represent the transitions TA, TB, TC, and 

TD.  

According to the differential dielectric function model [44], for reproducing 

the transient reflectivity spectrum, it occurs to modify the fitting 

parameters of the Lorentz oscillators or to add new oscillators. In our case, 

to properly fit the differential spectrum ΔR/R (figure 4.8 (b)), we need to 

add one Drude and one Lorentz oscillator, the first to take into account the 

free electron mobility of the photoexcited carriers in the B band, and the 
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second to reproduce the PA3 photoabsorption at 1.7 eV. The presence of 

solitonic structures in the super continuum affects the fitting accuracy of 

the line profile at τ = 0 fs with the differential model. However, it is possible 

to extrapolate a value for the plasma frequency in the Drude model (Eq. (1)) 

of 4x1015 sec-1 (2.5 eV) that corresponds to a carrier density of 4x1021 cm-3. 

This value, compared with the carrier density excited by the laser pump 

2x1020 cm-3 for a pump fluence of 0.2 mJ/cm2 (Eq. 5.2)), confirms the 

delocalized character of the carriers excited in the B band of 

semiconducting tubes. 

4.4 Conclusions 

Time-resolved reflectivity measurements demonstrate that intertube 

interactions in bundled unaligned SWCNTs induce a free electron character 

to the photo excited carriers favouring a charge transfer from 

semiconducting to metallic tubes. This finding paves the way to new and 

important technologies closely connected to the intra- and inter-tube 

conductivity.  
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Chapter 5 

Vertically aligned single-walled carbon nanotubes: optical 
properties* 

This chapter reports on the optical response of vertically aligned single-

walled carbon nanotube (SWCNT) bundles. These vertically aligned SWCNTs 

were grown by chemical vapour deposition on Si/SiO2/Al2O3 substrates 

using iron as a catalyst. One-colour transient reflectivity experiments were 

performed and the results compared with the optical response of unaligned 

nanotube bundles discussed in chapter 5. The negative sign of the optical 

response indicates that the free electron character revealed on unaligned 

bundles is only due to the intertube interactions favoured by the tube 

bending. Neither the presence of bundles nor the existence of structural 

defects in aligned bundles is able to induce a free-electron like behavior of 

the photoexcited carriers. This result is also confirmed by the presence of 

non-linear excitonic effects in the transient response of the aligned bundles. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*The results presented in this chapter are published in: 
G. Galimberti, S. Ponzoni, G. Ferrini, S. Hofmann, M. Arshad, C. Cepek, & S. Pagliara, 
Transient reflectivity on vertically aligned single-wall carbon nanotubes. Thin Solid 
Films 543, 51-55 (2013).  
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5.1 Introduction  

Carbon nanotubes are cylindrically shaped nanostructures conceptually 

derived from rolling of the graphene sheet(s) and actually also in practice 

synthesized in this fashion. [1] Single-walled carbon nanotubes (SWCNTs) 

present exceptional optical, electronic, and mechanical properties. The 

rolling direction of sheet describes the chiralities of SWCNTs labelled by 

chiral indices n, m.[2] Recently, SWCNTs have played a fundamental role in 

the research field of optoelectronics, in particular for application in solar 

cells[3] and sensor devices.[4 5] The outstanding and intriguing physical 

properties of CNTs including well defined optical resonances, ultrafast non-

linear response and ballistic 1D charge transport, have, in fact, stimulated 

both fundamental and applied research on these systems.[6 7]  

For increasing the SWCNTs’ potential in the field of optoelectronics, a 

growing effort, in these last years, has been focused on preparing SWCNTs 

on large scale with well-defined diameter and chirality. [8 9] Nonetheless, the 

realization of most anticipated applications needs not only scaled-up 

techniques for the synthesis of high-purity SWCNTs, but also accurate 

control over their location and alignment. A first substantial advancement 

in the field was the synthesis of the vertically aligned SWCNTs by chemical 

vapour deposition (CVD) in the presence of a mono-dispersed Co–Mo 

catalyst with dimensions of ≈1.0–2.0 nm, prepared on quartz substrates by 

a dip-coating method. [10] Subsequently, oxygen-assisted CVD [11], plasma 

CVD [12], hot-filament CVD [13], water-assisted CVD [14] and molecular-beam 

synthesis [15] were reported for the synthesis of vertically aligned SWCNTs.  

Further, vertically aligned SWCNTs were also grown using the conventional 

thermal CVD process and controlling the synthesis conditions as to 

particularly optimize the diameter and coverage of catalyst used. [16 17] 

However, to achieve the precise control over diameter as well as chirality of 

SWCNTs is still challenging. 

 Therefore, the vertically aligned SWCNT arrays typically comprise different 

diameters and chiralities with a broad distribution, which complicate the 

optical response and functionalities significantly. Specifically, well-ordered 
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SWCNTs have shown several exciting optical properties, for instance 

photonic crystal effects[18 19], wavelength selective emission in desired 

direction[20 21], reflection based on polarization of incident light[22 23] and 

greater absorptivity.[24 25] The optical response of vertically aligned arrays of 

SWCNTs depends on the helicity of the structure of each single CNT and 

then on their combined organization.[13 15 16] In fact the low energy optical 

properties of SWCNTs are associated with the formation of electron-hole 

pairs, described as 1D Wannier–Mott excitons.[26 27] 

The possibility of studying the optical response of SWCNT thin films with 

different architectures (unaligned, horizontally and vertically aligned tubes; 

isolated or bundled tubes) with a well-defined electronic structure 

represents at the moment a challenge. Thin films of CNTs deposited under 

controlled atmosphere with standard techniques, such as CVD or the high 

pressure carbon monoxide (HiPCo) process, contain a broad distribution of 

aggregated tubes with different diameters and chiralities. The optical 

devices based on CNT thin film, showing the best performance, usually 

contain semiconducting and metallic tubes with different structures, 

combined with several other systems (nano-particles, molecules, metallic 

connector, substrate etc). [7 28] Therefore, in order to improve the 

performance of SWCNT-based optical devices, a deeper understanding of 

the optical properties of thin films containing different tubes is necessary. 

In particular, a study of the charge carriers dynamics, charge transfer and 

charge transport into and among different parts of the entire system is 

imperative to improve the efficiency, as well as to choose the best 

configuration and the most suitable components. Performing one-colour 

transient reflectivity measurements, in a pump probe experimental set up, 

on vertically aligned SWCNTs, we reveal a response of the photoinduced 

charge carriers comparable with the exciton-like behaviour observed in 

literature on isolated SWCNTs. Photobleaching channels and non-linear 

effects, only measurable when the probability of creating two or more 

excitons per nanotube is non-negligible [29 30], are clearly evident in the 

transient optical response. 
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5.2 Experimental details 

Vertically aligned CNTs bundles (Sample A and Sample B) were grown in two 

different laboratories. Sample A, the scanning electron microscopy (SEM) 

image of which is shown figure 5.1 (a), was prepared at the Department of 

Engineering, University of Cambridge, U.K. The CVD process was done on 

sputter-deposited 10 nm thin film of Al2O3 on SiO2 (200 nm)/Si substrate. 

The Fe catalyst (1.1 nm) was thermally evaporated onto the Al2O3 thin film 

at room temperature. Atmospheric pressure CVD was conducted in a tube 

furnace at 750 °C in a mixture of C2H2/H2/Ar (30 min) after a 3 min pre-

treatment in H2/Ar.  

Sample B (SEM image shown figure 5.1 (b)) was prepared at the Analytical 

Division of the TASC-IOM-CNR Laboratory, Trieste, Italy. These vertically 

aligned CNTs were grown Al2O3/SiO2/Si under similar experimental 

conditions as   discussed in chapter 4.  

The CNTs grown on similar substrates in both type of CVD setups are 

vertically aligned. For sample A, the CNT length ranges between 4 and 5 μm  

 
Figure 5.1: SEM images of vertically aligned CNTs synthesized on Al2O3 / SiO2/Si substrates by 

CVD in a tube furnace at 750 oC ((a), sample A) and in an ultra-high vacuum growth chamber 

at 580–600 °C ((b), sample B). 

a 

b b 

a 
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 and the diameter 1.2-1.4 nm. For sample B, grown by UHV CVD, the 

diameters range between 0.9 and 1.55 nm, and the length is about 5 μm. As 

mentioned earlier in chapters 2 and 4, the quality and yield of CNTs grown 

by CVD strongly depends on several parameters including the type of 

substrate/support, the catalyst type and the pre-treatments, the growth 

temperature and atmosphere, the pressure gradient, the precursor/s gas 

purity and fluxes. The aligned CNTs grown by tube furnace CVD (Sample A) 

at relatively at higher temperature 750o C have shown better quality (as 

confirmed by Raman Spectroscopy) as compared to the CNTs grown by UHV 

CVD (Sampe B) at a temperature of 580–600 °C. The reducing enviorenment 

(mixture of Ar-H2) to the catalyst helps to improve the growth rate and 

quality of the CNTs. [31]  

To get clearer idea about the structural differences between samples A and 

B, Raman spectra were collected on them by using an excitation wavelength 

of 632.8 nm (for Sample A) and 514.5 nm (for sample B) are reported in 

figure 5.2. The D and the G modes are at about 1300 and 1700 cm−1, the G′ 

mode at 2600 cm−1 and the radial breathing modes (RBMs) in the 150 cm−1- 

250 cm−1 range. [32] For Sample B the RBMs are principally located around 

160 cm−1 (sharp structure) and 270 cm−1 (broad structure) corresponding to 

a diameters ranging from 0.9 nm to 1.55 nm. On the other hand, in Sample 

A, the RBMs are located around 185 cm−1 and 215 cm−1, corresponding to a 

diameter of 1.4 nm and 1.2 nm (for the calculation of the diameter from the 

RBM frequency see Chapter 4). The Raman spectrum of Sample B is 

characterized by an intense D mode [33], because the ratio ID/IG increases 

with the excitation wavelength, the D mode suggests the significant 

presence of structural defects in this sample. It is important to underline 

that in Sample B the large presence of defects is in anyway compatible with 

a predominant content of sp2 hybridization of C atoms in the nanotube 

walls. The energy position of the G mode (about 1590 cm−1) and the ratio 

ID/IG = 0.9, in agreement with reported literature. [34 35], testify to nanotubes 

mainly composed of sp2-hybridized C atoms even if the significant presence 

of defects clearly indicates that the wall is composed of clusters and not of 

a homogeneous graphene sheet. 
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Figure 5.2: Raman spectra collected on Sample A (a) and Sample B (b) by using a laser 

wavelength of 632.8 nm and 514.5 nm, respectively. The intensity of the D mode in the 

Sample B suggests a significant presence of structural defects in this sample. (c) Graph 

adapted from ref. [36] to estimate the content of sp2, sp3 hybridization in Sample A and B. 

5.3 One colour transient measurements 

Since the structure of a CNT is closely related to the single layer in graphite 

(graphene), we first performed time-resolved optical measurements on a 

highly oriented pyrolitic graphite (HOPG) sample for reference. The result is 

shown in figure 5.3. In these samples the individual graphite crystallites are 

well aligned with each other. Transient reflectivity has allowed to unravel 

the dynamical response of graphite in detail. Assessing the different decay 

channels for excited carriers, Carbone et al. have found that the carrier 

dynamics in graphite are governed by the physics of the single graphene 

sheets at early times and by the interlayer structural dynamics at later time. 

[36 37] The characteristic relaxation dynamics can be interpreted in 



 

87 

 

 

Figure 5.3: One colour transient reflectivity measurement on HOPG with a pump fluence of 

0.47 mJ/cm2. 

terms of a two temperature model that describes the cooling of excited 

electron distribution by, at first, electron-electron scattering, then, by 

electron-phonon interactions. 

To determine whether the presence of structural defects affects the charge 

carrier dynamics of SWCNTs, in figure 5.4, transient reflectivity signals 

collected on the two samples of vertically aligned SWCNTs bundles (Sample 

A (a), Sample B (b)), which differ in content of structural defects, are shown 

together. The transient reflectivity signal reported for unaligned SWCNT is 

positive [38], in agreement with the free-electron behaviour of the 

photoinduced carriers, and the transient reflectivity signal obtained from 

the vertically aligned SWCNTs is negative. The negative signal has been 

interpreted as a photobleaching process. [39 40] When the pump photon 

energy is quasi-resonant with one of the optical transitions between two 

Van Hove Singularities (VHSs), photobleaching is usually expected in the  
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Figure 5.4: One-colour (hν = 1.55 eV) transient reflectivity spectra collected on vertically 

aligned SWCNTs, which differ in defect density (details see text; Sample A (a) and Sample B 

(b)) 
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one-colour transient optical measurements. Absorption of the pump pulse 

excites electrons into the conduction band thereby creating holes in the 

valence band. Until these carriers relax, transient filling effects on the final 

states are observed. For the photobleaching effect, the transient signal is 

positive in trasmittivity and negative in reflectivity (such as in the 

absorption).[41 42] The presence of the photobleaching channel in aligned 

SWCNTs bundles suggests that the free-electron like behaviour of the 

photoinduced carriers[38] is due to the lack of alignment of the bundles and 

not to the formation of bundles themselves.  

In order to eliminate the substrate and catalyst contributions to the 

detected transient signal, the transient reflectivity measurements were 

carried out on the substrate after depositing the Fe catalyst nanoparticles 

used for the growth of SWCNTs. The substrate transient reflectivity signal is 

shown in figure 5.5. The negative sign of the substrate and catalyst 

transient reflectivity excludes any contribution to the positive character of 

 

 

Figure 5.5: Transient reflectivity signal collected from substrate after depositing the catalyst 

nanoparticles. 
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the transient reflectivity signal from unaligned SWCNTs bundles used for 

comparing the results of aligned SWCNTs. 

From the analysis of the RBM reported in figure 5.2, we estimated the 

average diameter of the carbon nanotubes; from these values it is possible, 

by using the Kataura scheme [43], to evaluate the energy positions of the 

VHSs in both samples. In Sample B these diameters indicate that the second 

VHS (E22) is located at about 1.15 eV and 1.7 eV, respectively, while for 

Sample A, from the Kataura plot, the second VHS results at about 1.2 eV–

1.45 eV. For both samples, the pump photon energy (1.5 eV) is able to 

populate the second VHS giving rise to a photobleaching channel in the 

transient reflectivity (figure 5.4). 

By interpolating the transient response, a difference in the reflectivity of 

the two aligned bundles appears. While Sample A is well fitted by two 

exponential decays, Sample B is interpolated only by one exponential curve 

(figure 5.6 a and b). In both samples, the resulting decay time of the first 

dynamics (90 ± 10 fs for Sample A [43] (c) and 65 ± 15 fs for Sample B (d)) is  

Fig

ure 5.6: (a, b) Transient reflectivity signal collected on Sample A and B. The data result well 

fitted by two and one exponential decay for Sample A and B, respectively. (c, d) Decay time of 

the first dynamics versus the pump fluence for Sample A and Sample B. 
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compatible with the relaxation time from the second excitonic level E22 to 

the first one E11.
 [37 41 44] 

The linear trend of the first decay time against the pump fluence (figure 5.6 

c, d) leads to exclude radiative processes. [45] Concerning the second 

dynamics (with a relaxation time of about 1 ps) of Sample A’s transient 

signal, it is usually ascribed in SWCNTs to non-linear excitonic effects. [29] A 

picture of the dynamics in this case is reported in figure 5.7 a. Excitons are 

promoted by the pump from the ground state, GS, to E22 (second VHS) 

state, inducing the first photobleaching. The excitons created in the E22 

state relax very fast (in few tens of fs) to the E11 state (first VHS). Due to the 

high pump fluence (1014–1015 photons/cm2) and the long E11 decay time 

(few picoseconds) [9], excitons annihilate and repopulate E22. This process, 

known as exciton–exciton annihilation (EEA), increases the transmittivity of 

the probe resulting in a second photobleaching channel. 

Due to the dipole selection rules, the optical transition from the ground 

state to the E22 state is likely when the pump polarization is parallel to the 

carbon tube. [9] In our experimental condition, the pump polarization is 

perpendicular to the tube. In Sample B, the energy of the GS-E22 transition is 

less resonant with the pump photon energy, thereby reducing the excited 

carrier density and preventing the EEA. 

In order to verify that the positive second dynamics in Sample A is the result 

of an EEA process, in figure 5.7 b the inverse of the transient reflectivity, 

(ΔR/R)−1, is plotted as a function of the delay time. The quadratic 

dependence of the temporal evolution of the exciton population on the 

population itself implies that: [30 40 46] 

ΔR/R)−1  Δt, where Δt is the delay time between the pump pulse and the 

probe pulses. The linear behaviour shown in figure 5.7 b confirms the non-

linear character of the second dynamics in Sample A transient signal.  

To rationalize our findings, a rate equation model [40 46] is here proposed to 

interpret the physical processes drawn in figure 5.7 a. The temporal  
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Figure 5.7: (a) Sketch of the relaxation processes of the carriers excited in Sample A. (b) 

Fitting of the transient signal collected on Sample A by using the rate equation model. The 

linear behavior of the inverse of the transient reflectivity versus the delay time confirms that 

the second dynamics is ascribed to the exciton–exciton annihilation process. 
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evolution of the excitons on the E22 state (N2) and on the E11 (N1) is then 

determined by: 

N2
1N2

N2
.

2

C
+.B)t(G.A=
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∂
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1N1N2
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where the Gaussian laser pump  e 22

2

)π2σ(
1

σ

t
=)t(G  populates the E22 state 

that becomes depopulated by the -BN2 term where B−1 corresponds to the 

N2 decay time (E22 → E11). The 
2

CN2
1  term represents the population of the 

E22 state due to the annihilation of the excitons on the E11 state. As a 

consequence the E11 state is populated by the relaxation of the excitons 

from the E22 state (BN2) and depopulated by the relaxation into the ground 

state (-DN1) and by the annihilation process ( CN2
1 ). The ΔR/R signal is 

proportional to the N2 population, the probe photon energy being resonant 

with the E22 state. As shown in figure 5.7 b, the transient response is well 

approximated by the proposed model. The mean fitted B−1 value, for the 

low fluence spectra, is 65 ± 15 fs. This value is consistent with the value (40 

fs) reported for the E22 → E11 decay in SWCNTs. The fitted D−1 value is 

consistent with the relaxation time of the E11 state. 

5.4 Conclusions 

The one-colour transient reflectivity experiments show a negative transient 

reflectivity behaviour for all aligned SWCNTs bundles independent of 

sample preparation techniques. Our results demonstrate that the free-

electron behaviour observed in unaligned bundles is mainly due to absence 

of alignment. The presence of bundles and a different content of structural 

defects in the vertically aligned SWCNT reveal an excitonic behaviour 

comparable with that observed in literature on isolated tubes. In order to 

address the second dynamic revealed in the transient response, a rate 

equation model involving the exciton–exciton annihilation process has been 

proposed. 
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Chapter 6 

Reduced graphene oxide-zinc oxide hybrid 
nanostructures* 

In this chapter we report the synthesis of high quality reduced graphene 

oxide - zinc oxide (rGO–ZnO) hybrid nanostructures. These hybrid 

nanostructures were produced directly on 3D nickel foam substrates 

through a hydrothermal approach at low temperature. Scanning and 

transmission electron microscopy and energy dispersive X-ray spectroscopy 

results confirmed the formation of ZnO rods wrapped with rGO forming 

core-shell nanostructures. The interface study of rGO–ZnO nanostructures, 

by employing the in-situ ambient pressure core level photoemission 

spectroscopy, revealed that thermal annealing (25 °C - 350 °C) led to the 

detachment of oxides/epoxides from the surface, and a more robust rGO–

ZnO interface. Our study provides a basis for rational design of hybrid 

materials with application specific interfaces to enhance the device 

performance. 

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

*The results presented in this chapter are in preparation for publication as: M. 
Arshad*, P. Rodolf, A. Khan, S. K. Husnain, Saqlain A.Shah, C. Cepek “Interface Study 
of Reduced Graphene Oxide-Zinc Oxide Core Shell Nanostructures”. 
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6.1 Introduction 

In materials science the development of hybrid structures has seen a 

remarkable and rapid development during the past decade because such 

structures can be tailored to obtain new device concepts with controlled 

physical properties. The optimized application specific design of materials 

has been achieved by tuning the reactivity, properties and morphology of 

the material at the interface. It is acknowledged that a control of the nature 

and abundance of functionalities at the surface and interface of hybrids is 

highly desirable. For instance, Zinc oxide (ZnO) with a band gap of 3.37 eV 

at room temperature, is a well-known semiconductor and a widely reported 

material for photovoltaic cells [1 2], gas sensors [3], transparent conductors [4] 

and photo-catalytic hydrogen evolution applications. However, upon light 

irradiation, in pristine ZnO photogenerated charge carriers display a high 

recombination rate and poor charge transfer behaviour. [5 6] To address this 

problem, hybrids of graphene (owing to its extraordinary optical, 

mechanical and electrical properties) and ZnO have been extensively 

employed. [7-11]  

In particular, for photovoltaic applications, Sahoo et al. [12] have synthesized 

composite structures of reduced graphene oxide (rGO) and ZnO which 

exhibited an improved response in dye-sensitized solar cells. In a similar 

study Song and Wang [13] showed the effects of rGO incorporation on ZnO 

based dye sensitized solar cells with enhanced device performance. In 

another work, Park et al. [14] have described a graphene-based cathode, 

where ZnO hybrids were grown hydrothermally on graphene. Liu et al.[15] 

have prepared carbon-doped ZnO/reduced graphene oxide (rGO) hybrid 

nanocomposites by ultrasonic mixing of rGO and carbon-doped ZnO 

nanowires in isopropanol and shown improved photocatalytic activity. 

Furthermore, rGO–ZnO based composite structures have been successfully 

employed for photocatalytic hydrogen evolution [16] and in supercapacitors. 

[17-19] The formation of a well-matched (e.g. showing weak binding between 

the two surfaces) and stable interface can be achieved by reducing the 

number of OH functional groups at the surface of [20] rGO-ZnO hybrids and 

confers superior capacitive properties. The photoconductivity of self-

http://pubs.rsc.org/en/results?searchtext=Author%3AXianbin%20Liu
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assembled rGO–ZnO structures can be enhanced instead by a controlled 

increase of the intrinsic defect states at the interface. Recently, it has been 

reported that perovskite materials exhibit excellent stability on top of 

rGO/ZnO layer after annealing at 100 oC due to the reduced amount of 

functional groups at the interface of rGO and ZnO structures.[21] Similarly, 

Galstyan et al. have demonstrated that rGO–ZnO nanocomposites show 

improved chemical gas sensors properties due to the surface/interface 

changes.[22] While some attempts have been made to probe the nature of 

rGO–ZnO functional surface by XPS at room temperature[5 15 17 23-25], a 

detailed study of the surface/interface behaviour, an essential element for 

the device performance, is still missing. 

In order to produce robust rGO–ZnO hybrid structures several synthesis 

schemes have been developed, namely co-precipitation in aqueous 

media[12], photocatalytic reduction of GO on fabricated ZnO,[25 26], 

microwave assisted methods[27], thermal dissociation of precursors[28 29], 

ultrasonic mixing[15], and growth of ZnO nanowires on graphene sheets by 

CVD.[30] Samera et al.[31] have developed a single step process for synthesis 

of randomly oriented ZnO (core)/graphite (shell) nanowires, but these core 

shell nanostructures are produced at a very high temperature (1300 oC), 

which is very expensive and not suitable for the direct synthesis on 

substrates stable only at lower temperature. Further, although the 

aforementioned techniques have been extensively used, they usually 

demand harsh experimental conditions and a multistep synthesis to 

generate the desired material. To be able to explore the interface 

properties and their dependence on the interface defects, a precise control 

over size, surface morphology and interface of rGO–ZnO nanostructures is 

required, which is a challenging task. To address the various scientific and 

technological needs, a facile and inexpensive low temperature process for 

the synthesis of rGO–ZnO hybrid structures has to be developed. To address 

these issues, we conceived and realized a single step hydrothermal process 

for the production of high quality and stable rGO–ZnO hybrid 

nanostructures. We systematically studied the role of reduction 

temperature in controlling the interface structure by probing the change in 

surface functionalities through ambient pressure in situ X-ray photoelectron 
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spectroscopy (AP-XPS). Our results clearly indicate the dissociation of 

functional groups and the formation of rGO–ZnO nanostructures with fewer 

defects, suggesting that annealing of these hybrid nanostructures may be a 

practical way to design application specific interfaces. 

6.2 Experimental details 

The rGO was prepared by the modified Hummers’ method [32 33] starting 

from graphite powder (Sigma Aldrich, 97%). The graphite powder was first 

treated with hydrofluoric acid to remove the intercalated impurities. In a 

typical reaction, 2 g of purified and dried graphite powder was mixed with 1g of 

NaNO3 (Sigma Aldrich, 99 %) and mixed with 100 ml of concentrated H2SO4 while 

cooling with an ice bath. 6 g of KMnO4 (Sigma Aldrich, 97 %) was added gradually 

under stirring, keeping the temperature below 20 oC. The stirring was then 

continued for another 18 h while maintaining the temperature at 35 oC. 

After 18 h, the mixture turned into a thick brown paste. About 390 ml of 

H2O was then added followed by an addition of 5 ml of H2O2, which turned 

the solution bright yellow and generated bubbling. After stirring for another 

2 h, the mixture was washed in 250 ml of 10 % HCl aqueous solution, de-

ionized water and ethanol, then filtered and subsequently dried at 80 oC to 

yield black graphene oxide sheets. 2 g of the as-prepared graphene oxide 

was mixed with 500 ml distilled water and sonicated for 2 h. The solution 

was poured into soxhlet apparatus mantle and 10 ml of hydrazine hydrate 

was added. The temperature was raised to 100 oC, and set in water-cooled 

condenser for 24 h; the reduced graphene oxide (rGO) precipitated in the 

form of a black solid. 

Pure 3D ZnO and rGO–ZnO hybrid nanostructures were synthesized on 

nickel foam substrates (Goodfellow, 99.5%). Before the growth the nickel 

foam substrates were ultrasonicated for 20 min in ethanol solution, then 

washed with distilled water and subsequently dried in air. Pure 3D ZnO 

nanowires (NWs) were grown on the substrates by a hydrothermal method 

using zinc acetate dihydrate Zn(CH3COO)2 ·2H2O and liquid ammonia (NH3) 

in aqueous solution. The 0.1 M aqueous solution of zinc acetate was 

prepared in a 150 ml glass beaker. Then 5 ml of ammonium hydroxide 
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solution (35 %, Sigma Aldrich) was slowly added to the aqueous solution of 

zinc acetate. This initially turned the solution cloudy white in colour but 

upon further addition of ammonia, the solution became more transparent. 

The already dried nickel foam substrates were fixed in Teflon sample 

holding rods and placed in the solution (just dipping from the top), which 

was placed for 7 h in an oven (Lab-Tech, LDO-030 E) at 90 oC. The ramp rate 

of oven was set to 10 oC/min. After 7 h the oven was left to cool down to 

room temperature, after which the substrates were retrieved and washed 

with distilled water to remove all the solid residual particles. The washed 

substrates were subsequently dried at 100 oC for 30 min. 

To simultaneously grow rGO–ZnO nanostructures directly on nickel foam 

substrate, in a separate beaker, 20 mg of as prepared reduced graphene 

powder was dispersed in 20 ml distilled water and sonicated for 7 h to 

obtain a uniform suspension; in another beaker, 50 ml of the solution of 

zinc acetate dihydrate Zn(CH3COO)2 ·2H2O   as used for pure ZnO NWs was 

prepared. Both solutions were mixed and magnetically stirred for 10 min. 

Then the synthesis was continued in a similar fashion as adopted for pure 

ZnO NWs (steps discussed above). 

Four samples of rGO–ZnO were synthesized with varying amounts of the 

rGO dispersion, namely 25 wt%, 20 wt%, 15 wt% and 10 wt%, while keeping 

a constant molarity of the zinc acetate dihydrate Zn(CH3COO)2 ·2H2O   

solution. The novel methodology also ensures a good control over 

reproducibility in fabricating the desired rGO–ZnO nanostructures. 

However, the best results with well-defined rGO-ZnO NWs perpendicular to 

the substrate were obtained by using the 10 wt% of rGO with the zinc 

acetate dihydrate Zn(CH3COO)2 ·2H2O as discussed below. 

6.3 Results and discussion 

6.3.1 Scanning and transmission electron microscopy analysis 

The first proof of the successful synthesis of pure ZnO and rGO–ZnO core 

shell nanowires comes from the scanning electron microscopy. Figure 6.1 

(a) presents the schematic illustration of ZnO and rGO–ZnO nanostructures 
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grown on the Ni foam substrate through the one-step hydrothermal 

process. The figure 6.1 (b) and (c) illustrate the morphology of the Ni foam 

substrate before and after the growth of ZnO, respectively. A high-

resolution SEM image (figure 6.1 (d) shows that pure ZnO grows in 

hexagonal rod-like structures. Furthermore, elemental analysis of as 

synthesised sample confirms the presence of Zn, O, and Ni only. 

 

Figure 6.1: Schematic illustration of growth of ZnO nanostructures and rGO–ZnO hybrid 

nanostructures by hydrothermal process in a single step process (a). SEM images, (b) 

collected from bare 3D nickel foam substrate, (c) micrograph of Ni foam after growth of pure 
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ZnO nanostructures, (d) High-resolution image of as-grown pure ZnO nanostructures on 3D 

Ni foam. (e) EDS spectra collected from as grown pure ZnO nanostructures. 

Figures 6.2 and 6.3 display the SEM images collected from rGO–ZnO hybrid 

nanostructures synthesized with different wt% of the rGO dispersion in the  

 
Figure 6.2 SEM Images of as synthesized rGO–ZnO nanostructures on 3D Ni foam obtained with 25 

wt% (a), 20 wt% (b), and 15 wt% (c, d) of dispersed rGO solution (details see text). (d)  SEM 

micrograph obtained from sample(c) at higher magnification. 
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Figure 6.3 SEM imagesof the sample obtained with 10wt% rGO–dispersion, (a) Low 

magnification micrograph of as grown rGO–ZnO hybrid nanostructures on 3D nickel foam. 

The numbers 1, 2, 3 in the image refer to branches of the nickel foam at three different 

depths. (b, c) SEM images of same sample at lower and higher magnifications. (d) EDS 

spectra collected from as grown rGO–ZnO hybrid nanostructures. 

 

dihydrated zinc acetate solution (constant molarity). The SEM analysis 

revealed that there is a very low growth of rod/wire-like hybrid structures 

when 25 wt% dispersed rGO solution was used (figure 6.2 a). With 20 wt% 

and 15 wt% of dispersed rGO solution, the growth of rod-like structures was 

found to have increased significanly, however the density of these 

structures was not too high. At 10 wt%, it is evident from figures 6.3 (b) and 

(c) that rod-like structures have uniformly grown perpendicularly to the Ni 

foam surface and that individual rods are well separated. The analysis of 

randomly selected rGO–ZnO nanostructures (figure 6.3 (b) and (c)) shows 

diameters of ca. 100 nm and lengths of ca. 1 μm.  

The TEM images collected from rGO–ZnO nanostructures (figure 6.4 (b) and 

(c)) confirm that indeed hybrid structures have formed:  Graphene oxide 

layers are wrapped around the ZnO rods surface as sketched in figure 6.4 

(a) and hair-like rGO can also be seen pointing out from the surface.  The 

EDS spectra obtained from the rGO–ZnO hybrid nanostructures showed the  
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Figure 6.4 Crystallographic illustration of rGO–ZnO core shell nanostructures (a). TEM images 

(b & c) of as grown rGO–ZnO hybrid nanostructures. 

presence of C, in addition to Zn, O, and Ni (not shown). This implies that the 

surface of ZnO has been wrapped with rGO sheets. 

6.3.2 Raman spectroscopy 

In order to establish the presence of a wrapped reduced graphene oxide 

layer on ZnO and gain information on the quality of the rGO, Raman 

spectroscopy was employed. The main feature in the Raman spectra of 

carbon structures is the appearance of the G and D bands at around 

1560 cm−1 and 1360 cm−1, respectively. The G band is associated with the 

bond stretching of sp2 bonded carbon structures. In graphitic material it 

corresponds to a degeneracy of the in-plane transversal and longitudinal 

optical phonons around the centre of the Brillouin zone.  The D band 

corresponds to the breathing modes of sp2 atoms in rings of poly-aromatic 

hydrocarbons, and in graphene it stems from a second-order scattering 

process, that involves defects and edges; hence its intensity is commonly 

taken as a fingerprint of the amount of defects. [34] 
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Figure 6.5 Raman spectra of HOPG (a), as grown pure ZnO NWs on a 3D nickel foam 

substrate (b), as-grown rGO–ZnO core shell hybrid nanowire structures on a 3D nickel foam 

substrate (c), and of the same rGO–ZnO core shell hybrid nanowire structures after annealing 

at 350oC.  

Figure 6.5 shows the Raman spectra of (a) highly oriented pyrolytic graphite 

(HOPG), (b) bare ZnO NWs and (c) rGO–ZnO hybrid nanostructures on the 

3D nickel foam and (d) the same rGO–ZnO nanostructures after annealing in 

UHV at 350 oC. The Raman spectrum of HOPG was collected for comparison. 

Figure 6.5 (a) shows the typical D, G bands and 2D features at 1360 cm-1, 

1582 cm-1 and 2720 cm-1 respectively. [35] The relative high intensity of the D 

band infers the presence of defects in the lattice structure of graphite, 

while G and 2D peaks are indicative of pure sp2 bonded carbon. Moreover, 

the lower the intensity ratio of ID/IG, the better is the quality of the graphitic 

structures. In the Raman spectrum of the ZnO nanorods (figure 6.5 (b)), the 

peak at 330 cm-1 originates from the second order scattering from zone 

boundary phonons of the hexagonal ZnO structure.[36] Moreover, the 

intense sharp peak at 440 cm-1 is assigned to the E2 (high energy) mode of 

the hexagonal wurtzite ZnO phase, whereas the peak at 582 cm-1 is 

associated with the  E2 (low energy) mode attributed to oxygen deficiency 
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or defects in ZnO.[37] It is well established that in wurtzite ZnO the non-polar 

phonon modes with symmetry E2 have two frequencies, E2 (high) associated 

with oxygen atoms and E2 (low) associated with the Zn sub-lattice.[38 39] 

Furthermore, the peak at ~1130 cm-1 is due to the multiple phonon 

scattering.[40]  

In the case of rGO–ZnO (figure 6.5 (c)) the Raman spectrum shows the D, G, 

2D1 and 2D2 bands at 1348 cm-1, 1589 cm-1, 2686 cm-1 and 2935 cm-1, which 

confirms the formation of integrated rGO–ZnO nanostructure. The peak 

intensity of E2 (high energy) mode of ZnO (figure 6.5 b) is reduced in rGO–

ZnO nanostructures (figure 6.5 c, & d), as expected if rGO [41] wraps around 

the ZnO NWs. We interpret the fact that the 2D2 peak is at higher 

wavenumbers than the usual 2D1 peak as a sign of the presence of 

structural defects due to C–H sp3 carbon as well as of the interruption in 

translational symmetry of the sp2-bonded carbon at the interface of the 

rGO–ZnO nanostructures. For the thermally annealed rGO–ZnO sample all 

the D, G, 2D1 and 2D2 features are preserved. Interestingly, the relative 

intensity of G band to D band is increased and the ID/IG intensity ratio, which 

was 1.2 for the as-synthesized rGO–ZnO nanostructures, has decreased to 

0.8 for the thermally annealed rGO–ZnO sample. In fact, to quantify the 

improvement after annealing we used the approach developed by Lucchese 

et al.[42], to determine the average distance between two point defects (LD) 

in the reduced graphene oxide layers, based on the ratio of intensities of 

the G and D peaks. According to this model for the as-synthesized rGO–ZnO 

LD≈ 9 nm, but increases to ≈11 nm after annealing. In other words the 

amount of structural defects has significantly decreased, in good agreement 

with previously reported results for annealed rGO.[43 44] This improvement 

agrees with the fact that the 2D1 and 2D2 bands have merged together 

forming a single 2D band appearing at ~ 2760 cm-1, which implies partial 

restoration of the graphene lattice by thermal annealing in UHV, as seen 

previously.[45 46] In the case of ZnO, the intensity of the peak appearing at 

438 cm-1 has increased in comparison to the peak intensity of as synthesised 

rGO–ZnO nanostructures. This points to a thinning of rGO on ZnO after 

thermal annealing.  
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6.3.3 X-ray photoelectron spectroscopy results 

To probe the structural change at the surface/interface of rGO–ZnO 

nanostructures as a function of thermal annealing in UHV, in situ core level 

photoemission spectroscopy was employed. The survey scans (figure 6.6)  

 
Figure 6.6: X-ray photoemission survey scans collected from rGO–ZnO nanostructures 

(10 wt% of rGO) at room temperatures (25 °C), 50 °C, 150 °C, 200 °C and 300 °C. 
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Figure 6.7: C1s core level photoemission spectra collected from as-grown rGO–ZnO hybrid 

nanostructures at RT (25oC), and during annealing at 50 oC, 100 oC, 150 oC, 200 oC, and at 

350 oC. 

collected at various annealing temperatures shows the presence of carbon, 

oxygen and zinc only. For the surface/interface study of rGO–ZnO hybrid 

nanostructures, detailed C1s, O1s and Zn3p photoemission spectra were 

collected at 25 °C, 50 °C, 100 °C, 150 °C, 200 °C, 250 °C, 300 °C and at 350 °C. 

As seen in figure 6.7, the C1s spectrum of rGO–ZnO nanostructures at room 

temperature (25 °C) comprises five contributions: the peak at a binding 

energy (BE) of 284.6 eV is assigned to C-C/C-H related species, whereas the 

peaks positioned at BE of 285.6 eV, 286.5 eV and 288.1 eV are ascribed to 

the hydroxyl group (C–OH), epoxy groups (C–O–C) and C=O respectively, 
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and the peak at a higher binding energy (290.2eV) characterizes the shake-

up satellite (π-π*) features of C–C aromatic rings.[47-50] As the annealing 

temperature is increased, a progressive decrease in the peak intensity of 

O-C and >C=O functional groups are observed, while the peak intensity of 

C–C/C–H increases steadily.  

  

Figure 6.8: O1s core level photoemission spectra received from as-grown rGO–ZnO core shell 

hybrid nanostructures at room temperature (RT), and during annealing at 50oC, 100 oC, 150 
oC, 200 oC, 250 oC, 300 oC and at 350 oC. 
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In the corresponding O1s spectra, shown in figure 6.8, one can identify 

three contributions; the first at a BE of 530.4 eV is attributed to O2- ions in 

ZnO, [40] the second one at a BE of 531.7 eV corresponds to oxygen bonded 

with carbon and Zn at the surface forming a Zn–O–C bond [51 52] and the last 

contribution at 533.1 eV can be assigned to chemisorbed oxygen/hydroxyl 

species. [40 53]  

 
Figure 6.9: XPS analysis of deconvoluted peak intensities of C1s (a) and O1s (b) as a function 
of annealing temperature.  

In order to quantify the structural change, intensities of the various 

functional groups from surface/interface of rGO–ZnO nanostructures were 

also studied as a function of temperature and the result is summarized in 

figure 6.9. A decrease in relative intensity of the functional groups started 

to occur already for annealing at 50 °C and when temperature reached 

200 °C and beyond the contributions from C–O–C and >C=O bonds (figure 

6.9 (a)) became negligible. This dissociation of chemisorbed/surface oxide 

species at the surface/interface is mirrored by increase in peak intensity of 

O–ZnO in figure 6.9 (b). Moreover, a decrease in the intensity of the peak of 

Zn–O–C is evident. Analysis of C–OH groups related peak intensity (figure 

6.9 (a) and (b)) shows that about 1/3 of the initial intensity, for both C1s 

and O1s component remains even after thermal annealing in UHV at 350 °C, 

suggesting that for complete deoxygenating and dehydrogenation a 

thermal treatment at higher temperature is required in UHV. [48] 
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6.4 Conclusions 

We have demonstrated that the hydrothermal process is an effective 

method for the synthesis of high quality ZnO and rGO–ZnO hybrid 

nanostructures in a single step process at low temperature (90 °C). These 

hybrid nanostructures were synthesized by varying the wt% of rGO 

dispersion in the zinc acetate dehydrate solution. The optimized rGO–ZnO 

hybrid nanostructures were obtained with 10 wt% of rGO dispersion.  The 

SEM and TEM analysis revealed an interface where rGO adhered to the ZnO 

nanowires in the hybrid nanostructures. The amount of functional groups at 

the interface between rGO and ZnO can be tuned with annealing 

temperature as confirmed by Raman and X-ray photoelectron spectroscopy. 

This provides a practical way to design application specific interfaces to 

enhance the performance of graphene-based hybrid materials. 
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Chapter 7 

Graphene oxide-TiO2 nanocomposite* 

In this chapter we discuss that metal oxide semiconductors thin films are 

the favourable candidates as an electron transport layer for perovskite solar 

cell applications. Nevertheless, due to low conductivity and a very high 

recombination rate at the interface of the electron transport layer and the 

light absorber (perovskite), hampers the efficiency of the solar devices. To 

address these issues, the graphene oxide-titanium dioxide (GO-TiO2) 

nanocomposite thin films were prepared. The thin films of GO-TiO2 

nanocomposite were prepared by spin coating on indium tin oxide (ITO) 

substrates followed by annealing at 150 oC. The X-ray diffraction studies 

showed the rutile phase of TiO2 nanostructures. The band gap of pure TiO2 in 

thin film form was found to be 3.5 eV, which reduced to 2.9 eV for GO-TiO2 

nanocomposites showing a red shift towards higher wavelength. Further 

the post thermal annealing at 400 oC showed the improvement in 

transparency in the visible region and low sheet resistance. Our study 

demonstrates a facile, low-temperature solution processing approach to 

form a rGO-TiO2 composite material which can serve as the electron 

transport layer in perovskite solar cells. 

 

 

 

 

 

 

 

 

 
*The results presented in this chapter have been published: A. Saleem, 

Naveedullah, K. Khursheed, Tahir Iqbal, S. A. Shah, M. Asjad, N. Sarwar, M. Saleem, 

M. Arshad* “Graphene Oxide-TiO2 Nanocomposite Films for Electron Transport 

Applications” Journal of Electronic Materials DOI: 10.1007/s11664-018-6235-4 
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7.1 Introduction 

Titanium dioxide (TiO2) is a well-known semiconductor material and has 

been extensively investigated for the past couple of decades for a broad 

canvas of applications. TiO2 is a non-toxic, chemically stable, cheap and 

easily available material, having a band gap of 3.2 eV which lies in the ultra-

violet (UV) region. [1] This wide band gap makes it a suitable candidate to be 

used as electron transport layer for pervoskite solar cells. One of the 

architectures of these types of cells is the mesostructured solar cell with a 

mesoporous electron transport layer (ETL) composed of semiconducting 

metal oxides such as TiO2, ZnO2 etc. Metal oxide semiconductor charge 

transport layers have been widely used with the additional advantages of 

resistance to oxygen and moisture as well as optical transparency. 

Researchers have shown that the electron diffusion length is found to be 

shorter than the hole diffusion length in TiO2-based ETLs. [2] The electron-

hole recombination is very high in the mesoporous TiO2 ETL and this is one 

of the serious issues that hinders electron transport due to grain boundary 

scatterings. [3-5] This recombination further reduces the energy conversion 

efficiency in solar cells. Therefore, improving charge transport has gained 

considerable interest. For the mesostructured cells, a number of efforts 

have been made to facilitate charge transport by employing modified TiO2, 

such as substitutional doping of Y3+, Al3+, or Nb5+ into TiO2. [6-11]  

Recently graphene has received much attention due to its extraordinary 

electrical, optical, mechanical, and thermal properties. [12] This two-

dimensional (2D) sp2-hybridized carbon sheet emerged as an attractive 

candidate for energy applications, since its discovery in 2004 by A. K. Geim 

through micromechanical cleavage. [13-21] However, graphene sheets without 

functionalization are insoluble and infusible with limited practical 

applications. Current efforts have headed to solution-processable graphene 

oxides (GO) from exfoliation of graphite powders with strong oxidizing 

reagents. The availability of reactive carboxylic acid groups at the edge and 

epoxy/hydroxyl groups on the basal plane of GO sheets facilitates 

functionalization of graphene, allowing tunability of optoelectronic 

properties while holding the good solubility in polar solvents. [22 23] 
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Moreover, GO can be produced and processed in solution at large scale 

with low cost, which is particularly attractive for massive applications. GO-

based materials have been used in every part of polymer solar cell devices, 

namely as electrode, charge extraction layers, and in active layer. [24-27]  

In this study, we report on a cost effective and facile method to synthesize 

GO and TiO2 nanoparticles and their composite films on ITO substrates. 

These thin films were synthesized by integrating TiO2 nanoparticles with 

different wt% of GO using solution processing. The structural, optical, 

morphological and electrical properties of GO-TiO2 nanocomposite films 

were probed thoroughly. Hybridization of TiO2 with graphene can 

significantly tune the energy band gap. [28] Due to this hybridization the 

absorption threshold shifts from the UV to the visible range edge. Because 

of the electrostatic repulsion between GO flakes as well as random 

wrinkling and folding in the film-formation process, the GO film is usually 

more porous than the film processed directly from reduced graphene oxide 

(rGO). After the formation of the GO film, all GO flakes are locked in place 

and do not have much freedom to move during the reduction process. [29] In 

this work, we also devised a simple method to produce the GO/TiO2 

composite and studied the post thermal annealing effects by the optical 

transmission and IV measurements. 

Direct reduction of GO films by annealing in nitrogen environment can 

minimize the re-stacking of the graphene sheets and allow for the 

formation of an rGO film with much better porosity, lower oxygen content 

and the higher carrier mobility. Moreover, the photoelectrons are 

transferred from the TiO2 conduction band to graphene, which improves 

the electron-hole pair separation and prevents recombination. This in turn 

would reduce the interfacial resistance and thus improves the charge 

transport efficiency.  Our study demonstrates a low-temperature solution 

processing approach to the composite films with better porosity, enhanced 

carrier mobility and the resistance to oxygen and moisture for better ETL in 

perovskite solar cells. 
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7.2 Experimental details 

7.2.1 Materials and sample preparation 

The following materials were all purchased from Sigma Aldrich and Merck 

for the synthesis of graphene oxide and titanium dioxide nanoparticles: 

Titanium isopropoxide (C12H28O4Ti), hydrogen peroxide (H2O2), potassium 

permanganate (KMNO4), graphite powder, sodium nitrate (NaNO3), sodium 

hydroxide pellets (NaOH), polyvinyl alcohol (PVA), hydrochloric acid (HCl, 

purity 35%), hydrofluoric acid (HF, reagent grade, 48%), indium tin oxide 

(ITO, sheet resistance 7-15Ω/sq.), and sulphuric acid (H2SO4, purity 97.99%). 

The TiO2 nanoparticles were prepared by hydrothermal synthesis technique 

by using C12H28O4Ti as precursor. The 10 ml of precursor material was added 

in 100 ml deionized water, after 5 min stirring 0.6 g NaOH pellets and 0.5 g 

PVA were added into the solution. The resulting white solution was 

sonicated for 1 h and then put into an autoclave at 100 oC for 8 h followed 

by cooling to room temperature. For graphene oxide (GO) preparation, as 

received graphite flakes powder (Sigma 97%) were purified with HF 

treatment followed by washing with distilled water for several times to get 

to a neutral PH. The resulting material was once washed with acetone and 

dried in an oven at 100 °C to get pure graphite flakes. GO was prepared by 

using a modified Hummer’s method. [30] 1 g of purified graphite flakes and 

0.5 g of NaNO3 were mixed together and put in a round bottom flask; 23 ml 

of concentrated H2SO4 was added into the mixture under constant stirring 

at 60 rotations per min (rpm) for 1 h while keeping the temperature at 5 oC 

by using an ice-water bath; 3 g of KMnO4 was added gradually to the 

resulting homogeneous solution to prevent overheating and explosion and 

to maintain the temperature below 20 oC. The resulting dark greenish 

mixture was stirred for 12 h at 35 oC using an oil bath. Next 500 ml distilled 

water was added slowly to dilute the resulting solution under strong 

stirring. After 1 h this suspension was further diluted with 5 ml H2O2 

solution and further stirred for 2 h. The resulting suspension was washed 

with 125 ml solution of 10 % HCl and distilled water and then dried in an 

oven for 6 h at 90 ºC. Dark black GO sheets were finally obtained. 
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7.2.2 Preparation of GO-TiO2 composites films on ITO substrates 

ITO coated glass substrates with a sheet resistance of 15-25 Ω/sq purchased 

from Sigma Aldrich were cut into 2 cm x 1 cm size and cleaned by sequential 

ultra-sonication in detergent mixed into distilled water, acetone and 

isopropyl alcohol (IPA) for 15 min each. The cleaned substrates were then 

dried in a hot and dry air flux. Nanocomposite sample with composition 

xGO-TiO2 (x=0, 2, 4, 8, 12 wt%) were prepared in the following three steps: 

first a TiO2 nanoparticle dispersion was made by adding 50 mg of TiO2 

nanoparticles in 1 ml of ethanol and sonicating for 1 h; secondly, a GO 

solution were prepared by sonicating the chosen weight % of GO in 2 ml of 

isopropanol; in the final step the two prepared suspensions were mixed 

together and sonicated for another 3 h to get a homogenous suspension. 

To obtain films of xGO-TiO2 (x = 0, 2, 4, 8, 12 wt%) films, the composite 

solutions were dropped on the conducting ITO substrate with the help of 

syringe and spin-coated at 3000 rpm for 40 s. The prepared films were 

annealed at 150 ᵒC for 1 h. The post thermal treatment of xGO-TiO2 (x= 12 

wt%) film in nitrogen environment at 400 ᵒC for 20 minutes was also carried 

out. 

7.3 Results and discussions 

The XRD patterns of as synthesized GO and TiO2 nanoparticles is shown in 

figure 7.1 (a). The layer spacing was calculated using the Bragg’s equation, 

λ=2dsin(Ɵ), where λ is the wavelength of the X-ray beam (λ = 0.154 nm), d is 

the distance between GO or reduced graphene oxide (rGO) adjacent sheets. 

For GO, the peak at 10.2o assigned to the (001) plane, corresponds to an 

interlayer spacing of 0.44(2) nm. The very weak diffraction peak observed 

in the XRD pattern of reduced graphene oxide (rGO) around 26.0° 

corresponds to an interlayer distance of 0.18 (2) nm and there is also a 

weak diffraction peak at ~ 42.57° (d ~ 0.077(2) nm).[31] The weak diffraction 

peak observed at 42.50° is associated with the incomplete oxidation of 

graphite.  The higher value of the interlayer spacing for GO is due to the 

oxidation of graphite.   
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Figure 7.1: (a) X-ray diffraction patterns of as synthesized GO and TiO2 nanoparticles, (b) as 

prepared thin films composites ITO/x(GO)-TiO2 (x=2, 4, 8, 12wt%).  

 

The XRD pattern of pure TiO2 nanoparticles in powder form is shown in 

figure 7.1 (a). The pattern confirms the formation of TiO2 rutile phase 

nanoparticles matched with reference card ICSD 01-076-0726. The main 
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peak at 27.1o corresponds to (110) plane for rutile phase. [32] The other 

peaks with corresponding planes are shown in table 7.1. The average 

crystallite size was calculated to be around ~ 43 nm. 

The XRD patterns xGO-TiO2 (x= 2, 4, 8, 12 wt%) nanocomposite films 

deposited on ITO are shown in figure 7.1 (b). As explained above, GO was 

obtained by exfoliation of graphite and used as intercalation matrix in the 

synthesis of composites. The XRD analysis of the composites shows a pure 

crystalline TiO2 rutile phase, with characteristic peaks corresponding to the 

planes (110), (200), (220), (002) and (221) and. There are two extra peaks 

appearing, which are related to tin oxide (SnO2) from ITO substrate, indexed 

as SnO2 (101) and SnO2 (211). Furthermore, in the composites another very 

weak diffraction peak at ~ 10°-12° is observed. This weak peak with very 

low intensity indicates the presence of GO in the composites. The GO peak 

is very weak and has low intensity because the concentration of GO in the 

composites was very low. In the composites x=2, 4, 8 wt%, the main peak 

associated to (110) plane has shifted slightly towards lower 2θ value at 

26.3o while for x= 12 wt % peaks has shifted to a higher 2θ value of 26.6o.  

The rGO peak observed around 26.0° in the XRD diffraction pattern in figure 

7.1 (a) get overlaps with TiO2 peak in the XRD patterns of composites 

resulting a very intense peak around 26.3°. 

Table 7.1: XRD peak positions and corresponding crystallite size of TiO2 nanoparticles. 

Scanning electron micrographs of xGO-TiO2 nanocomposites (x=0, 2, 4, 8, 

12 wt%) are shown in figure 7.2 (a, b, c, d, e). Figure 7.2 (b), (c) and (d) show 

TiO2 nanoparticles on GO sheets. These results evidence that the voids are 

Miller indices Peak position Crystallite size (nm) 

(110) 27.1° 44.66 

(2 0 0) 38.2° 45.96 

(0 0 2) 62.2° 37.99 

(2 21) 66.1° 44.36 
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reduced and quality of the film is improved with graphene oxide addition. 

The Energy-dispersive X-ray spectroscopy (EDS) mode of the scanning 

electron microscope was used for the determination of the elemental 

composition of the samples. Figure 7.3 (a) and 3(b) shows the EDS results of 

TiO2 and GO-TiO2 nanocomposite films respectively. The EDS spectrum and 

 

Figure 7. 2: SEM micrographs of (a) ITO/TiO2, (b) ITO/xGO–TiO2 (x = 2 wt%), (c) ITO/xGO–TiO2 

(x = 4 wt%), (d) ITO/xGO–TiO2 (x = 8 wt%), and (e) ITO/xGO–TiO2 (x = 12 wt%) nanocomposite 

thin films. 
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Figure7.3:  EDS spectra and elemental composition of thin films of (a) pure TiO2 and (b) 

x(GO)-TiO2 (x = 4 wt%) on ITO. 

elemental composition shown in figure 7.3 (a) confirm the presence of 

titanium, oxygen, carbon and tin oxide in pure TiO2 thin film. The 

appearance of the carbon peak in the spectra is due to adsorbed carbon 

species on the surface of sample, and the peaks of tin oxide are coming 

from substrate. Similarly, we observed the titanium, oxygen, carbon and tin 

oxide peaks in the EDS spectra and elemental composition of GO-TiO2 

composite shown in figure 7.3 (b). Also here the carbon peak contains 

contributions from adventitious carbon in addition to that from the rGO 

and it is therefore not possible to use these spectra for verifying that the 

wt% present in the suspension is also that of the film. 
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Figure 7.4: UV-visible transmittance spectra of ITO/x(GO)-TiO2 (x = 0, 2, 4, 8, 12 wt%) 

nanocomposites 

                

Figure 7. 5: Band gap spectra of ITO/xGO–TiO2 (x = 0, 2, 4, 8, and 12 wt%) nanocomposites.  
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To understand the electronic structure and optical properties of thin films, 

UV-visible spectroscopy was employed. Transmittance spectrum of TiO2 and 

GO-TiO2 is presented in Figure 7.4. The samples present a strong light 

absorption in the UV region. In comparison with pure TiO2, the GO-TiO2 

nanocomposites showed a red shift to higher wavelength in the absorption 

region and a better visible light absorption in the wavelength range 400-800 

nm. The increase in the photo absorption of nanocomposites is attributed 

to GO.  

The line tangent to the point of inflection of the Kubelka Munk curve, 

calculated from the transmission spectrum and shown Figure 7.5, 

determines the optical band gap (Eg). For pure TiO2 thin films the optical 

band gap was found to be at around 3.5 eV, while the nanocomposites 

showed reduced value, as low of 2.9 eV for the xGO-TiO2 sample with x=12 

wt%. The Ti-O-C bonding between TiO2 and GO is responsible for this shift. 

[33] Furthermore, it is observed that the narrowing of band gap increases 

with increase of GO content, which indicates that the interaction between 

TiO2 and GO has increased. There is a hump at 3.25 eV in each Kubelka 

Munk plot in figure 7.5, which is due to the presence of defects. These 

defects introduce additional energy states within the bandgap of TiO2.
[1]  

The decrease in transmission due to GO addition is a disadvantage in the 

GO-based ETL, which is addressed by the thermal annealing of the xGO-TiO2 

(x = 12 wt%) film at higher temperature (400 ᵒC) in an inert environment for 

20 min. There an augmentation of 10-12 % in transmission (figure 7.4) and 

increase in band gap from 2.9 eV to 3.4 eV (figure 7.5) are observed after 

annealing. The high temperature treatment reduces the oxygenated 

graphene, resulting in better transmission and conductivity. [34] 

To study the electrical properties of xGO-TiO2 (x = 0, 2, 4, 8, 12 wt%) thin 

films, we analysed the current-voltage (I-V) characteristics as shown in Fig. 

7.6. For the pure TiO2 nanoparticle film, the current is seen to increase 

linearly with voltage, which proves that the contact between the TiO2 

nanoparticles and the ITO substrate is ohmic. It is also observed that the  
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Figure 7.6: I-V characteristics of ITO/x(GO)-TiO2 (x = 0, 2, 4, 8, 12 wt%) nanocomposites 

 
current flowing through the GO-TiO2 nanocomposite films is smaller than 

that traversing the pure TiO2 nanoparticle film and decreases with 

increasing GO concentration in the composites. This decrease in current is 

due to the presence of functional groups attached to the basal planes of the 

GO sheets. The functional groups present in the highly oxygenated GO 

disrupt the sp2 hybridization of carbon atoms and hence make it insulating. 

However, after thermal annealing of the xGO-TiO2 (x = 12 wt%) film at 

400 ᵒC the conductivity as shown in Fig. 7.6. In fact, the annealing favours 

the detachment of functional groups from carbon basal plane [20], restoring 

larger areas of sp2 hybridized carbon, and consequently causing a decrease 

in the sheet resistance of the film.  

To gain a detailed insight into their elemental composition, XPS spectra 

were collected from the GO-TiO2 nanocomposite films. Figure 7.7 shows the 

spectra relative to the ITO/x(GO)-TiO2 (x = 8wt%) nanocomposite; the 

survey spectrum (a) confirms the presence of carbon, oxygen and titanium. 

The C1s core level region shown in figure 7.7 (b) is deconvoluted into four 
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contributions located at 284.6 eV, 285.6 eV, 287.3 eV, and 289.0 eV in 

binding energy (BE). The first peak at 284.6 eV corresponds to C-C/C-H 

bonds. The contribution positioned at 285.6 eV can be assigned to C-OH 

groups, while the ones at 287.3 eV and 289.0 eV stem from C-O-C and >C=O 

groups respectively. These peak position assignments are also in good 

agreement with the reported studies. [35-37] Since GO sheets typically contain 

–COOH groups [36] we suggest that the latter react with TiO2 to form –COO-

Ti bonds.  

 

Figure 7.7: XPS analysis of as synthesized ITO/xGO-TiO2 (x = 8 wt%) nanocomposite, survey 

scan (a), high resolution scans (b, c, d) 

The O1s core level spectrum contains three contributions as depicted in 

figure 7.7 (c). The peak located at 529.9 eV is consistent with the binding 

energy of O-2 in the TiO2 lattice. The other contributions at binding energies 

of 531.6 and 532.8 eV are attributed to oxygen bonded with carbon and OH- 

on TiO2 surface respectively. [38 39] The detailed scan of the Ti2p core level is 

shown in figure 7.7 (d). The peaks at binding energies of 458.7 and 464.52 

eV are the 2p3/2 and 2p1/2 components of the Ti2p spin-orbit doublet. [38 40]  
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7.4 Conclusions 

We demonstrated that spin coating is an inexpensive and facile way to 

synthesize the xGO-TiO2 nanocomposite thin films as supported by the 

structural, morphological and elemental analysis. The characterisation of 

the electrical properties gave evidence for an ohmic contact between the 

xGO-TiO2 thin films and the ITO substrate. When the film is annealed in 

nitrogen environment, the sheet resistance is found to decrease noticeably, 

which suggest the improved charge transport when incorporated in solar 

cells. The UV-Visible spectroscopy showed that there is a red shift in 

absorption spectrum of xGO-TiO2 as compared to pure TiO2, demonstrated 

that the band gap of the nanocomposite can be tailored with the choice of 

the amount of GO incorporated and with thermal treatment. In fact, the 

bandgap decreased from 3.5 eV for TiO2 to 2.9 eV for xGO-TiO2 (x=12 wt%) 

but increased again to 3.4 eV with thermal annealing at 400 ᵒC for xGO-TiO2 

(x=12 wt%). Annealing is therefore associated with an increased 

transmission in the visible range and hence making these nanocomposites 

suitable as a window layer material for the electron transport properties. 

Our results suggest that post-thermal annealed GO-TiO2 nanocomposites 

could form an efficient transport layer for perovskite solar cells. 
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Summary 

The structural versatility of carbon allotropes offers a variety of 

opportunities to employ them in diverse applications both as a pristine 

material and as building block in hybrid materials. Single-walled carbon 

naotubes (SWCNTs), carbon nanofibers (CNFs) and graphene can serve to 

engineer the physical and chemical properties of carbon-based hybrid 

architectures and devices. These hybrid functional systems have a great 

potential to become the driving force of the technology of the future. 

However, for this to become a reality a deeper understanding of the 

synergy and optimization of the various related synthesis techniques and 

routes is needed. 

The research work presented in this thesis had a focus on (a) the synthesis 

of aligned and unaligned SWCNTs to study their optical and photoinduced 

charge transfer mechanism to understand the intertube interactions for 

opto-electronic device applications. Further, successful (b) synthesis, 

characterization and designing of hybrid functional materials based on CNFs 

and graphene has been achieved. We employed chemical vapour 

deposition (CVD), hydrothermal solution processing and thin film deposition 

techniques for the development of these hybrids systems. The properties of 

these hybrid systems were then studied systematically to evaluate their 

potential use in various applications. 

In Chapter 3 we described the integration of CNFs with vertically aligned 

InAs nanowires grown by molecular beam epitaxy on an InAs substrate. The 

CNFs were grown by chemical vapour deposition using C2H2 as a precursor. 

This method allowed excellent control over position, pattern, stability and 

orientation of the CNFs, and we could demonstrate that connections of two 

adjacent InAs nanowires with CNFs are achieved by tuning the experimental 

conditions, without demolishing the original network of pristine nanowires. 

Further, an increased growth rate was obtained using iron as a catalyst.  

Chapter 4 reports on the synthesis of vertically aligned and unaligned 

SWCNT and on the photoinduced charge transfer mechanism in these 
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structures. The nanotubes were grown on Al2O3/SiO2/Si and TiN/Si 

substrates by CVD, using iron as a catalyst and C2H2 as precursor. Using 

time-resolved reflectivity measurements with a pump energy quasi-

resonant with the second Van Hove singularity of semiconducting tubes, a 

positive sign of the transient reflectivity was detected in unaligned 

nanotubes. In contrast a negative sign was detected in aligned nanotubes. 

This discovery addresses a long-standing question showing that in unaligned 

nanotubes the stronger intertube interactions favour the formation of 

short-lived free charge carriers in semiconducting tubes. A detailed analysis 

of the transient reflectivity spectral response shows that the free carriers in 

the photo-excited state of semiconducting tubes move towards metallic 

tubes in about 400 fs. This observation provides a road map for upcoming 

technologies conjugated to the intra and intertube conductivity. 

The optical response of vertically aligned SWCNTs was the subject of 

Chapter 5. Bundled nanotubes were synthesized on Al2O3/SiO2/Si substrates 

by CVD. The Raman spectra revealed that the diameter of these nanotubes 

ranges from 0.9 to 1.55 nm. One-colour transient reflectivity measurements 

carried out on these tubes and compared with the already published results 

on unaligned nanotubes. The negative sign of the optical response for 

aligned tubes indicates that the free charge carrier character revealed for 

unaligned bundles is only due to the intertube interactions favoured by the 

tube bending rather than being caused by structural defects or by the 

arrangement of nanotubes in the form of bundles. This result is also 

confirmed by the presence of non-linear excitonic effects in the transient 

response of the aligned bundles. 

In Chapter 6 we reported on the synthesis of high quality pure ZnO 

nanowires and reduced graphene oxide-ZnO (rGo-ZnO) hybrid 

nanostructures in a single step process at low temperature (90°C). The 

hydrothermal solution process, which we employed, turned out to be a 

facile and cost effective strategy to design the rGo-ZnO hybrid interface. 

The technique also allowed the fabrication of hybrid architectures, in the 

form of thin films, on low cost and flexible substrates such as plastic.  We 

could also show that the interface properties can be modified by thermal 
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annealing. In fact, Raman and X-ray photoelectron spectroscopy revealed 

healing of the rGO–ZnO interface due to the detachment of functional 

groups. This scheme offers a way to engineer functionality-specific interface 

properties to boost the performance of hybrid materials. 

Chapter 7 focussed on the synthesis and characterization of GO-TiO2 

nanocomposite thin films as electron transport layer for perovskite solar 

cell applications. The GO and TiO2 nanoparticles were respectively 

synthesized by a modified Hummer’s method and by hydrothermal 

processing. Thin films of GO-TiO2 nanocomposites with varying wt% content 

of GO were produced by spin coating on ITO substrates. The complete 

morphological and structural characterization revealed an ohmic contact 

between the GO-TiO2 thin films and the ITO substrate. Thermal annealing at 

400 ᵒC increased the transmission of the films in the visible range, 

suggesting their suitability as an efficient window layer material.  

In conclusion, this work on the synthesis and design of next generation 

carbon-based hybrid functional materials can be seen as a good starting 

point and extended in the future by modifying the presented materials to 

obtain specific properties desired for particular applications. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

136 

 

 

Samenvatting 

De structurele veelzijdigheid van koolstofallotropen biedt vele 

mogelijkheden voor gebruik in verscheidene toepassingen, zowel als zuiver 

materiaal en als bouwblok in hybride materialen. Enkelwandige 

koolstofnanobuizen (Engels: single-walled carbon nanotubes, SWCNTs), 

koolstofnanovezels (Engels: carbon nanofibers, CNFs) en grafeen kunnen 

dienen om de fysische en chemische eigenschappen van op koolstof 

gebaseerde hybride architecturen en apparaten aan te passen. Deze 

hybride functionele systemen zijn mogelijk de drijvende kracht voor de 

technologie van de toekomst. Echter, om dit werkelijkheid te laten worden 

is het belangrijk om meer inzicht te krijgen in de synergie en optimalizatie 

van verscheidene gerelateerde synthesetechnieken en –routes. 

Het onderzoekswerk in dit proefschrift heeft de focus gehad op (a) de 

synthese van uitgelijnde en niet-uitgelijnde SWCNTs teneinde hun optische 

en foto-geïnduceerde mechanismes van ladingsoverdracht te bestuderen 

en daardoor de intertube-interacties van optoelektronische toepassingen te 

begrijpen. Verder is (b) succesvolle synthese, karakterisatie en ontwerp van 

hybride functionele materialen gebaseerd op CNFs en grafeen bereikt. We 

hebben drie technieken gebruikt voor de ontwikkeling van deze hybride 

systemen, chemische dampdepositie (Engels: chemical vapour deposition, 

CVD), hydrothermische oplossingsverwerking en dunne-lagendepositie. De 

eigenschappen van deze hybride systemen zijn systematisch bestudeerd 

voor mogelijk gebruik in verschillende toepassingen. 

In hoofdstuk 3 hebben wij de integratie beschreven van CNFs met verticaal 

uitgelijnde InAs-nanodraden, gegroeid met molecuulbundelepitaxie op een 

InAs-substraat. De CNFs zijn gemaakt met CVD, waarbij C2H2 als precursor is 

gebruikt. Met deze methode hadden wij uitstekende controle over de 

positie, het patroon, de stabiliteit en de orientatie van de CNFs, en konden 

wij aantonen dat de verbindingen van twee aangrenzende InAs-nanodraden 

met CNFs bereikt kon worden door middel van het aanpassen van de 

experimentele parameters, zonder daarbij het originele netwerk van 
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uitsluitend nanodraden te vernietigen. Bovenop dit alles is een hoger 

groeitempo behaald door ijzer als katalysator te gebruiken. 

Hoofdstuk 4 doet verslag van de synthese van verticaal uitgelijnde en niet-

uitgelijnde SWCNTs en van de foto-geïnduceerde mechanismes van 

ladingsoverdracht in deze structuren. De nanobuizen zijn gegroeid op 

Al2O3/SiO2/Si- en TiN/Si-substraten door middel van CVD, met ijzer als 

katalysator en C2H2 als precursor. Door middel van tijdsopgeloste 

reflectiviteitsmetingen, met een pompenergie die quasiresonant is met de 

tweede Van Hove-singulariteit van halfgeleidende buizen, is een positief 

teken van de transiente reflectiviteit gedetecteerd in niet-uitgelijnde 

nanobuizen. Daarentegen werd in uitgelijnde nanobuizen een negatief 

teken gevonden. Deze ontdekking laat zien dat in niet-uitgelijnde 

nanobuizen de sterkere intertube-interacties de formatie van kortlevende 

vrije-ladingdragers in halfgeleidende buizen bevordert en beantwoordt 

hiermee een aloude vraag. Een gedetaileerde analyse van de spectrale 

respons van de transiente reflectiviteit laat zien dat de vrije dragers in de 

foto-geëxciteerde staat van halfgeleidende buizen in ongeveer 400 fs naar 

de metallische buizen bewegen. Deze waarneming geeft een denkrichting 

aan opkomende technologiën die gebruik maken van intertube- en 

intratube-geleiding. 

De optische respons van verticaal uitgelijnde SWCNTs is het onderwerp van 

hoofdstuk 5. Gebundelde nanobuizen zijn gesynthetiseerd op Al2O3/SiO2/Si-

substraten met behulp van CVD. De Ramanspectra laten zien dat de 

diameter van deze nanobuizen reikt tussen de 0,9 en 1,55 nm. 

Monochromatische transiente reflectiviteitsmetingen zijn uitgevoerd op 

deze buizen en vergeleken met reeds gepubliceerde resultaten over niet-

uitgelijnde nanobuizen. Het negatieve teken van de optische respons voor 

uitgelijnde buizen doet vermoeden dat het vrije-ladingdragerkarakter 

aangetoond voor niet-uitgelijnde bundels uitsluitend wordt veroorzaakt 

door de intertube-interacties geprefeerd door de buiging van de buis en 

niet door structuurfouten of door de schikking van de nanobuizen in de 

vorm van bundels. Dit resultaat is mede bevestigd door de aanwezigheid 
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van niet-lineaire excitonische effecten in de transiente respons van de 

uitgelijnde bundels. 

In hoofdstuk 6 rapporteerden wij over de synthese van hoogwaardige, pure 

ZnO-nanobuizen en gereduceerde grafeenoxide-ZnO (rGo-ZnO)-hybride 

nanostructuren in een éénstaps-proces bij lage temperaturen (90°C). De 

door ons gebruikte hydrothermische oplossingsverwerking bleek een 

makkelijke en kosteneffectieve methode om rGo-ZnO-hybride interfaces te 

ontwerpen. De fabricatie van hybride architecturen, in de vorm van dunne 

lagen, op goedkope en flexibele substraten zoals plastic is ook mogelijk met 

deze techniek. Tevens hebben we kunnen aantonen dat de interface-

eigenschappen aangepast konden worden als het werd verhit. Raman- en 

röntgenfoto-elektronen-spectroscopie laten zien dat het rGO-ZnO-interface 

zelfs wordt hersteld, door middel van onthechting van functionele groepen. 

Dit biedt mogelijkheden om specifieke interface-eigenschappen te 

ontwerpen die de prestaties van hybride materialen verbeteren.  

Hoofdstuk 7 was gericht op de synthese en karakterisatie van dunne lagen 

van GO-TiO2-nanocomposieten als elektronentransportlaag in perovskiete 

zonneceltoepassingen. De GO- en TiO2-nanodeeltjes zijn respectievelijk 

gesynthetiseerd met een aangepaste Hummer-methode en met 

hydrothermische verwerking. De dunne lagen van GO-TiO2-

nanocomposieten met wisselende GO-gewichtspercentages zijn 

geproduceerd met spincoating op ITO-substraten. Het complete 

morfologie- en structuuronderzoek liet een ohms contact zien van de GO-

TiO2-dunnelagen met het ITO-substraat. Thermisch opwarmen tot een 

temperatuur van 400°C liet de transmissie van de lagen stijgen voor 

zichtbaar licht, wat het wellicht geschikt maakt als effectief 

elektronentransportlagen-materiaal. 

Concluderend kunnen we stellen dat dit werk over de synthese en het 

ontwerp van de volgende generatie op koolstof gebaseerde hybride 

functionele materialen als een goed beginpunt kan worden gezien en dat 

dit in de toekomst kan worden uitgebreid door de gepresenteerde 
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materialen aan te passen om specifieke eigenschappen te krijgen die 

gewenst zijn voor bepaalde toepassingen. 
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